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Abstract

The Endoplasmic Reticulum (ER) is a Ca%* storing organelle that plays a critical role in the
synthesis, folding and post-translational modifications of many proteins. The ER enters into a
condition of stress when the load of newly synthesized proteins exceeds its folding and processing
capacity. This activates a signal transduction pathway called the Unfolded Protein Response
(UPR) that attempts to restore homeostasis. The precise role of ER Ca2* in the initiation of the
UPR has not been defined. Specifically, it has not been established whether ER Ca?*
dysregulation is a cause or consequence of ER stress. Here, we report that partial depletion of ER
Ca?* stores induces a significant induction of the UPR, and leads to the retention of a normally
secreted protein Carboxypeptidase Y. Moreover, inhibition of protein glycosylation by
tunicamycin rapidly induced an ER Ca?* leak into the cytosol. However, blockade of the
translocon with emetine inhibited the tunicamycin-induced Ca?* release. Furthermore, emetine
treatment blocked elF2a phosphorylation and reduced expression of the chaperone BiP. These
findings suggest that Ca2* may be both a cause and a consequence of ER protein misfolding.
Thus, it appears that ER Ca?* leak is a significant co-factor for the initiation of the UPR.
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1. INTRODUCTION

The endoplasmic reticulum (ER) is an intracellular organelle that occupies about 10% of the
total cell volume in most eukaryotic cells, which corresponds to more than 50% of the total
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cell membrane [1]. Protein and lipid synthesis, as well as post-translational modifications
such as protein folding, sorting, and glycosylation, are some of the functions of the ER [2].
The ER co-ordinates these events and luminal Ca2* acts as a link between physiological
status of the cell and the synthesis and processing of lipids and proteins. Consequently, it is
critical to maintain CaZ* concentrations at sufficient levels for the proper functioning of the
organelle [2-7]. If any of the ER functions is disrupted, the organelle enters into stress and a
protective response known as the unfolded protein response (UPR) is triggered [3-6]. The
UPR comprises three branches, which are initiated by inositol-requiring protein 1a (IREa),
activating transcription factor 6 (ATF6) and (PKR)-like ER kinase (PERK) [8].

One of the earliest steps in this response is the attenuation of protein translation via PERK,
which is an ER stress sensor that phosphorylates the a subunit of eukaryotic translation
initiation factor 2a (elF2a) [9]. Additional changes that promote long-term adaptation are
transcriptional upregulation of ER chaperones including BiP, and molecules involved in the
ER associated degradation (ERAD). If ER damage is persistent or excessive, cell death
pathways are triggered [10].

Generally, the UPR is associated with luminal accumulation of misfolded proteins and ER
Ca?* depletion [5]. Ca?* release (or loss) from the ER has been related with different
diseases including Alzheimer’s disease [11], Parkinson’s Disease [12], prion-related
disorders [13], HIV dementia [14] as well as Diabetes [15]. Interestingly, these disorders
involve problems with folding and processing of proteins where the accumulation of large
aggregates is thought to contribute to cellular damage that may accelerate the course of the
disease. Moreover, many of these pathologies that involve accumulation of proteins have
been associated with ER stress and the induction of UPR [16-18]. It is well established that
Ca?" is a versatile second messenger involved in a broad variety of physio-pathological
events [3]. However, it has not been determined the extent to which ER Ca?* plays a
causative role in those protein folding disorders and whether ER Ca?* leak is a consequence
of misfolded protein accumulation.

Moreover, the sensitivity of the ER to changes in luminal Ca2* has not been carefully
investigated. Multiple groups have studied the physiological effects of fully depleting Ca2*
from the ER stores in many different cell types using thapsigargin (Tg) treatment [19, 20].
Tg is a very specific and irreversible inhibitor of the Sarco Endoplasmic Reticulum Calcium
ATPase (SERCA) [21]. SERCASs are a family of proteins responsible for transporting Ca2*
from the cytosol into the lumen of the ER [22]. By inhibiting SERCA, refilling of Ca2* to
the ER stores can no longer be achieved resulting in a slow release of this ion into the
cytosol through leak channels [23]. Several research groups have proposed that a basal Ca2*
leak occurs via the translocon [24-28]. The translocon is an aqueous pore that functions as a
protein conducting channel that spans the ER lipid bilayer [29] through which newly
synthesized secretory proteins are translocated into the lumen of ER [30]. Recently, it has
been demonstrated at cellular level, that BiP and Ca2*-Calmodulin facilitate the translocon
channel gating from the open to the closed state [31, 32].

Studies to date have utilized Tg to examine the impact of CaZ* on ER stress, but at
concentrations known to cause total Ca2* depletion. This is very detrimental to cells and
eventually leads to apoptosis [33]. Therefore one of the goals of this study was to determine
the consequences of a more physiologically relevant, partial luminal Ca2* depletion on ER
stress, protein folding and the UPR. Our strategy was to partially deplete the ER Ca2* stores
of Xenopus oocytes and monitor the induction of the UPR as well as the ER retention and
accumulation of a normally secreted protein Carboxypeptidase Y (CPY-wt) [34, 35]. The
second goal was to determine the impact of protein misfolding on ER Ca?* release and the
initiation of the UPR. For this, we induced protein misfolding by overexpression of the
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mutant misfolded protein (CPY g2s5R) 0Or by inhibition of protein glycosylation with
tunicamucin (Tn) and monitored ER Ca2* levels and induction of the UPR.

2. MATERIAL AND METHOS

2.1 Construction of expression vectors

Wild-type Carboxypeptidase Y (CPY-wt) was achieved by PCR amplification from a DNA
library of Saccharomyces cerevisiae obtained as a gift of Dr. McAlister-Henn (Department
of Biochemistry UTHSCSA). CPY-wt was amplified using the forward primer with
sequence 5°- ATC GCG CCC GGG ATG AAAGCATTC ACCAGT TTACTA -3
introducing the Smal site (in bold) and reverse primer 5’- ATC GAA GCT TTT ATA AGG
AGA AAC CAC CGT GGA TC-3’ introducing the HinDIII site (in bold). The mutant
CPYgos55r Was generated by site directed mutagenesis using the forward primer with
sequence 5°- CAA GAT TTC CAC ATC GCT AGG GAA TCC TAC GCC GGC CAT
TAC-3’ and it’s complementary reverse primer 5’- GTA ATG GCC GGC GTA GGA TTC
CCT AGC GAT GTG GAA ATC TTG -3’ introducing mutation G255R (in bold and
italic). The primers used in the amplification of CPY-wt and mutant CPY go55r Were
purchased from Invitrogen Corporation (Carlshad, California). Wild-type Carboxypeptidase
Y and mutant CPY go55r Were subcloned between the 5' and 3' untranslated regions of
Xenopus laevis B-globin vector (pHN) as described previously [4] in between the Smal and
HinDIII restriction sites.

Fluorescent proteins mStrawberry (mStr) and mCyan fluorescent protein (mCFP) were
obtained as a gift from Dr. Roger Tsien (University of California / Howard Hughes Medical
Institute). Fusion construct CPY-wt-mStr was generated by PCR amplification with a
forward primer (called 5° Smal-CPY) with sequence 5’-ATC GCG CCC GGG ATG AAA
GCA TTC ACC AGT TTA CTA -3’ introducing the Smal site (in bold) and a reverse
primer (called 3’mstrawberry-CPY) with sequence 5’-CTC CTC GCC CTT GCT CAC CAT
TAA GGA GAA ACC ACC GTG GAT C-3’ introducing part of m-strawberry sequence (in
bold and italic). m-strawberry was amplified using pRsetB-mstrawbrerry as template and a
forward primer (called 5’CPY-mstrawberry) with sequence 5’-GAT CCA CGG TGG TTT
CTCCTT AAT GGT GAG CAA GGG CGA GGA G-3’ introducing part of CPY sequence
(in bold and italic) and a reverse primer (called 3’HinDIlI-mstrawberry) with sequence 5’-
ATC GAA GCT TTT ACT TGT ACA GCT CGT CCA TG- 3’ introducing the HinDIII site
(in bald).

Similarly, fusion construct CPY go55r-CFP was generated using a forward primer (called
5’CPY-mstrawberry, described above) and a reverse primer called 3* Hindl1I-mCFP with
sequence ATC GAA GCT TTT AAC ACT GGC GGC CGT TAC TAG introducing the
HinDIII site (in bold). The use of primers 5’CPY-mstrawberry and 3’mstrawberry-CPY on
the amplification of mMCFP was possible because mStr and mCFP share identical sequence
on the first 21 base pairs.

Fusion constructs CPY-wt-mStr and CPY go55r-mCFP were subcloned between the Smal
and HindllI restriction sites of Xenopus laevis p-globin vector (pHN) as described
previously [4].

Fluorescent construct pPCDNA3-D1ER was also obtained as a kind gift from Dr. Roger
Tsien (University of California / Howard Hughes Medical Institute). PCR amplification of
D1ER was performed by using the forward primer 5’BamH1 D1ER based on Tsien’s
sequence 5 ATCG GGATCC ATG CTG CTG CCC GTC CCC CTG- 3, introducing
BamHl site (in bold) and 3’ EcoRI-D1ER 5’-ATCG GAATTC TTACAG CTCGTC CTT
GCC GAG AGT GAT CCC -3’ introducing EcoRl site (in bold). Purification of PCR
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product was immediately followed by subclonig into the Xengpus expression vector pHNb.
Restriction enzymes were obtained from Invitrogen Corporation (Carlsbad, California).
Sequencing of all cDNA constructs was performed at the Nucleic Acids core facility at
UTHSCSA.

2.2 In vitro transcription

CPY-wt-mStr, mutant CPY g»55r-CFP and pHNb-D1ER mRNA were prepared as described
previously [36].

2.3 Xenopus laevis oocyte microinjection

Manually defolliculated Xenopus laevis oocytes stages VI were incubated overnight in MBS
at 18°C. MBS medium contains 10 mM HEPES pH 7.5, 88mM NaCl, 10 mM KClI, 0.41
mM CaCly, 0.33 mM Ca(NOs3),, 0.82 mM MgSQy, 2.4 mM NaHCOg, all chemicals
obtained from Sigma-Aldrich (St. Louis, Missouri). One day after defoliculation, oocytes
were microinjected with a bolus of 50 nl of MRNA (0.7 pg/ul) using an standard positive
pressure injector (Drummond Scientific, Broomall, Pennsylvania) as described by Roderick
et.al. [37]. In brief, glass capillaries (6 cm) with tip diameters of ~10 um (Drummond
Scientific, Broomall, Pennsylvania) were prepared with a horizontal puller (Sutter
Instruments, Novato, California) and the tip was broken against a barrier under a light
microscope (Micro Forge, MF-900, Narishige). The glass needle was filled with mineral oil
by using 1 ml syringe with 254, size needles. 3 ul of mMRNA solution was pipetted onto
parafilm and a glass microelectrode was backfilled using a Nanoject microinjector
(Drummond Scientific, Broomall, Pennsylvania). Microinjected oocytes were incubated for
3-5 days in OR-3 medium that was changed daily.

2.4 Confocal imaging of luminal Ca2* depletion via cytosolic Ca?* release in Xenopus

oocytes

Thapsigargin (Tg) was prepared as 10mM stock (Sigma-Aldrich, St. Louis, Missouri).
Oocytes were maintained in OR-3 medium plus Tg at a specific concentration (50 nM, 100
nM, 150 nM, 200 nM, 500 nM and 1 uM) for 24 or 48 hours. Vehicle control oocytes were
maintained in OR-3 medium in the presence of DMSO at the same concentrations used in
corresponding Tg treated groups. A subgroup of oocytes was left untreated and used as
control.

On the imaging day, oocytes medium was replaced with fresh OR-3 medium. Then each
oocyte to be used in confocal imaging was microinjected with 50 nl (50 uM final) of the
Ca?* indicator dye fluo-4 pentapotassium salt (Invitrogen Corporation, Carlsbad,
California), prepared in 200 mM pyruvate-malate (10 mM final in the oocyte). During
injection and incubation with fluo-4 oocytes were placed in low Ca2* recording medium
containing 96 mM NaCl, 2 mM KCI, 1 mM MgClI2, 5 mM HEPES Na (Sigma-Aldrich, St.
Louis, Missouri). After 40 minutes incubation, individual oocytes were placed on the stage
of a Nikon Eclipse TE 300 microscope with a 10x N.A. 0.3 air lens. Frames were collected
every 2 seconds and after 20 frames (about 1 minute of recording), 6 UM 1P3 was
microinjected (300 nM final) to stimulate luminal Ca2* release. Total recording was about 6
minutes for each oocyte (180 frames). Fluo-4 was excited at a wavelength of 488 nm, and
emitted fluorescence was collected via a 510 nm filter, using a photomultiplier (PMT). The
fluorescence intensity of the Ca2* indicator was analyzed using ImageJ (NIH) software and
plotted as the change in fluorescence (AF/F = (F-Frest)/Frest) over time. We measured both
the peak fluorescence as well as the integrated area under the AF/F curve. Fluorescent
images were acquired every two seconds. The area under the curve was calculated in an
excel spreadsheet by adding the height (AF/F, unitless) at each 2 second time point for 4
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minutes. The integrated area roughly corresponds to the total amount of Ca?* released over
this four-minute period (240 seconds).

2.5 Confocal Imaging of protein retention in the Endoplasmic Reticulum (ER)

2.6 Western

Oocytes microinjected with a combination of mMRNA of CPY-wt-Str and CPY gy55r-CFP
(30 ng total) were maintained in OR-3 medium and incubated at 18 °C for protein
expression. After 24 hours, oocytes were left untreated (control) or treated with 50 or 100
nM Tg and incubated at 18 °C for 24 or 48 hours, at which times they were confocaly
imaged.

Protein folding in the ER was imaged using a Zeiss LSM510 inverted confocal microscope.
The target imaging location was determined by focusing on the ER region (abut 10-20 um
of the surface of the oocyte) using a 63x objective N.A. 1.4 oil immersion objective. In this
region, very distinguishable ER like structures were found as described by [38]. Images
were collected sequentially in stacks of 10 slices with 1 pm in between using the CFP
channel (458) corresponding to an Argon Laser and Str channel (543) corresponding to a
Helium-Neon Laser.

ImageJ softare (NIH) was used for the initial analysis of the acquired images showing ER
structures. Later, images were analyzed with the Open Lab software (Improvision,
Lexington, MA) by obtaining fluorescence intensity values of selected regions of interest
(ROI’s) from the ER like structures. An average of 20 ROI’s per image were selected from
both CFP and Str images.

Blots

After treatment, oocytes were frozen in dry ice and maintained at —80 °C until preparation
for western blots as described in Li. Y. 2004 [4]. Microsomal and Cytosolic fractions were
isolated for analysis. In brief, oocytes were homogenized in Lysis buffer using a pellet pestle
attached to a motorized homogenizer. Lysis buffer was prepared as described previously
[37] containing 15 mM Tris HCI, pH7.6, 150 mM NaCl, 1% TritonX 100, 1ImM EDTA
supplemented with phosphatase and protease inhibitors (Sigma-Aldrich Sigma-Aldrich, St.
Louis, Missouri). The nuclei debris fraction was removed by centrifugation at 4500 g for 15
minutes. The resulting supernatant was centrifugated at 120,000g for 30 min at 4°C to obtain
the cytosolic fraction (supernatant) and the microsomal pellet, which was then resuspended
in 30 pl of solubilization buffer (10 mM Tris HCI, pH7.6, 140 mM NacCl, 1% Triton X-100,
1% SDS) supplemented with phosphatase and protease inhibitors.

P-elF2a was detected with an antibody from Assay Designs (Ann Arbor, Michigan). Actin
was used for normalization with an antibody from Millipore (Temecula, California).
Intensities of P-elF2a and actin bands were analyzed by Image J. The respective ratios (P-
elF2a/actin) were averaged and reported as mean £ SEM. All values represent the means of
at least 3 independent experiments.

2.7 Induction of ER stress with compounds that affect protein folding

Tunicamycin (Tn) (Sigma-Aldrich, St. Louis, Missouri) was prepared as 5 mg/ml in warm
methanol and injected into oocytes for a final concentration of 2.5 pg/ml. Incubation time
varied depending on the experiment.

2.8 Cytosolic Ca?* measurements after tunicamycin treatment and inhibition of translocon

Xenopus oocytes were treated with 2.5 pg/ml Tn (or methanol vehicle) for 1.30 hours in low
Ca%* OR-3 medium, which contains OR-3 medium and 1.26 mM EGTA for a final Ca2*
concentration of 7.6 uM. Oocytes were then injected with 50 uM of the Ca2* indicator dye
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fluo-4 (Invitrogen-Molecular Probes, Eugene, OR). In order to block a possible ER Ca2*
leak through the translocon, emetine was used at 1uM final concentration (Sigma-Aldrich,
St. Louis, Missouri). After a 30 minutes incubation period with fluo-4, individual oocytes
were imaged by confocal microscopy using a TE 200 Nikon inverted microscope with a 10x
lens (N.A. 0.3 Air). Images were collected every 10 seconds for a total of 30 images (5
minutes of recording) per oocyte using a 488 nm excitation laser with a 510 nm emission
filter. Fluorescense intensity values were obtained from each image and plotted as the
change in fluorescence (AF/F) during the time of recording.

2.9 Confocal Imaging of D1ER construct

The Ca?* indicator D1ER was generated by Dr. Roger Tsien's laboratory [39]. Confocal
imaging of D1ER injected oocytes was performed using an inverted 1X-81 Olympus
microscope configured with an Olympus F\VV1000 confocal scanning system. Images of the
ER were collected with the UPLANAPO 60 X objective (N.A. 1.42 Qil). A lambda scan was
performed to determine the emission spectrum of ECFP and citrine, by exciting D1ER from
injected oocytes with a 458 laser. Emission was collected in a sequence of a 10 nm
bandwidth at 5nm intervals (step size) over a range of 460 nm to 550 nm. Therefore 17
images were obtained from the lambda scan of each oocyte. Then, the best quality image
from each oocyte was collected from ECFP and citrine. Oocytes were individually imaged
for ECFP detection using a 458 excitation laser and for Cytrine with a 515 excitation laser.

2.10 Imaging analysis of D1ER

For each oocyte, fluorescence intensity values were obtained and corrected for
autofluorescence and for CFP bleed through from the ECFP channel into the citrine channel.
After both corrections were performed for each oocyte, an emission ratio of citrine/CFP
(also referred as YFP/CFP) was calculated and values were averaged from oocytes from the
same cohort.

2.11 Ca?* Imaging Analysis

Ca?* Imaging analysis was performed using the program ImageJ (Image Processing and
Analysis in Java) designed by the U. S. National Institutes of Health and available to the
public at http://rsbweb.nih.gov/ij/

2.12 Statistical analysis

Statistical significance was determined by using ANOVA. Significance level was accepted
at £<0.05.

3. RESULTS

3.1 Low thapsigargin concentrations partially deplete luminal Ca2*

It is well established that high concentrations of Tg can totally deplete ER Ca?* stores [20,
21, 40]. However, the limited range of Tg concentrations at which Ca2* stores are only
partially depleted is dependent on the cell type. In this series of experiments, our goal was to
establish a protocol for partial depletion of the ER Ca2* stores in Xenopus oocyes. Oocytes
were incubated for 24 or 48 hours with Tg at different concentrations (50 nM, 100 nM and
150 nM) or with vehicle at corresponding concentrations of DMSO (0.0005%, 0.001% and
0.00150%). The level of ER Ca?* was indirectly estimated by measuring the magnitude of
Ca?" release induced by injection of inositol 1,4,5 trisphosphate (IP3). Oocytes were injected
with the Ca?* indicator dye fluo-4 and imaged with confocal microscopy to record an IP3-
stimulated Ca2* response (Figure 1A, 1B). Data obtained from these experiments were
analyzed two ways to measure the effect of each Tg concentration and treatment period on
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the releasable Ca2* pool. First, by measuring the peak of change in fluorescence from
resting levels (AF/F) during the time of recording (Figure 1C and 1D, top). And second by
integrating the area under the AF/F curve over a 4 minutes period to estimate the total
amount of Ca2* released during the time of recording (Figure 1C and 1D, bottom).

Both analyses indicated that after 24 hours of treatment with 50 nM Tg, there was no
significant decrease in the magnitude of releasable Ca%* from the ER as compared to control
oocytes (untreated or treated with vehicle) (Figure 1C). A suggestive trend is apparent, but
not statistically significant. However, after 48 hours of treatment with this concentration of
Tg, a significant decrease in the magnitude of the IP5-releasable Ca2* from the ER stores
was observed (Figure 1D, ANOVA p< 0.05). Treatment of oocytes with higher doses of Tg
(100 nM) for 24 or 48 hours resulted in a smaller Ca2* response after 1P3 stimulation when
compared to untreated or vehicle treated controls (ANOVA,*p<0.05, **p<0.001). Treatment
with Tg concentrations higher than 150 resulted in total store depletion. These results
suggest that partial depletion of Ca2* from the ER stores in Xenopus oocytes can be
achieved with both 50 nM and 100 nM Tg treatments for 48 hours.

3.2 Low thapsigargin treatment induces the UPR

Several reports have indicated that cells treated with concentrations of Tg that totally deplete
the ER Ca2" stores were able to induce ER stress and the UPR [33, 41-43]. To test the
effects of partial ER Ca2* depletion on the induction of the UPR, a parallel group of oocytes
were treated with the same concentrations of Tg (50 nM, 100 nM, and 150 nM) or with
vehicle (DMSO) at the corresponding concentrations (0.0005%, 0.001% and 0.00150%).
These oocytes were snap frozen and their cytosolic protein was extracted for western blot
analysis of the UPR as indicated by phosphorylation of the elF2a [9, 44, 45] and normalized
with actin (for explanation see supplementary Figure 3). We observed that treatment of
Xenopus oocytes with 50 nM Tg for 24 hours induced ER stress as seen by a significant
increase in the phosphorylation of elF2a compared to its vehicle control (Figure 2A and
2B). This effect was even more pronounced when oocytes were treated for 48 hours with Tg
at 50 nM, 100 nM and 150 nM (Figure 2C and 2D). At this time point, there was an increase
in phosphorylated elF2a. for all groups treated with Tg that was significantly different from
their controls (ANOVA, P<0.05). These results indicate that treatment of Xengpus oocytes
for 48 hours with concentrations of Tg that partially deplete Ca?* from the ER stores (50 —
100 nM) also induce the UPR.

3.3 Expression of either CPY-wt-Str or Mutant CPYgo55r-CFP does not induce ER stress on
Xenopus oocytes

Injections of a low concentration of MRNA may give rise to very low or undetectable levels
of protein expression while high concentrations of mMRNA could overwhelm the ER protein
synthesis machinery and induce ER stress. Previous expression studies in oocytes were
usually performed in a range of 1 — 30 ng of MRNA injected per oocyte [46]. To determine
which mRNA concentrations were optimal for CPY expression but did not induce ER stress,
we injected oocytes with 5 ng, 15 ng, and 30 ng of mMRNA, for CPY-wt-Str, CPY g255r-CFP
and a combination of CPY -wt-Str with CPY g255r-CFP (supplementary Figure 1). ER stress
was assayed by western blot analysis of phosphorylated-elF2a (P-elF2a) and hormalized
with actin as described above. We found that P-elF2a. immunoreactivity was not induced at
any of the RNA concentrations used (supplementary Figure 1), demonstrating that these
conditions of MRNA injections could be used without inducing ER stress due to protein
expression.
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3.4 Wild type CPY-Str translocation is disrupted by low levels of Tg treatment, while
luminal retention of the mutant protein CPYg255r-CFP is not affected

One of the goals of this study was to determine whether partial ER Ca2* depletion affected
protein processing of a normally secreted protein. We demonstrated above that low levels of
Tg partially depleted ER Ca?*. Here, we used Tg concentrations to determine if folding and
processing of a single protein, either wild type protein (CPY-wt-Str) or its mutant
(CPYg255r-CFP), were differentially affected by low luminal Ca2*. Oocytes were
simultaneously microinjected with mRNAs for both CPY-wt-Str and CPY g255r-CFP (15 ng
each). Injected oocytes were then treated with either 50 or 100 nM Tg, for 24 and 48 hours,
and compared to non-treated controls. Induction of the UPR was monitored by western blot
analysis of the phosphorylation of elF2a. (Figure 3).

As observed in supplementary Figure 1, non-treated oocytes injected with a combination of
both mRNAs (control) did not increase P-elF2a. immunoreactivity when compared to non-
injected (NI) controls (Figure 3A and 3B first two bars). After 24 hours of either 50 or 100
nM Tg treatment, P-elF2a. immunoreactivity was slightly, but not significantly increased.
However, after 48 hours of Tg treatment, we observed a significant increase in P-elF2a
immunoreactivity compared to controls (untreated or non-injected oocytes) (ANOVA,
p<0.01) (Figure 3C and 3D). To test whether partial Ca* depletion and induction of the
UPR by Tg affected protein folding and processing, we performed confocal imaging of the
fluorescently tagged CPY wild type (CPY-wt-Str) and mutant (CPY go55r-CFP) proteins. As
expected, we observed that the misfolded protein CPY go55r-CFP, was synthesized in the
ER and remained in this organelle, regardless of the depletion of Ca2* or treatment with
DMSO vehicle (Figure 4). This spatial distribution of the protein expression was observed
for oocytes that were treated with Tg for either 24 or 48 hours (Figure 4B and 4E). On the
other hand, when oocytes expressing the normally secreted protein CPY-wt-Str were
subjected to treatment with low doses of Tg (50 nM and 100 nM), we observed a significant
increase in protein fluorescence after 48 hours, indicating that it had been retained in the ER
(Figure 5E compared to 5B). We concluded from these experiments that partial Ca?*
depletion of the ER was sufficient to cause protein misfolding and accumulation in the ER,
which in turn triggers a UPR.

3.5 ER Ca?* content is not significantly affected by expression of a mutant protein,
CPYgossR, that misfolds in the ER

Data presented above indicate that partial luminal Ca2* depletion induces protein misfolding
and accumulation of the normally secreted protein carboxypeptidase Y (CPY-wt) in the ER.
Our next question was to determine if misfolding and accumulation of proteins in the ER
affected luminal Ca2* levels. To accomplish this, we chose to utilize the ER targeted Ca2*
indicator D1ER [39]. The advantage of using this specific probe is that it’s Ca2* affinity is
relatively low (~69 uM) and doesn’t saturate in the ER. Confocal images were collected
from oocytes expressing D1ER to determine if the probe was properly targeted and
functioning. When D1ER expressing oocytes were treated with Tg (100 nM), a significant
drop in acceptor fluorescence (~540 nm) was observed (supplementary Figure 2E, F
compared to supplementary Figure 2B, C).

In order to test whether misfolded proteins induced ER Ca2* release, we coexpressed D1ER
with CPY-wt or with the mutant CPY gos55r and examined the impact on ER Ca2* levels 48
hours later. Fluorescent measurements of D1ER (YFP/CFP emission ratio) indicated that
there was no significant difference between D1ER alone the mutant CPY go55r. Similarly,
co-expression of D1ER with CPY-wt did not affect ER Ca2* concentration. Comparison of
these results with oocytes expressing D1ER alone, but treated with Tg, confirmed that we
could detect a small decrease in luminal Ca2* levels in the ER for oocytes treated with 50
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nM and 100 nM Tg (ANOVA, p < 0.05) (Figure 6C). Moreover, ER Ca2* levels after
treatment of oocytes with Tn for 2 hours is comparable with 50 nM Tg treatment of 24 hours
(Figure 6 D). We concluded from these results that any change in the level of ER Ca%*
induced by expression and accumulation of the misfolded protein CPY go55r Was, if present,
too small to be detected with the D1ER Ca2* indicator.

3.6 CPYg255r expression does not induce ER stress

A control experiment was designed to test whether D1ER expression by itself induced the
UPR. Western blot analysis of the ER stress indicator P-elF2a (normalized by actin)
showed no increase in immunoreactivity in oocytes expressing D1ER when compared to
control oocytes (Figure 6A). In addition, co-expression of D1ER with CPY-wt or the mutant
CPY o55r did not increase the levels of P-elF2a/actin either. The only condition in which
ER stress was increased was when oocytes were treated with 100 nM Tg, which was
significantly different when compared to control oocytes (ANOVA, P < 0.05) (Figure 6A
and 6B). Consequently, we concluded that expression of the misfolded protein CPY go5sR,
under this condition, was not sufficient to induce ER stress.

3.7 Ca?* leak via the translocon activates the UPR

As we previously reported, treatment of Xengpus oocytes with tunicamycin (Tn), an
inhibitor of protein glycosylation, results in small but significant increases in cytosolic Ca2*
[47] (Figure 7A, left). Recent work from other groups has suggested that the translocon
itself may be a site of Ca2* leak under ER stress conditions [48]. To test whether this Ca*
leak affected the UPR, we pre-treated one group of oocytes with the translocon inhibitor
emetine and another group with emetine plus Tn. We found that emetine treatment
significantly inhibited the Tn-induced increase in cytosolic Ca?* (Figure 7A). Cytosolic
Ca?* levels in control oocytes were not affected by treatment with vehicle alone. Under
these conditions, we measured the effect of emetine treatment on phosphorylation of elF2a.
Remarkably, emetine inhibition of the translocon not only blocked the Ca2* leak induced by
Tn, but abrogated the increase in P-elF2a (Figure 7 B, C, right). We also tested whether a
different ER stress marker, the chaperone BiP was also affected by Tn and emetine
treatment (Figure 7 D-E). We found that emetine significantly reduced BiP expression
induced by Tn. Based on these data, we suggest that Ca2* released via the translocon, as a
consequence of protein misfolding, is a critical signal for the initiation of the UPR.

4. DISCUSSION

The first goal of this study was to evaluate the impact of partial ER Ca2* depletion on
protein processing and the UPR. We found that partial Ca* depletion was sufficient to
induce the UPR and to cause ER retention and accumulation of a model protein CPY-wt,
that would otherwise be normally secreted under resting conditions. Second, we wanted to
determine the effect of Ca2* leak via the translocon during the early phase of the UPR.

Several early studies reported that total Ca2* depletion significantly affects protein
processing and secretion of glycoproteins [20, 40]. Our work goes one step further and
suggests for the first time that partial Ca* depletion affects the protein processing of a
secreted single glycoprotein. First, to establish the conditions that induce partial ER Ca2*
depletion and UPR, we carefully performed dose-response curves. As ER stress indicator we
used phosphorylation of elF2a. due to its ability to remain active after mild and prolonged
ER stress. By contrast the responses mediated by IRE1 and ATF6 sensors quickly attenuate
within hours in spite of persistence of stress [49]. Although elF2a phosphorylation could be
transient [50, 51], this is related with a severe and acute ER stress. For example, Koumenis
et. al. found that at least in HeLa cells the kinetics of elF2a phosphorylation are dependent
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on the oxygen concentration. For instance, under anoxic conditions, the phosphorylation of
elF2a is transient, while it remains constant under mild hypoxia [52].

The sensitivity of the ER protein-folding environment to changes in Ca2* also implies that
small disruptions in Ca2* homeostasis could be a critical factor in human pathologies.
Several diseases associated with a disruption of ER Ca2* are known to be associated with
ER stress. Examples include disruption of ER Ca2* permeability in animal models
associated with Alzheimer’s [53]; increased ER Ca2* release induced by acute hypoxia in
primary cultured astrocytes [54]; disruption of SERCA2b expression leading to a decreased
ER Ca?"* levels in a mouse model of obesity and diabetes [55] and increased ER stress levels
in liver and adipose tissue [56]. Similar findings have been reported in other diseases as well
[13, 57]. However, it has not been established in any of these diseases whether the
underlying disruption of protein folding/processing machinery of the ER can be attributed to
partial Ca?* depletion within the ER.

Pathological conditions that have been attributed to an accumulation of misfolded proteins
in the ER have previously been correlated with a disruption in Ca2* homeostasis [13, 58].
Our experiments investigated this relationship at much higher sensitivity. We utilized the
more physiological relevant expression of a normally secreted single protein, CPY-wt, along
with its folding mutant, CPY go55r, Which was known to be retained in the ER. We
determined that expression of the folding mutant did not induce a detectable change in the
level of ER Ca?*. It is possible that our Ca2* indicator probe was not sufficiently sensitive.
However, expression of the CPY g255r folding mutant also failed to initiate a significant
UPR, consistent with the absence of a detectable Ca2* leak. Consequently, we interpreted
these results as evidence that the accumulation of a single misfolded protein, at least under
our conditions, was not sufficient to induce either a Ca2* leak or an ER stress response.
However, both were observed when we generally disrupted protein folding in Xenopus
oocytes with Tn treatment. It had previously been reported that Tn induced Ca?*
mobilization from the ER in SV40-transformed human fibroblasts [59], CHO cells [60] and
HeLa cells [41]. Work from our group also reported a sustained increase in cytosolic Ca?*
that occurred within minutes of Tn treatment in Xenopus oocytes [47]. We extended these
findings here by demonstrating that Tn treatment of Xenopus oocytes effectively induces the
UPR. A simple explanation of the disparity between single and general protein misfolding is
that Xenopus oocytes are not sensitive to ER stress caused by a single misfolded protein due
to their inherent capacity to express large quantities of proteins. Throughout the text, we
have equated the luminal ER accumulation of CPY-wt and its mutant (CPY gos5R) to
misfolded proteins, and note here that this accumulation can be attributed to defects in
multiple processes including protein synthesis, folding and secretion and ER associated
degradation system (ERAD) [61-63].

Under resting conditions, the ER intraluminal free calcium concentration reflects a balance
between active uptake by Ca2*-ATPases and passive efflux via leak channels. Several
research groups have proposed that a basal Ca2* leak occurs via the translocon [24-27]. This
is an aqueous pore that completely spans the ER lipid bilayer [29] through which newly
synthesized secretory proteins are translocated [64]. The heteromeric Sec61 complex forms
the core of this pore, which is blocked by the ribosome on the cytosolic side and by BiP on
the luminal side [65]. Recently, Zimmermann’s group [48] reported that under protein
misfolding accumulation, BiP is involved in gating of the translocon channel subunit Sec61,
allowing Ca2* leak from the ER. They also demonstrated that calmodulin limited this leak,
in a Ca%*-dependent manner by binding to a cytosolic Sec61 motif [66]. Moreover, a point
mutation in the Sec61 channel (Sec6lalphalY344H) could not be gated by BiP. Previous
work indicated that this mutation disrupted ER homeostasis leading to Beta-cells apoptosis
in a diabetes mouse model [67].
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Consistent with these findings, our data shows that Ca?* leak can be a cause and a
consequence of the UPR. This leak probably occurs due to a dissociation of BiP from the
translocon upon association of this chaperone to misfolded proteins under conditions of ER
stress therefore leaving the translocon “unplugged” from the luminal side. The loss of BiP
from the translocon can greatly enhance the magnitude of the UPR regardless of the stress
inducer by mediating phosphorylation of elF2a through the Ca2* signal initiated by the leak.

In summary, our data show that a stress-induced Ca2* leak, likely via the translocon
channel, is a crucial signal required for activation of the UPR. We note that emetine
treatment did not completely block the Ca%* leak under ER stress nor did it completely
inhibit phosphorylation of elF2a., or BiP expression. Thus, we cannot rule out the possibility
that a different protein, other than Sec61, could be also responsible for leaking Ca?* from
ER stores during the early phase of ER stress, such as: presenilins [53], Bcl2 [39, 68], ST1
[69], IP3Rs [70], RyRs [71]. Irrespective of the identity of the Ca2* link channel, our data
demonstrate a critical link between stressinduced Ca2* release and the initiation of the UPR.
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Figure 1. Depletion of luminal Ca?* by thapsigargin isreflected asa decreasein Ca?* release
(A-B) Measurement of ER Ca2* content by confocal imaging of Xenopus oocytes loaded
with fluo-4. Representative traces of fluorescence measurements of IP3 induced Ca2* release
are shown. 300 nM IP3 was injected 40 seconds after the beginning of the recording for all
groups as indicated by the arrow. Traces represent changes in fluorescence from resting
levels as a function of time (AF/F) for 24 hrs treatment (A) and 48 hrs Tg treatment (B). The
AF/F measure of IP5 induced releasable Ca%* was obtained by selecting a 5x5 pixel area
from subsequent images obtained during imaging of individual oocytes.

(C-D) Histograms of the Ca?* release after IP5 injection shown in A in terms of the peak of
amplitude (top) or in terms of the area under the curve (bottom) are represented as the means
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+ SEM of untreated groups (control, C), Tg treated and DMSO (vehicle control) at 24 (C) or

48 (D) hrs of treatment. Values are from n = 3-16 oocytes per group from two independent
experiments. Asterisks indicate statistical significance (*p<0.05, **p<0.01, ANOVA).
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Figure 2. Thapsigargin treatment induces phosphorylation of el F2a. (ER Stress marker)

(A) Western blot showing phosphorylation levels of elF2a (ER stress marker) from oocytes
treated with Tg or vehicle (DMSO) for 24 hrs. Two oocyte equivalents were loaded per lane
and proteins were resolved through 12% SDS-PAGE. Actin western blot is shown as
loading control. These gels represent 4 independent western blots with n=20 oocytes per

group per experiment.

(B) Histograms of the ratio of P-elF2a normalized with actin (shown in A and C) are
represented as the mean + SEM. Asterisks indicate statistical significance (*p<0.05,

ANOVA).

(C) Similarly as in A, western blot of P-elF2a from oocytes treated with Tg or vehicle
(DMSO) for 48 hrs. These gels represent 4 independent western blots, n=20 oocytes per

group.

(D) Histograms of the ratio P-elF2a normalized with actin are represented as the mean +
SEM. Asterisks indicate statistical significance (*p<0.05, ANOVA).

Cell Calcium. Author manuscript; available in PMC 2014 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Paredes et al.

A

P-elF2a >

Actin >

W
-
(@]
o

]

O
-
(©)]
T

o
[

24 hrs C 48 hrs

e —

P-elF2a/actin (a.u.)
0]
o
1
P-elF2a/actin (a.u.)
0]
<

H-—v-ﬂ““ N— e e e i
NI C 50 vg, 100 vy NI C 50 vy, 100 v,q

Tg (nM) Tg (nM) Tg (nM) Tg (nM)

*% *%

o
1

NI C 50 vgy 100 v,q NI C 50 vy, 100 vyq
Tg (nM)  Tg (nM) Tg (nM)  Tg (nM)

Figure 3. 48 Hours of Partial ca?* Depletion, induces ER Stressin Oocytes co-expressing CPY -
wt and CPY -mutant

(A, C) Western blot of P-elF2a (ER stress marker) from oocytes injected with a
combination of mMRNA of CPY-wt-mStr and mutant CPY g»55r-CFP or non-injected (NI) as
indicated. Oocytes were untreated (C) or treated with 50 or 100 nM Tg or vehicle for 24 hrs
(A) or 48 hrs (C). Two oocyte equivalents were loaded per lane and proteins were resolved
through 12% SDS-PAGE. Actin western blot was used as loading control. These gels
represent 3 independent western blots, n=20 oocytes per group. (B, D) Histograms of the
ratio P-elF2a. normalized with actin for 24 hrs (B) or 48 hrs (D) are represented as the
means + SEM. Asterisks indicate statistical significance (**p<0.01 ANOVA). Note that ER
stress is induced after 48 hours of partial Ca2* depletion but not after 24 hours.
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Figure 4. CPY gossr-CFP luminal retention ismaintained in untreated or Tg treated oocytes
(A, B, D and E) Confocal images of Xernopus oocytes co-expressing CPY gos5r-CFP and
CPY-wt-mStr. Images collected using CFP channel (458nm, Argon laser) for excitation to
detect only CPY go55r-CFP fluorescence. 24 hrs after mRNA injection, oocytes were treated
with 50 nM Tg (shown here in B), 100 nM Tg (not shown) or vehicle for 24 hrs (A). Also
shown images of 48 hrs of treatment with vehicle (D) or 50 nM Tg (E). Confocal images
were obtained with a 63x objective NA 1.4 oil immersion objective. A magnified image
from a region in the field is shown to depict ER like structures. (C, F) Histograms
representing fluorescence intensity of ER like structures from CFP emission after 24 hrs
treatment (C) or 48 hrs (F) was comparable between Tg treated and vehicle treated oocytes
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(no statistical significance). Data were plotted as the ratio of fluorescence obtained for Tg
normalized with vehicle and vehicle was normalized with fluorescence of untreated oocytes.
Histograms of the ratio values are represented as the means + SEM. Data pooled from 5
independent experiments, n=8-10 oocytes per group per experiment.
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Figure 5. Wild type CPY-Str isonly retained in the ER by partial ca?* depletion (Tg treatment)
(A, B, D and E) Confocal images of Xernopus oocytes co-expressing CPY gos5r-CFP and
CPY-wt-Str. Images collected using STR channel (543nm, Helium-Neon Laser) for
excitation to detect only CPY-wt- Str fluorescence. 24 hrs after mRNA injection, oocytes
were treated with 50 nM Tg (shown here in B), 100 nM Tg (not shown) or vehicle for 24 hrs
(A). Also shown images of 48 hrs of treatment with vehicle (D) or 50 nM Tg (E). Confocal
images were obtained with a 63x objective NA 1.4 oil immersion objective. A magnified
image from a region in the field is shown to depict ER like structures. (C, F) Histograms
representing fluorescence intensity of ER like structures from Str emission after 24 hrs
treatment (C) or 48 hrs (F) were higher at 48 hrs Tg treatment with statistical significance
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(*p<0.05, ANOVA). Histograms of the ratio values are represented as the means + SEM.
Data pooled from 5 independent experiments, n=8-10 oocytes per group per experiment.
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Figure 6. Xenopus oocytesinjected with CPY gos5r MRNA do not exhibit changesin ER ca?* or

stress

(A) Western blot of phosphorylation levels of elF2a from untreated oocytes (C) over-

expressing D1ER as Ca?* indicator, D1ER expressing oocytes treated with 50 nM or 100
nM Tg for 24 hrs or oocytes coexpressing D1ER with CPY-wt (wt) or co-expressing D1ER
with mutant CPY go55r (G>R). Two oocyte equivalents were loaded per lane and proteins
were resolved through 12% SDS-PAGE. Actin western blot is shown as loading control.

Gels represent 4 independent western blots with 15-20 oocytes per group.
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(B) Histograms of the ratio of P-elF2a. normalized with actin are represented as the means +
SEM. Asterisks indicate statistical significance (*p<0.05, ANOVA). Notice that ER stress
was only induced with 100 nM Tg treatment, but no with CPY g2s5sR.

(C) ER Ca?* levels measured by the emission ratio of YFP/CFP in D1ER were plotted as the
mean values of individual oocytes. Tg treatment in this experiment was performed for 24
hrs. Data distribution was obtained from 2—6 independent experiments with h= 8-28 oocytes
analyzed per group.

Asterisks indicate statistical significance (ANOVA, *p<0.05). Notice that Tg-induced
Ca?*depletion of the ER was successfully observed with the D1ER indicator. However, no
changes in ER Ca?* levels were observed with CPY go55r (G>R), or CPY-wt (wt) when
compared to control oocytes.

(D) ER Ca?* levels were measured and plotted as is indicated in (C). 50 nM Tg treatment
was performed for 24 hrs, Tn treatment was performed for 2 hrs. Data distribution was
obtained from n= 10 oocytes analyzed per group, (ANOVA, *p<0.05). Notice that ER Ca2*
levels after treatment with Tn for 2 hrs is comparable with 50 nM Tg treatment for 24 hrs.
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Figure 7. Emetine, atranslocon inhibitor, blocks ER Ca2* leak and ER stressinduced by
tunicamycin

(A) (Left) Representative traces of cytosolic Ca* change in terms of AF/F fluorescence
intensity. Data were obtained from oocytes incubated for 2 hrs with 2.5 pg/ml tunicamycin
alone (Tn), 0.05% vehicle (Vh) or tunicamycin plus emetine (Tn + Em). For emetine treated
oocytes, the last 30 min of incubation with Tn or vehicle were done in the presence of 1 uM
emetine. To observe cytosolic Ca2* changes, all groups were injected with 50 pM fluo-4 30
min before confocal imaging (performed for 5 min). (Right) Histograms represent the
change in cytosolic Ca2* levels (in terms of fluo-4, AF/F) between time 0 (rest) to the
highest peak after 5 min of imaging (obtained from traces shown on left panel). Histograms
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represented as the mean + SEM. Data obtained in 3 experiments, n=8-9 oocytes per group
per experiment.

(B) Western blot showing phosphorylation levels of elF2a from untreated oocytes, oocytes
treated for 2 hrs with 2.5 ug/ml Tn, or Vh, and Tn + Em. Actin western blots are shown as
loading control. For (B), (D) and (F), two oocyte equivalents were loaded per lane and
proteins were resolved through 12% SDSPAGE. In (B), these gels represent 4 independent
western blots with n=15-20 oocytes per group.

(C) Histograms of the ratio of P-elF2a normalized with actin are represented as the mean +
SEM.

(D) Western blot showing protein levels of BiP from untreated oocytes (C), oocytes treated
with Tn, and oocytes treated with Tn + Em. These gels represent 3 independent western
blots with n=10 oocytes per group.

(E) Histograms of the ratio of BiP normalized with actin are represented as the mean +
SEM. Asterisks indicate statistical significance (*p<0.05, **p<0.001, ANOVA).
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