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Abstract

Aims: The endoplasmic reticulum (ER) is involved in many functions, including protein folding, redox ho-
meostasis, and Ca®" storage and signaling. To perform these multiple tasks, the ER is composed of distinct,
specialized subregions, amongst which mitochondrial-associated ER membranes (MAM) emerge as key sig-
naling hubs. How these multiple functions are integrated with one another in living cells remains unclear.
Results: Here we show that Erola, a key controller of oxidative folding and ER redox homeostasis, is enriched in
MAM and regulates Ca®* fluxes. Downregulation of Erola by RNA interference inhibits mitochondrial Ca**
fluxes and modifies the activity of mitochondrial Ca®" uniporters. The overexpression of redox active Erola
increases passive Ca®" efflux from the ER, lowering [Ca®*]gr and mitochondrial Ca®* fluxes in response to IP3
agonists. Innovation: The unexpected observation that Ca®* fluxes are affected by either increasing or decreasing
the levels of Erola reveals a pivotal role for this oxidase in the early secretory compartment and implies a strict
control of its amounts. Conclusions: Taken together, our results indicate that the levels, subcellular localization,
and activity of Erola coordinately regulate Ca** and redox homeostasis and signaling in the early secretory
compartment. Antioxid. Redox Signal. 16, 1077-1087.

Introduction the ER lumen, H,O, can drive disulfide bond formation via
peroxiredoxin 4 (40, 50), an enzyme abundant in secretory
THE ENDOPLASMIC RETICULUM (ER) is a multifunctional cells (5). Other ER resident enzymes may also generate
organelle involved in protein folding and assembly, dis-
ulfide bond formation and Ca®" storage. In the ER, signals
originating from the unfolded protein response (UPR) inter- | Innovation
sect with Ca®*- and redox-dependent events (17, 25). Their
integration is fundamental for cell differentiation and death
decisions (19). To fulfill its many functions, the ER consists of
specialized subregions (38, 44), one of which emerges as a key
signaling hub: mitochondria-associated membranes (MAM)
guarantee physical association with mitochondria, funda-
mental for Ca®* signaling and cell survival (13). Enriched in
Ca”*-handling proteins, oxidoreductases and chaperones,
MAM generate microdomains of high [Ca®*], thus activating
the mitochondrial Ca>* uniporters (MCU) (12, 13, 16).

The ER is a potential source of hydrogen peroxide (H>O,).
Erola and Erolf flavoproteins sustain oxidative protein
folding, transferring electrons from cargo proteins via PDI to
molecular oxygen, and yielding H,O, as a by-product (27). In

As knowledge on redox homeostasis in the ER and Ca”*
storage and signaling proceeds rapidly, much remains to
be understood as to how these key regulatory pathways
are integrated with one another to harmonize cell physi-
ology. The results of this work reveal a novel connection
between redox control and Ca** signaling. The levels and
localization of Erole within the early secretory pathway
are shown here to control Ca*" fluxes by modulating
ERp44 binding and the ER luminal redox status. The ob-
servation that a large fraction of Erola localizes in MAM,
areas of the ER that establish close contacts with mito-
chondria, explains the dramatic effects of the oxidase on
Ca”* fluxes through the latter organelles.
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diffusible oxidants (25) that could act as intracellular mes-
sengers and impact redox homeostasis (20, 33).

Several findings highlight the existence of tight connections
between the ER luminal redox and Ca®>* homeostasis. The
Ca%*-ATPase SERCA2b, inositol 1,4,5-trisphosphate receptor
type 1 (IP3R1), ryanodine receptors (RyRs), and the Ca**-
sensor stromal interaction molecule 1 (STIM1) are all redox-
regulated (18, 23, 39, 41). Furthermore, a circuit involving
IP3R1 and Erolo has been recently implicated in the mala-
daptive shift during prolonged ER stress (22). Ca®" release via
IP3R1 is inhibited by ERp44 (18), a multitask chaperone that
prevents secretion of mammalian Erole and Erolf and other
substrates of thiol-dependent quality control (1, 2, 10, 11, 30).
Therefore, the Erolo—ERp44 axis could play an important role
in regulating Ca”" homeostasis and release.

We show here that Erolo accumulates where the ER es-
tablishes contacts with mitochondria (MAM). The levels of
redox-active Erolo impact Ca?* storage and IP3-dependent
fluxes. Erola silencing has profound effects on mitochondrial
Ca”* uptake, likely modifying the MCU activity. Thus, Erola
links redox and Ca®* homeostasis and signaling in MAM.
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Results
Ero1o is enriched in MAM

Subcellular fractionation of HeLa cells revealed that a large
fraction of endogenous Erola accumulates in MAM (Fig. 1A),
confirming recent results (15). As expected, porin (VDACI)
and cytochrome ¢ were enriched in mitochondria (MP), while
ribophorin and Grp94 accumulated mainly in microsomes
(Mic). Calnexin and IP3R1 distributed similarly between the
microsomal and MAM fractions, while ERp44 was slightly
more abundant in MAM. PDI was abundant in both MAM
and microsomes (not shown). Immunofluorescence analyses
confirmed the presence of both ERp44 and Erola at sites of
contact with mitochondria, where the two proteins partially
co-localize (Fig. 1B and Supplementary Fig.1; Supplementary
Data are available online at www. liebertonline.com/ars). As
previously described (3) ERp44 was abundant also in the
ERGIC area (Fig. 1B). In professional secretory cells, such as
myeloma cell lines, a larger fraction of endogenous Erola
accumulated in the ER (not shown). Upon overexpression,
Erola is found in virtually all substations of the exocytic

FIG. 1. Erola enrichment in
MAM. (A) Subcellular frac-
tionation. Aliquots (30 ug pro-
tein) from each fraction (48)
were resolved under reducing
conditions and filters decorated
with the indicated antibodies.
Cyt, cytosol; Hom, homoge-
nate; Mic, microsomes; MP,
mito-pure. Two parts of the
same gel, originally separated
by irrelevant lanes, are shown.
(B) Immunofluorescence. HeLa
cells transiently expressing mi-
tochondrial EYFP were stained
with anti-Erola or anti-ERp44
antibodies as indicated. Erolua
frequently co-localizes with
mitochondria, yielding a yellow
staining, while ERp44 staining
is often adjacent to mitochon-
dria but rarely overlapping.
Abundant ERp44 is found in
ERGIC and cisGolgi (3). (To see
this illustration in color the
reader is referred to the web
version of this article at www
liebertonline.com/ ars).

merge

merge



COUPLING REDOX AND Ca%?* HOMEOSTASIS

pathway (not shown) consistent with the notion that Erola
can saturate the normal localization mechanisms and be se-
creted (30).

Erota levels modulate mitochondrial Ca?* fluxes

In view of the abundance of endogenous Erole in MAM,
we analyzed its role in Ca®* signaling by silencing or over-

FIG. 2. Erola levels mod- A Mitochondria
ulate Ca®" storage and HIS
fluxes. (A) Erola silencing.
HelLa cells were co-trans- 80 |
fected with mitochondrial, <
cytosolic, or ER aequorin, 2
and Erola-specific or control ~ _E
silencing duplexes. Erola ‘g
downregulation drastically e
lowers mitochondrial Ca**
transients upon histamine 0
stimulation (left panel, peak
amplitude 61.7+4.2uM for 100
controls luc2i, n=36 wvs. 80
251+1.8uM for Erolai, 60
n=37, p<5%E-11), having

minor effects on cytosolic 9 »
Ca®* transients (central panel, 20 -
peak amplitude 2.7+0.1 uM 0

for controls luc2i, n=24 vs.

2.6£0.1 uM for Eroloi, n=24,

p=0.132). The steady state

[Ca®*Igg is slightly increased

in Erolo siRNA transfectants

(right panel, plateau values

4245+22.1uM, n=13 for . .
control; 4527+229uM, B Mitochondria
n=13 for Erolai); bar=10sec.
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expression assays. Ca>* levels and fluxes were monitored by
organelle-targeted aequorin probes (31) upon stimulation
with histamine, an inositol-1,4,5-trisphosphate (IP3) agonist
that activates IP3 receptor (IP3R) channels, causing Ca®" re-
lease from ER stores. Erolo silencing dramatically inhibited
mitochondrial Ca®* transients evoked by histamine (Fig. 2A,
left panels), while having smaller effects on cytosolic
Ca”*(center panels). Blunted Ca’* fluxes were recently
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The blot in the inset, deco-
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efficiency of silencing in one
representative  experiment,
PDI providing a loading
control. (B) Erola over-
expression. HeLa cells were
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wild-type (wt) or mutant
Erola (C394A), and imaged
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solic Ca®" transients (central panel, peak amplitude 2.34+0.06 uM in controls vs. 2.14+0.05 uM for wt E Erola, p<0.05 and
2.35+0.07 uM for C394A, n=13 for all). Moreover, Erolo overexpression lowers the [Ca®*]gr at steady state, while no
significant effects are observed with the C394A mutant (right panel, plateau values 477 =6 uM, n=35 for control; 445+ 6 uM,
n=32, p<0.0005 for Erolo; 460+8 uM, n=37 for C394A). Bar=10s. The blot shown in the inset, decorated with anti-myc
antibodies, provides an example of the levels of transfection in one representative experiment; *background bands that serve

as loading control.
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observed also in cardiomyocytes lacking both Erola and
Erolf (9). Unexpectedly, also the overexpression of the oxi-
dase inhibited mitochondrial (Fig. 2B left panels) and to a
lesser extent cytosolic Ca”* fluxes (center panels). The inactive
Erolo mutant C394A (4, 8) had marginal effects in these as-
says, excluding that the effects observed were due solely to
protein overexpression in the ER and pointing at redox-
dependent regulatory mechanism(s).

Hence, either increasing or decreasing Erolo levels can
modify IP3-dependent Ca”* fluxes.

To investigate the underlying mechanisms, we analyzed
the concentration of free Ca®* in the ER ([Ca®"]gr) by fol-
lowing the refilling of ER stores after ionomycin treatment. As
shown in Figure 2B (right panels), cells overexpressing Erola
displayed significantly lower steady state [Ca®*]gr. In con-
trast, slightly higher [Ca®"]gr were measured upon Erola
silencing (Fig. 2A, right panels).

[Ca®*]gg is determined by SERCA-dependent Ca* entry
and passive efflux (most likely via IP3R1 (24, 29, 43)). To
quantify the former, we analyzed the initial rates of Ca>* ER
import, when efflux is negligible (Fig. 3A); Ca?* efflux from
the ER in the absence of histamine stimulus was instead
measured, after reaching the steady state, by addition of
tBuBHQ, a SERCA inhibitor. To minimize artefacts, cells with
similar [Ca®* Jgr were analyzed in these assays. Erola over-
expressing cells displayed normal SERCA2b activity but fas-
ter passive Ca?* efflux (Fig. 3B). Also in this case, the inactive
Erole mutant (C394A) had only marginal effects. Thus, active
Erola facilitates basal ER Ca?* efflux, without affecting the
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ER import mechanisms. The net result is a lower [Ca®* gk in
Erola overexpressing cells, which translates into less intense
efflux peaks in mitochondria and cytosol upon IP3 signaling.
A different mechanism must be invoked instead for cells
having less Erola, that have slightly higher [Ca®* Jgr. More-
over, no difference in ER Ca®" uptake or Ca”* leakage can be
observed upon Erolx silencing (Figs. 3C and 3D).

Ero1a. modulates IP3R1 binding to ERp44

Excess Erolo binds endogenous ERp44, competing with
many endogenous substrates (1, 2, 14, 26, 46). Since ERp44
inhibits IP3R1 (18), the increased Ca®* efflux from the ER in
Erolo transfectants could reflect competition of the oxidase
with IP3R1 for ERp44 binding, de facto facilitating channel
opening (18). Co-immunoprecipitation assays revealed that
indeed less IP3R1 associated with ERp44 in Erolo transfec-
tants, despite similar IP3R1 levels were present in the lysates
(Fig. 4). However, also the C394A mutant competed for
ERp44 binding. Therefore, since C394A transfectants dis-
played only marginal changes in [Ca®* ] or efflux rates (Figs.
2B, 3A, and 3B), the effects of wt Eroloa can only in part de-
pend on competitive ERp44 binding, confirming the in-
volvement of redox-dependent regulatory mechanism(s).

Erota levels affect the affinity of the mitocondrial
Ca®* uniporter

As shown above, both Erola silencing or overexpression
impacted mitochondrial Ca®* fluxes. The minor changes in

B FIG. 3. Erola levels impact

Ca’* efflux from the ER.
HeLa cells were transiently
transfected with wild-type
(wt) or mutant Erolo (C394A)
or empty vector as control (A,
B), or subjected to Erola si-
lencing (as a control, a treat-
ment with unrelated duplexes
was perfomed, Luc2i) (C, D).
(A) Erola overexpression
does not modify SERCA2b
activity. To measure SERCA
activity, the initial phase of
the Ca®* uptake curves (ex-
amples of which are shown
also in Fig. 2) were analyzed
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FIG. 4. Erola influences IP3R1 binding to ERp44. Ali-
quots of the lysates or the anti-ERp44 immunoprecipitates
(IP) from HeLa cells transfected as indicated were analyzed
by WB with the indicated antibodies. Significantly less IP3R1
co-precipitates with ERp44 in HeLa cells overexpressing ei-
ther wt Erolo or the mutant C394A, despite similar pools of
the two molecules present in the lysates. Densitometric
analysis of 3 independent experiments is shown in the bot-
tom panel. *p<0.05 T test.
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[Ca®*]gr observed upon Erolu silencing (Fig. 2A) (22) could
hardly explain the dramatic reduction observed on mito-
chondrial Ca2* fluxes. Rather, its abundance in MAM sug-
gests that endogenous Erola regulates Ca®* fluxes locally. We
first verified that the integrity of the mitochondrial network
and the driving force for Ca>* accumulation were preserved
in Erola silenced cells (Supplementary Figs. 2A and 2B). We
thus hypothesised that Erolo acts as a sensitizer of MCU. To
determine whether this was the case, and in particular if Erola
silencing decreased MCU affinity, we measured mitochon-
drial Ca®" uptake in semipermeabilized cells (see Methods).
When the perfusion buffer was supplemented with exoge-
nous Ca”*, the rise in [Ca® " ;s was severely compromised in
cells with low levels of Erolua (Figs. 5A and 5B). In contrast,
Erolo overexpression had little if any effect (Fig. 5C). ER re-
loading upon addition of exogenous Ca®* was not signifi-
cantly affected in cells expressing lower (Figs. 5D and 5E) or
higher (Fig. 5F) Erolu levels, further confirming that the oxi-
dase does not impact SERCA2b activity.

The effects of Erola levels on Ca®* uptake were further
analyzed using specific inhibitors of the MCU (Ruthenium
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Red) or of Erol oxidases (EN460 (6)). As shown in Figure 6,
inhibiting Erolo activity by EN460 had even more drastic
effects than RN A silencing in preventing mitochondrial Ca®*
uptake. As expected, Ruthenium Red inhibited mitochondrial
Ca”* loading in this system, displaying synergic effects with
Erolu inhibitors.

Discussion

Redox modifications of the cytosolic IP3R1 portions are
known to regulate its activity (7, 43). Our studies also reveal
that the luminal regions of the channel are targets of redox
regulation. Indeed, the levels and localization of Erola, a key
player in the control of ER redox homeostasis (28), impact
intracellular Ca®* signaling. The abundance of Erolo in MAM
(Fig. 1) (15) explains why mitochondrial Ca®* fluxes are
preferentially affected. Figure 7 summarizes our interpreta-
tion of the surprising observation that both overexpression
and silencing of the oxidase dramatically inhibit mitochon-
drial Ca®" transients.

IP3-dependent Ca?* transients, particularly mitochondrial
ones, are significantly lower in cells producing excess wild-
type Erola (Fig. 2B) but not an inactive mutant C394A that can
also competitively bind ERp44 (Fig. 4A). This observation
implies that ER redox modifications are more important than
simple competition for ERp44 binding.

Erola levels affected neither the expression levels (not
shown) nor the activity of SERCA2b (Figs. 3A-3C, 5D, and
5E), which is instead regulated by the ER-resident oxidore-
ductase ERp57 (23). These findings underscore the specificity
of protein relays in controlling the redox in the ER lumen and
confirm that Erola has only marginal effects on ERp57 (28).
The higher basal efflux from the ER of Erola overexpressing
cells (Fig. 3B) can explain the lower [Ca®"]gr and in turn the
blunted histamine-induced transients observed in Erola
transfectants.

Conversely, Erola downregulation did not affect Ca>* leak
from the ER (Fig. 3D), slightly increasing the ER Ca®* store
capacity (Fig. 2A), and yet decreased IP3-induced mitochon-
drial Ca®* transients even more pronouncedly than over-
expression (Fig. 2A). The strong effect on mitochondria was
not matched by a proportional decrease in cytosolic Ca**
transients. Lower Erola levels in MAM seem to slow down
the kinetics of IP3R1 oxidation after treatment with DTT (our
unpublished results), making it directly or indirectly (via
ERp44 or PDI) less responsive to IP3 (18, 42).

Several systems can mediate basal Ca’* efflux from the ER,
including IP3R themselves (24, 47). By controlling the re-
oxidation kinetics of IP3R1, Erola can thus favor Ca®* efflux,
though other systems could be involved. The steady state
IP3R1 redox state was similar in Erola transfectants (data not
shown), suggesting that kinetic redox shifts regulate Ca>* exit
from the ER.

The observation that in HeLa cells Erola accumulates in
MAM (Fig. 1A) provides an explanation for the surprisingly
similar effects on mitochondrial Ca** fluxes of down- or up-
regulating it (Fig. 7). We hypothesize that in transfected HeLa
cells the excess Erolo acts on IP3R1 channels residing outside
MAM, facilitating basal Ca®>* efflux. The resulting lower
[Ca2+]ER underlies the lower responses to IP3 agonists.

The results shown in Figures 5 and 6 also suggest a specific
effect of Erol« on mitochondrial Ca®* uptake. In the absence
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FIG. 5. Silencing Erola in-
hibits mitochondrial Ca’*-
uptake. (A-C) HeLa cells, co-
transfected with mitochondrial
aequorin and Erolo silencing
(A, B) or overexpressing (C)
reagents or controls, were per-
meabilized with digitonin, and
perfused with  IB/EGTA.
Where indicated, the medium
0- was switched to IB+1uM
+Erolac  Ca®*. Representative traces
and average speeds are shown

ER in A and B, C, respectively (B:
I mean rate values in first 15s:
0.285+0.05uM/s, n=16 for

luc2i controls; 0.155+0.03 M /s,
n=17 for Erolui; p=0.018;
C: mean rate values: 0.310+
0.03uM/s, n=8 for controls;
0.340+0.030 uM /s, n=8 for
Erola wt); bar=10s. (D-F)
Neither Erola silencing nor
04 its  overexpression  signifi-
cantly affect ER Ca®* uptake.
Ca”* uptake into ER was ini-
tiated by replacing IB/EGTA

mitochondria
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with IB+4 uM Ca®*. Representative traces and average speeds are shown, respectively (E: mean rate values: 0.88+0.11 uM/s,
n=10 for luc2i controls; 0.91£0.15uM/s, n=10 for Erolei; F: mean rate values: 1.38%£0.18 uM/s, n=9 for controls;

1.24+0.33 uM/s, n=9 for Erola); bar=10s.

of detectable alterations in mitochondrial potential or mor-
phology (Supplementary Fig. 2), Erola silencing inhibited
Ca”* re-uptake by mitochondria in semipermeabilized cells
(Figs. 5A and 5B), implying an inter-organellar function for
this oxidase. Since we detected no difference in ER uptake
under the same conditions, these results argue for a decreased
activity of the MCU in Erola silenced cells. Accordingly,
Erola inhibition by pharmacological or genetic means (EN460
or RNAI, respectively) had similar effects on mitochondrial
Ca”* uptake, mimicking those obtained with Ruthenium Red,
a specific MCU inhibitor (Fig. 6B). In contrast, Erola over-
expression had little if any effects on mitochondrial import, in
accordance with the notion that, when overexpressed, the
oxidase accumulates in the ER and other substations of the
secretory pathway (30).

Erolua associates partly with the membrane but does not
traverse it (8). Thus, it might exert its activity on mitochon-
drial Ca®" uptake via associated proteins or by generating
diffusible molecules, such as H,O, (37, 45). Contrary to our
predictions, Erola silencing slightly reduced the association
between IP3R1 and ERp44 (EM and RS, data not shown). This
unexpected observation suggests that Erola (or likely its rel-
ative levels) might have further roles in assembling and or
maintaining MAM integrity. Erola emerges as a good marker
for this signaling hub (Fig.1 and (15)), at least in nonprofes-
sional secretory cells. This peculiar distribution explains why
its downregulation has more profound effects on mitochon-
drial than on cytosolic fluxes. As mentioned above, exogenous
Erolo could exert ectopic effects on Ca®* fluxes, possibly
regulating IP3R1 localized outside MAM. The insensitivity of
mitochondrial uptake in semipermeabilized cells is in line
with the observation that overexpressed Erolo accumulates in
the ER and affects the IP3R1 pool localized therein. Recently,

Chop-mediated Erola activation was reported to increase
IP3R-dependent Ca®* fluxes in ER stressed cells (22). The
different outcomes of transfecting Erola or inducing it via
the Chop pathway could be due to dissimilar subcellular
localizations.

The intertwined regulation of Ca®* and redox homeostasis
revealed by our experiments might have important patho-
physiological implications, particularly during hypoxia and
ER stress, when Ca* tends to leave ER stores towards mi-
tochondria and cytosol. Interestingly, hypoxia relocalizes
Erola to the ER independently from UPR activation (15). The
rate of basal Ca®* efflux from the ER has been reported to
regulate mitochondrial metabolism (12). Further studies are
needed to dissect how the ER redox status impacts these re-
sponses, as these pathways could identify novel therapeutic
targets in various diseases where ER stress is involved.

Materials and Methods
Reagents

Mouse monoclonal antibodies anti-ERp44 2D5 (1, 3), anti-
Erolo 2G4 (36) anti-myc 9E10; anti-actin (Sigma Chemical. St.
Louis, MO), anti-VDAC1 and rabbit anti-cytochrome ¢ (Cal-
biochem, Darmstadt, Germany), anti-IP3R1 and anti-ICDH
rabbit polyclonal IgG (Abcam); anti-IP3R1 (CT-1, gift from S.K.
Joseph, Jefferson University, Philadelphia), anti-clathrin (Cell
Signaling, Danvers, MA), anti-calnexin, anti-GRP94, anti-PDI
(H-160) rabbit polyclonal IgG, and anti-Grp78 (N-20), goat
polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA)
and anti-ribophorin (gift from E. Ivessa, Max F Perutz La-
boratories, Vienna, Austria) were utilized as described previ-
ously or according to the manufacturer’s instructions. The
Erola inhibitor EN460 (6) was kindly provided by David Ron



COUPLING REDOX AND Ca%?* HOMEOSTASIS

A Ca®* 1uM B & ctrl M + Erola
— 0.4-
= % 0.34
E 3
i = 0.2
i =T
0.0-
RR - + - +
C _CatiuM D B Luc2i MErotai
0.4q
g 0 0.34
< &
_z ~ 0.2
= S 0.1 ﬁ]]]
i
RR - + . +
E Ca?* 1uM F "
@ 0.3
=
=L
= 0.2
S 0.1 i
o0) I [TTT]
RR - + - +

FIG. 6. Erola levels influence the MCU activity. Effects of
Ruthenium Red on mitochondrial Ca®* uptake in Erolo-
overexpressing, Erola-silenced, or EN460-treated HeLa cells.
HeLa cells, co-transfected with mitochondrial aequorin and
Erola overexpressing (A, B) or silencing (C, D) reagents or
controls, or treated with the Erolo inhibitor EN460 (E, F)
were permeabilized with digitonin and perfused with IB/
EGTA. Where indicated, the medium was switched to IB+
1uM Ca2+. Representative traces (A, C, E) and average
speed (B, D, F) are shown. RR, Ruthenium Red; bar, 10s. A
and B: Treatment with Ruthenium Red similarly affects mi-
tochondrial Ca®* uptake in both control and Erola over-
expressing Hela cells (B: mean rate values in first 15s:
0.31£0.02uM/s, n=12 for controls; 0.094+0.03 uM/s, n=8
for controls+RR; 0.34%£0.03uM/s, n=12 for Eroly;
0.078+0.02 uM /s, n=8 for Erola+RR). C and D: Inhibition
of mitochondrial Ca®* uptake by Erola silencing is increased
by treatment with Ruthenium Red (D: mean rate values in
first 15s: 0.27£0.05uM/s, n=16 for luc2i controls;
0.066+0.02uM/s, n=12 for luc2i controls+RR; and
0.14£0.02 uM/s, n=16 for Erolai; 0.08£0.01 uM/s, n=12 for
Erolai+RR). E and F: Treatment with the Erol inhibitor
EN460 drastically impairs mitochondrial Ca”* uptake,
mimicking the effects of Ruthenium Red (F: mean rate values
in first 15s: 0.283+0.04 uM/s, n=14 for controls;
0.071+0.02 uM/s, n=14 for controls+RR; 0.036+0.02 uM/s,
n=14 for EN460 treated cells; 0.005+0.01 uM/s, n=14 for
EN460 treated cells+ RR).
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(Cambridge University, UK); polyclonal anti-ERp44 was from
ProteinTech Group, Chicago, IL.

Plasmids encoding myc-tagged human wt Erola and its
mutant C394A (28), HA-ERp44 (1), cytAEQ, mtAEQ and
erAEQ (31) mtGFP (34) mtEYP (Clonthec, Mountain View,
CA) were used as described.

Transfection and RNAI

Transfection with aequorin-based (erAEQ, cytAEQ, and
mtAEQ) probes was carried out as previously described (35).
Erola silencing was performed with the following duplexes
(36) 5[CUGUUUUAAGCCACAGACA]3" and 3 [GACAAA
AUUCGGUGUCUGU]5'.

Control siRNA (specific for Luciferase2) were obtained
from MWG-Biotech AG, Ebersberg Germany. Silencing effi-
ciency of Erolw, verified by Western blotting (WB), was al-
ways =70%.

For cytosolic and mitochondrial [Ca®*] measurements,
transfected cells plated on 13-mm coverslips were incubated
with 5 uM coelenterazine for 1-2h in Krebs-Ringer modified
buffer (KRB: 125 mM NaCl, 5mM KCl, 1 mM NazPOy4, 1 mM
MgSO,, 5.5 mM glucose, and 20 mM Hepes, pH 7.4, at 37°C)
supplemented with 1 mM CaCl,, and then transferred to the
perfusion chamber. For reconstituting with high efficiency,
the AEQ chimeras targeted to the ER (erAEQ), luminal ER
[Ca®*] was reduced incubating cells for 1h at 4°C in KRB
supplemented with 5uM coelenterazine, 5uM ionomycin,
and 600 uM EGTA. Cells were then washed with KRB plus 2%
BSA and 1 mM EGTA. All AEQ measurements were carried
out in KRB, and agonists and other drugs were added to the
same medium. Experiments were terminated by lysing cells
with 100 uM digitonin in a hypotonic Ca**-rich solution
(10mM CaCl; in H,0), thus discharging the remaining AEQ
pool. The light signal was collected and calibrated into [Ca®*]
values as previously described (31).

To assess mitochondrial Ca®* uptake in permeabilized
cells, Erola silenced, overexpressing or control cells were
transferred to the luminometer chamber and perfused with IB
buffer (140mM KCl, 10mM NaCl, 1mM KzPO,, 5.5mM
glucose, 2mM MgSO,, 1 mM ATP, 2mM sodium succinate,
and 20mM HEPES, pH 7.05, at 37°C), supplemented with
2mM EGTA, then permeabilized with 20 uM digitonin for
1min, and perfused again with IB/EGTA. Ca®* uptake into
mitochondria was then initiated by replacing IB/EGTA with
IB containing 1uM Ca®* (IB/Ca”") prepared as described
elsewhere (32). To inhibit mitochondrial calcium uniporters,
1 uM Ruthenium Red was added to semipermeabilized cells
before and during mitochondrial Ca®* uptake.

To assess ER Ca”* reloading in semipermeabilized cells,
luminal ER [Ca®*] was reduced incubating cells as described
above for the erAEQ probe, and Ca®" uptake was initiated by
replacing TB/EGTA with IB containing 4 uM Ca®".

Cell lysis, crosslinking, and immunoprecipitations

Cells were trypsinized, washed in PBS, and incubated for
5min in ice-cold PBS+ 10 mM NEM, to block disulfide in-
terchange reactions (28). Cells were then lysed in RiPA buffer
(150 mM NaCl, 1% NP-40, 0.1% SDS, 10 mM NEM, 5 mM Tris-
HCl pH 8.0), plus protease inhibitors. For cross-linking, cells
were washed with PBS and incubated with 1 mM Dithiobis
succinimidyl propionate (DSP, Pierce, Rockford, IL) for
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thus increasing Ca®* efflux.
When overexpressed, most
exogenous Erolo accumu-
lates in the ER (central panel).
Overexpressed Erola may
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oxidation and at the same
time decoy ERp44: it can thus
increase basal Ca?* efflux
from the stores, decrease

[Ca®*]gr and consequently
inhibit the agonist-induced
efflux (and as a consequence
mitochondrial ~ responses).
With lower Erolo levels in-
stead (bottom panel), also the
MAM pool decreases: IP3R1

oxidation is slower, the rela-
tive abundance of ERp44 in-
creases, and reduced
mitochondrial Ca®* uptake is

measured. (To see this illus-

tration in color the reader
is referred to the web version
of this article at www
liebertonline.com/ars).

30min at 4°C. The reaction was blocked washing cells twice
with PBS+ 20mM Tris HCI pH 7.4 for 15min at 4°C. Cells
were then lysed as described above directly on the plates.
Lysates were pre-cleared with FCS-sepharose beads and in-
cubated with suitable antibodies, previously bound to protein
G-sepharose (PGS, Amersham, GE Healthcare Europe) beads.
Immunoprecipitated material was resolved under reducing
conditions (2%-14% acrylamide gradient SDS-PAGE). WB
images were acquired with the Chemidoc-it Imaging System
(UVP, Upland, CA) and densitometric analyses performed
with Image Quant 5.2.

Measuring SERCA2b activity and ER Ca®* leak

Ca®* uptake rate was analyzed in HeLa transfectants with
the Origin50 analysis program considering the first 30 sec-
onds of measurements from the moment of Ca?* addition.
For measuring ER Ca®" leak, 36 h after transfection, coverslips
were transferred to the luminometer and perfused with KRB/
Ca”* until the steady-state [Ca”* ]z was reached. The ER was
refilled by exposing cells to extracellular [Ca®* ] ranging from
0.1 to 1 mM, to obtain different levels of steady state [Ca%* Ier,
Since the latter influences the rate of passive efflux, care was
taken to select Erola-overexpressing or control cells that had

similar [Ca®*|gr plateau values to be compared in the sub-
sequent analysis. Cells were then treated with the SERCA
inhibitor tBuBHQ (30 uM) and the consequent decrease of
[Ca®*1gr, due to passive efflux, was analyzed. The maximal
rates of Ca" release at different [Ca®*]gg values were cal-
culated for controls and Erola transfectants (measured from
the first derivative considering 15 sec after tBuBHQ addition).
To minimize the effects of the [Ca®* |gg on passive efflux, cells
in the 250-350 uM range of plateau values were compared in
Figures 3B and 3D.

3D morphological imaging and membrane potential
measurement

Cells were transfected with Erola-specific or control siRNA
duplexes and mt-GFP in a 1:1 ratio. For morphological stud-
ies, cells were placed in a thermostatic chamber at 37°C in
KRB/Ca®* solution and imaged using an inverted micro-
scope (Axiovert 200M; Carl Zeiss Microlmaging, Inc.) using a
63 x /1.4 Plan-Apochromat objective, a Cool-SNAP HQ in-
terline charge-coupled device camera (Roper Scientific) and
the MetaMorph 5.0 software (Universal Imaging Corp.).
Z-series images were deconvoluted using the PSF-based
Exhaustive Photon Reassignment software, running on a
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Linux-based PC. For measurement of mitochondrial membrane
potential (4¥,,), cells were loaded with 10nM tetra-
methylrhodamine methyl ester (TMRM), and AY,,, was mea-
sured on a LSM 510 microscope (Carl Zeiss Microlmaging, Inc.)
monitoring changes in membrane potential after addition of
10 uM carbonylcyanide p-trifluoromethoxyphenylhydrazone
(FCCP), a protonophore that uncouples mitochondrial oxidative
phosphorylation. The signal was collected as a total emission
> 570 nm.

Immunofluorescence

Cells expressing mtEYFP were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% TX100. After decoration
with antibodies, cells were stained with Hoechst, and ana-
lyzed on an Olympus inverted fluorescence microscope
(model IX70) with DeltaVision RT Deconvolution System
(Alembic, HSR, Milano). After deconvolution, images were
processed with Adobe Photoshop 7.0 (Adobe Systems, Inc.).
In some experiments, to stain mitochondria cells were treated
with 50nM Mitotracker (Molecular Probes) in Optimem
medium for 45 min at 37°C, washed twice with PBS, fixed
with methanol, and finally decorated with the indicated
antibodies.

Subcellular fractionation

Cells were homogenized and crude mitochondrial and
microsomal fractions separated by differential centrifugation.
The crude mitochondrial fraction (9000 g pellet) was re-
suspended in the isolation buffer (250 mM mannitol, 5mM
Hepes, 0.5 mM EGTA, pH 7.4) and further separated on a 30%
Percoll gradient (48) to obtain low-density (denoted as MAM)
and high-density (denoted as pure mitochondria, Mito Pure)
fractions. Aliquots were collected and analyzed by immuno-
blotting.

Conclusion

Owing to the central signaling role of the ER in physiology
and disease, its many functions need to be constantly in-
tegrated. Our results demonstrate that endogenous Erolo, a
flavoprotein shown to control oxidative protein folding, ac-
cumulates in mitochondrial-associated membranes and
modulates Ca®" storage and fluxes. It will be of interst to
dissect the mechanisms whereby a luminal oxidase of the ER
affects mitochondrial Ca** uniporters. By coupling redox
homeostasis and Ca”* signaling, the Erol-ERp44 axis can
affect “life or death” decisions in many cell types.
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