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SUMMARY

Mitochondrial Ca2* (CaZ*,,) uptake is mediated by an inner membrane CaZ* channel called the
uniporter. Ca2* uptake is driven by the considerable voltage present across the inner membrane
(AY,,) generated by proton pumping by the respiratory chain. Mitochondrial matrix Ca2*
concentration is maintained 5-6 orders of magnitude lower than its equilibrium level, but the
molecular mechanisms for how this is achieved are not clear. Here we demonstrate that the
mitochondrial protein MICUL1 is required to preserve normal [Ca2*],, under basal conditions. In its
absence, mitochondria become constitutively loaded with Ca2*, triggering excessive reactive
oxygen species generation and sensitivity to apoptotic stress. MICU1 interacts with the uniporter
pore-forming subunit MCU and sets a Ca2* threshold for Ca2*,, uptake without affecting the
kinetic properties of MCU-mediated Ca2* uptake. Thus, MICU1 is a gatekeeper of MCU-
mediated Ca2*,, uptake that is essential to prevent [Ca%*],, overload and associated stress.
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INTRODUCTION

Mitochondrial Ca?* homeostasis plays important roles in cellular physiology. CaZ* flux
across the inner mitochondrial membrane (IMM) regulates cell bioenergetics, cytoplasmic
Ca?* ([Ca?*);) signals and activation of cell death pathways (Balaban, 2009; Denton and
McCormack, 1980; Duchen et al., 2008; Gunter and Gunter, 1994; Hajnoczky et al., 1995;
Hansford, 1994; Herrington et al., 1996; Lemasters et al., 2009; McCormack et al., 1990;
Orrenius et al., 2003; Szalai et al., 1999). Mitochondrial Ca?* (Ca2*,,) uptake has been
studied for over five decades, with crucial insights into the underlying mechanisms enabled
by development of the chemi-osmotic hypothesis and appreciation of the considerable
voltage across the IMM (A'Y ) generated by proton pumping in the respiratory chain
(Carafoli, 1987; Drago et al.; Nicholls, 2005; O’Rourke, 2007; Rottenberg and Scarpa,
1974). Ca?* uptake is an electrogenic process driven by A¥,, and mediated by a Ca2*
selective ion channel (MiCa (Kirichok et al., 2004) called the uniporter (Bernardi, 1999;
Igbavboa and Pfeiffer, 1988; O’Rourke, 2007; Santo-Domingo and Demaurex, 2010).
Properties of the uniporter have been derived primarily from studies of isolated
mitochondria, where it was generally found to have a low apparent Ca2* affinity (10-70
M) with variable cooperativity (Bragadin et al., 1979; Gunter et al., 1994). Agonist-
induced [Ca2*]; signals can be rapidly transduced to the mitochondrial matrix despite this
apparent low affinity because mitochondria can exist in close apposition to sites of Ca2*
release where local [Ca2*]; can be higher than in the bulk cytoplasm (Carafoli and
Lehninger, 1971; Collins et al., 2001; Filippin et al., 2003; Nicholls, 2008; Palmer et al.,
2006; Rizzuto et al., 2004; Rizzuto et al., 1998). Nevertheless, higher affinity mitochondrial
Ca?* uptake has been observed in many studies (Santo-Domingo and Demaurex, 2010; Spat
et al., 2008). Furthermore, patch clamp electrophysiology suggests that the uniporter pore
has high Ca2* affinity (dissociation constant < 2 nM) that enables it to have high Ca2*
selectivity (Kirichok et al., 2004). In addition, the open probability of the uniporter channel
is voltage dependent, reaching nearly unity at normal AYy, (~—180 mV) (Kirichok et al.,
2004). Thus, whereas rapid and substantial Ca2*,, uptake can take place in regions of high
[CaZ*]; micro-domains, the high open probability and Ca2* affinity of the uniporter pore
suggest that the large thermodynamic driving force for Ca?* uptake would result in Ca2*,
overload in the absence of regulatory mechanisms to limit the activity of the channel.
However, the identity of such mechanisms remains elusive.

Until recently, the molecular identity of the uniporter was unknown. MICU1 was identified
as a protein that localized to the IMM and suggested to be required for uniporter-mediated
Ca?* uptake (Perocchi et al., 2010). Subsequently, MCU was identified as the likely ion-
conducting pore of the uniporter (Baughman et al., 2011; De Stefani et al., 2011). MICU1
and MCU biochemically interact, and their expression patterns are tightly coupled across
tissues and species (Baughman et al., 2011). Nevertheless, the functional relationship
between these two uniporter components is unknown.

Here, we report that loss of MICU1 leads to constitutive Ca2*,, accumulation through MCU.
MICUL1 is not required for MCU-mediated Ca2*,,, uptake. Instead, MICU1 is a gatekeeper
for MCU-mediated Ca?* uptake, establishing a threshold (the set-point) that prevents Ca?*
uptake in low [Ca2*]; (< 3 uM), but does not confer low apparent Ca2* affinity or
cooperativity of MCU-mediated Ca2* uptake at higher [Ca2*];. MICU1 regulation of MCU
requires each of its CaZ* binding EF hands, suggesting that they provide the high-affinity
[Ca?*] sensing mechanism that enables MICU1 to exert its regulation. MICU1 senses matrix
[CaZ*], since it inhibits MCU-mediated Ca?* uptake only when [Ca2*], is low. These
findings reveal a previously unknown role of MICU1 as a gatekeeper to limit MCU-
mediated Ca2* influx to prevent Ca?*, overload and its associated stress under resting
conditions.
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RESULTS

Knockdown of MICU1 Causes Basal Ca2*,, Accumulation
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HeLa cells were transfected with MICU1 siRNA (Table S1) to silence its expression or a
non-targeting scrambled siRNA as control (Figure S1A). Strikingly, [Ca?*],,, was
constitutively elevated under resting conditions in MICU1 knock down (KD) cells (Figures
S1B and 1C). It was previously reported that MICU1 expression was required for uniporter-
mediated Ca2* uptake (Perocchi et al., 2010). Nevertheless, MICU1 KD did not affect the
ability of mitochondria to accumulate Ca2* in response to an agonist-induced [Ca?*]; rise
(Figures S1D, 1E and 1G). Nor did it affect the magnitude of a histamine-induced [Ca?*];
rise (Figure S1F) or A, (Figure S1H).

MCU was identified as the pore forming subunit of the mitochondrial uniporter (Baughman
etal., 2011; De Stefani et al., 2011). To confirm that MICU1 and MCU KD are not
functionally equivalent, we compared effects of knocking down expression of either protein
in independent assays. We previously demonstrated that inhibition of basal inositol
trisphosphate receptor (InsP3R)-mediated Ca2* release resulted in insufficient Ca2* transfer
from ER to mitochondria to support optimal bioenergetics. As a consequence, cellular
[AMP]:[ATP] ratio is elevated and autophagy is activated as a pro-survival mechanism
(Cardenas et al., 2010). If MCU and MICU1 are each required for Ca2*,, uptake, we
speculated that KD of either protein would elevate [AMP]:[ATP] and induce autophagy.
Nevertheless, whereas [AMP]:[ATP] was increased in MCU KD cells, it was unchanged in
MICU1 KD cells (Figure S11). Elevated autophagy was observed (Cardenas et al., 2010) in
MCU KD, but it was unchanged in MICU1 KD cells (Figure S1J, S1K). Whereas the effects
of MCU KD are as expected if MCU plays an essential role in Ca%*,, uptake, those of
MICUL1 are not. These results strengthen the conclusion that MICU1 is not essential for
Ca?*p,, uptake, and support the notion that it plays a distinct role.

We generated stable clones using lentiviral ShRNAs targeting different regions of the
MICU1 gene (Table S2 and Figure S1L). Two, shHe#B4 and shHe#B6, had 80.7% and
82.6% mRNA KD, respectively (Figure S1L). We used clone shHe#B6 for subsequent
experiments. As in cells treated with MICU1 siRNA, [Ca2*],,, was constitutively elevated in
stable MICU1 KD cells (Figure 1A and 1B), with elevated basal [Ca?*], correlated with the
degree of KD (Figure 1B, and see Figure S1L). Also as in siRNA-treated cells, histamine-
induced Ca2*,, uptake (Figure 1C and 1E) and rise of [Ca2*]; (Figure 1D) were unaltered in
MICU1 KD cells. Nor was A, (Figure 1F) or [AMP]:[ATP] (Figure S1M) affected, and
autophagy was not activated (Figure S1IN). Lack of autophagy induction in MICU1 KD cells
was not due to intrinsic defects in autophagy since Xestospongin B (XeB), a specific InsP3R
inhibitor, induced autophagy similarly in control (shHe#B8) and KD cells (Figure SIN). We
extended these studies to human endothelial cells (EC) with MICU1 stably knocked down.
Similar to HeLa cells, [Ca%*],,, was constitutively elevated (Figures 1G and 1H), whereas
histamine-induced Ca2*,, uptake (Figure 11 and 1K) and rise of [Ca2*]; (Figure 1J) were
unaffected and A'Yy, was normal (Figure 1L).

Defective Ca2*,, uptake can result in enhanced agonist-induced [CaZ*]; responses due to
diminished cytoplasmic buffering (Hoth et al., 2000; Simpson and Russell, 1998). In
agreement, [Ca2*]; was elevated for a prolonged period in response to histamine in MCU
KD cells, whereas a transient response was observed in MICU1 KD cells (Figure S10). The
Ca?* dependent transcription factor NFAT was strongly activated in MCU KD cells,
consistent with the prolonged [Ca?*]; signal, whereas only weak activation was observed in
MICU1 KD cells (Figure S1P). Further, nuclear NFATC3-GFP positive cells showed
increased nuclear translocation in MCU-silenced cells compared with MICU1 KD cells
(Figures S1Q and S1R).

Cell. Author manuscript; available in PMC 2013 October 26.
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Together these results suggest that MICU1 is not required for uniporter-dependent Ca2*
uptake, nor does it function similarly to MCU. Instead, they suggest that MICU1 may play a
role in constitutively suppressing Ca%*,, uptake under resting conditions.

Constitutive Ca2*,, Accumulation in MICU1 KD Cells Occurs Through MCU-Mediated Ca?*

Uptake

We confirmed (Perocchi et al., 2010) that MICU1 biochemically interacts with MCU
(Figure S2A). MICU1 KD did not alter MCU expression (Figure S2B). We therefore
considered that MICU1 may function to inhibit MCU-mediated Ca%* uptake, and that the
observed elevated basal [Ca2*],, in MICU1 ablated cells occurs through uncontrolled MCU-
dependent Ca2* uptake. To test this, we silenced MCU expression by >85% (Figure S2C) in
control neg ShRNA and MICU1 KD HeLa and ECs (Figure S2D). Histamine-induced Ca2*,
uptake was effectively abrogated, demonstrating functional efficacy of MCU KD (Figure
2C, 2E). Importantly, silencing MCU abolished elevated basal [Ca2*],, in MICU1 KD cells
(Figure 2A-E). This indicates that Ca ,2* accumulation induced by loss of MICU1 is
mediated by MCU-dependent Ca2* uptake. To further verify this, we assessed Ca2*,, uptake
in digitonin-permeabilized stable HEK293 cells (Figure S2E) bathed in intracellular-like
medium (ICM) containing thapsigargin (Tg) to prevent ER Ca2* uptake and FuraFF to
monitor [Ca2*] in the medium. Following exposure of control cells to Tg, CaZ* leak from
the ER caused ICM [Ca?*] to increase progressively over ~5 min to ~ 1.8 wM (Figure 2F).
Subsequent exposure to the MCU inhibitor Ru360 had little effect (Figure 2F), indicating
that mitochondria had not taken up Ca2*. In contrast, ICM [Ca2*] did not increase during ER
Ca?* leakage from MICU1 KD cells (Figure 2F). Subsequent exposure to Ru360 caused a
rapid rise of ICM [Ca%*] to levels observed in control cells (Figure 2F and 2G). These
results indicate that Ru360-sensitive MCU-dependent Ca2* uptake buffered Ca2* released
from the ER in the MICU1 KD cells. Further, the observation that Ca2* efflux was active in
MICU1 KD cells, evident upon addition of Ru360, indicates that MICU1 KD does not alter
Ca?*p,, efflux (Figure 2F, also see Figure S5). Importantly, this buffering occurred in MICU1
KD cells at [Ca2*] under which MCU-dependent Ca2* uptake is normally not active.
Accordingly, these results suggest that MICUZ1 normally acts as a brake to prevent MCU-
dependent Ca2*,, uptake at low [Ca?*];.

To test this further, we examined phosphorylation of the mitochondrial protein pyruvate
dehydrogenase (PDH). PDH phosphorylation by pyruvate kinase suppresses its activity
whereas dephosphorylation by Ca2*-dependent pyruvate dehydrogenase phosphatase (PDP)
enhances it (Cardenas et al., 2010). If MICU1 normally acts to prevent MCU-mediated Ca%*
uptake under basal conditions, we speculated that PDH would be constitutively hypo-
phosphorylated in MICU1 KD cells by enhanced Ca?*-activated PDP activity. In agreement,
PDH was hypo-phosphorylated in MICU1KD cells (Figure S2F). As a control, XeB, which
blocks ER Ca?* release (Cardenas et al., 2010), increased PDH phosphorylation in the
MICU1 KD cells to levels comparable to those in the control cells (Figure S2G).

MICU1 Inhibits MCU-Mediated Ca2*, Influx in Low [Ca?*]

Our results suggest that MICU1 may regulate the apparent Ca2* affinity or threshold of
MCU-dependent Ca2* uptake. To examine this in more detail, we used the permeabilized
cell protocol and simultaneously monitored the rate of Ca2*,,, uptake and A'¥, in response
to boluses of CaZ* added to ICM. Cells (~6 million) were permeabilized in ICM containing
Tg. After 450s, a single bolus of Ca2* was added, and the Fura FF (Figure 3A) and JC-1
(Figure 3B) signals were monitored for 300s before an uncoupler (CCCP) was added to
depolarize the IMM and release accumulated Ca2* (Figure 3A and 3F). Ca2* uptake in these
conditions, monitored as a decrease in ICM [Ca%*], is completely dependent on MCU
(Figure 3G). In response to a 0.5 LM Ca?* bolus, ICM [Ca2*] rapidly rose to a stable plateau
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in control cells, indicating lack of Ca2*,, uptake at this [Ca2*], as expected. In contrast, ICM
[Ca?*] decreased to nearly the pre-pulse level in MICU1 KD cells (Figure 3A). Subsequent
CCCP addition released significantly more Ca2* from MICU1 KD mitochondria, indicating
that the decrease in ICM [Ca?*] following the initial pulse was due to Ca%*,, uptake (Figure
3F, and see inset). Similarly, in response to a 1 &M Ca2* pulse, Ca2* uptake in control cells
was absent, whereas uptake in MICU1 KD cells was substantial (Figure 3A). The difference
in Ca2*, uptake between control and MICU1 KD cells was not due to a greater driving
force for CaZ* uptake in MICU1 KD cells, since A'¥,, both before and during the Ca2*
pulses were similar in control and KD cells (Figure 3B) and MICU1 KD mitochondria have
higher basal [Ca2*],, (Figure 1B, 1H, 2B and 2D). In addition, it cannot be accounted for by
different expression levels of MCU (Figure S2B). In response to a 2 .M Ca?* pulse, control
mitochondria buffered the [Ca?*], but to a level (the set-point (Nicholls, 2005)) that was
significantly higher than that achieved by MICU1 KD mitochondria (Figure 3A). At higher
concentrations (5-50 M), both control and MICU1 KD cells exhibited robust CaZ*,, uptake
(Figure 3A) with similar transient A'Y,, depolarizations at 20 and 50 .M pulses (Figure
3B). Reconstitution of MICU1 (Figure S2E and 2G) in MICU1 KD HeLa cells prevented
elevated basal [Ca%*],, and reverted Ca2*,, uptake (Figure 2A-E). Similarly, rescue of
MICUL1 in permeabilized HEK293 cells prevented elevated basal [Ca?*], and reverted
Ca%*,,, uptake in response to low [Ca%*] bolus additions (1-5 M) to control levels (Figure
S3A-D).

The ICM [Ca?*] decay kinetics were all well fitted assuming a single exponential process.
The fits were used to calculate the change in ICM [Ca?*] due to Ca%*,, uptake following the
pulse, as well as the rate of Ca2*,, uptake. Mitochondria in MICU1 KD cells took up more
Ca?* than control cells in the low [Ca2*] regime, from 0.5 to ~5 uM (Figure 3C inset). In
contrast, MICU1 KD was without consequence at higher [CaZ*] (Figure 3C). Surprisingly,
Hill equation fits of the uptake rates yielded similar kinetic parameters in control and
MICU1 KD cells (Figure 3D). The Ky, or apparent Ca2*af finity of Ca2*,,, uptake, was ~11
KM in control and MICU1 KD cells, with Hill coefficients of 3.2 and 3.4, respectively
(Figure 3E). These results suggest that MICU1 plays an important role in limiting Ca2*,
uptake in the low [Ca2*] regime, without affecting the overall kinetic behavior of MCU-
mediated Ca2* uptake. The total amount of Ca2* buffered by control and MICU1 KD
mitochondria in response to the Ca2* pulses was evaluated by measuring the amount of Ca2*
released by CCCP (Figure 3F). Mitochondria with MICU1 knocked down took up more
Ca?* than control mitochondria in the low [Ca2*] regime, up to 5 uM Ca?*. Notably,
however, the amount taken up vs. [Ca2*] curve for the two groups was parallel over the
entire range of [Ca2*] (Figure 3F), with the offset between them accounted for by Ca2*
accumulated by MICU1 KD mitochondria before the pulses (the offset in Figure 3A). These
results demonstrate that MICU1 KD does not change Ca2*,, buffering capacity. Taken
together, these data suggest that MICU1 acts as a “gatekeeper” that sets a [Ca2*] threshold
to prevent Ca2*,, uptake in low [Ca?*];, but it does not play a role in conferring the well-
established cooperativity of CaZ*,, uptake.

MICU1 is a Gatekeeper of MCU-mediated CaZ*, Influx

Our results suggest that MICU1 regulates MCU-dependent Ca?*,, uptake in low [Ca?*].
First, mitochondria in MICU1 KD cells have constitutively elevated [Ca2*],, (Figures 1A—
C, 1G-1I and 2A-2E). This suggests that in absence of MICU1, MCU-mediated Ca2*
uptake is active at [Ca2*]; that exists in resting cells. Second, mitochondria in permeabilized
MICU1 KD cells take up Ca?* from boluses added to the ICM at concentrations (up to ~3
M) where control mitochondria do not (Figures 3A and 3C). Third, in response to slow
addition of Ca?* to the medium (in permeabilized cells caused by ER Ca2* leak), ICM Ca2*
is unbuffered and consequently rises in control cells, but is buffered by Ca2*,, uptake in
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MICU1 KD cells (Figure 3A and 4A). During the 450 s following Tg-induced ER leak, ICM
[Ca2*] rose by nearly 1 M to 1.8 + 0.06 uM in control cells, but by only ~160 nM to 0.9 +
0.02 .M in MICU1 KD cells (Figure 4B and 4C), similar to the set-point value reported
previously (Nicholls, 1978). MICU1 KD mitochondria also reduced ICM [Ca2*] to lower
levels than controls following acute Ca2* pulses. Following Ca2* pulses in the 0.5 -5 pM
regime, MICU1 KD mitochondria reduced ICM [Ca2*] during the subsequent 300 sec to 1.3
KM, whereas control mitochondria reduced it to 2.7 wM (Figure 4D and 4E), similar to the
~3 M threshold determined (Figure 3C and Figure S3E). In response to higher [CaZ*]
pulses (Figure 4F), mitochondria in both cells rapidly buffered Ca?*, but MICU1 KD
mitochondria reduced ICM [CaZ*] to ~1.9 uM, whereas control mitochondria buffered it
less effectively to a higher level, again to ~3 uM (Figure 4G and 4H).

Elevated [Ca2*],, stimulates oxidative phosphorylation (OX-PHOS) by activating
mitochondrial enzymes (Denton and McCormack, 1980; Hajnoczky et al., 1995; Robb-
Gaspers et al., 1998). InsP3-linked agonists trigger large increases in [Ca2*], because close
appositions between mitochondria and ER enables released Ca2* to reach levels sufficient
for rapid and substantial permeation through MCU. If MICU1 acts as a gatekeeper to set the
[Ca2*); threshold for Ca2*,,, uptake, we speculated that its absence would enable agonist-
induced [Ca2*]; signals to more efficiently raise [Ca2*], within the total mitochondrial
population by enabling those that lack close appositions to ER to take up released Ca2*. We
hypothesized that such recruitment would enable weak agonist stimulation to more
efficaciously enhance OX-PHOS. In control cells, low (10 M) histamine was without
effect on O, consumption rate (OCR) (Figure S4A-B) whereas it was enhanced over 3-fold
in response to 100 wM histamine (Figure S4C-D). In contrast, OCR was enhanced by over
2-fold in response to 10 M histamine in MICUL KD cells, nearly to the level achieved by
100 iM histamine (Figure S4A-D). These results are consistent with the hypothesis that
MICUL1 regulates the threshold [Ca?*]; for MCU-dependent Ca2*,,, uptake.

EF Hand Domains of MICU1 Regulate the Ca?* Threshold for MCU-Mediated Ca2* Uptake

Our results indicate that MICU1 regulates the threshold for MCU-mediated Ca2* uptake in
the low Ca2* regime extending down to resting [Ca2*];, suggesting that it senses [Ca?*] with
high affinity. MICU1 contains two highly-conserved Ca2*-binding EF hands. We speculated
that high-affinity Ca2* binding by the EF hands enables MICUL1 to sense low [Ca2*] to
inhibit MCU. To test this, we stably re-expressed in MICU1 KD cells shRNA-insensitive
MICU1 with either EF1 or EF2 hands disabled by introduction of two point mutations of
critical acidic residues that disable Ca?* binding (Figure 5A). As shown previously in
Figures S3A-D, re-expression of shRNA-insensitive MICU1 rescued the MICU1 KD cells,
preventing MCU-dependent Ca2*,, uptake in permeabilized cells in response to elevated
ICM [Ca?*] induced by release of ER stores, or in response to an acute 1 uM Ca?* pulse. In
contrast, re-expression of MICU1 with either EF1 or EF2 mutated (Figure 5A) failed to
rescue MICU1 KD cells (Figure 5B-E). Interestingly, Hill equation fits of the uptake rates
of cells stably expressing MICU1 with either EF hand mutated yielded kinetic parameters
similar to those of control and MICU1 KD cells (Figure 5F and 5G). Thus, MICU1
regulation of the [Ca2*] threshold for MCU-mediated Ca?* uptake is mediated by high
affinity Ca%* binding by its two EF hands.

MICU1 EF hands are located in the mitochondrial matrix (Perocchi et al., 2010).
Accordingly, MICU1 should respond to [Ca%*],,. To test whether MICU1 senses [Ca2*],
specifically, permeabilized cells were exposed to a single 10 wM Ca2* pulse. Both control
and MICU1 KD cells rapidly take up Ca%* and reduce ICM [Ca?*] to a new steady state
level similar to that present before the pulse (Figure 3A and Figure S5). Before the pulse,
MCU-mediated Ca?* uptake at this ICM [Ca2*] was minimal in control cells, as evidenced
by lack of significant CaZ* extrusion observed upon block of Ca2* uptake by Ru360, in
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contrast to the behavior of MICU1 KD cells (Figure 2F). However, after the pulse both
control and MICU1 KD cells behaved similarly, exhibiting robust MCU-mediated Ca%*
uptake, as evidenced by the high rate of Ca2* extrusion mediated by the Na*/Ca?* exchanger
upon Ru360 addition (Figure S5). Thus, the elevation of [CaZ*]y, after the 10 wM pulse
relieved MICU1 inhibition of MCU-mediated Ca?* uptake, indicating that MICU1 senses
resting matrix [Ca2*] specifically.

MICUL1 Deficiency Elevates Basal Mitochondrial ROS Generation and Sensitizes Cells to
Apoptotic Cell Death

Mitochondrial OX-PHOS and NADPH oxidases are the major ROS sources in most cells
(Hamanaka and Chandel, 2010; Lambeth, 2004). Ca2*,,, overload is associated with
excessive mitochondrial ROS (mROS) generation (Jacobson and Duchen, 2002). Basal
mROS levels were elevated by several-fold in MICU1 KD cells (Figure 6A — C). Elevated
mROS in MICU1 KD cells was unaltered by the NADPH oxidase inhibitor DP1, whereas
the mitochondrial complex 111 blocker Antimycin A elevated mROS in both cell types
(Figure 6C). This indicates that NADPH oxidases are not responsible for mROS elevation in
MICU1 KD cells. Importantly, either reconstitution of MICU1 or siRNA silencing of MCU
in MICU1 KD cells abrogated mROS elevation (Figure 6D). Similar results were obtained
in ECs (Figure 6E and 6F). Thus, failure of MICU1 to inhibit MCU-mediated Ca2* uptake
under low [Ca%*]; conditions results in [Ca2*],,-dependent mROS overproduction. Whereas
constitutively elevated [Ca2*], in MICU1 KD cells was expected to enhance basal
bioenergetics, this was not observed (Figure S4). We asked whether elevated basal mROS
inhibited mitochondrial metabolism. MICU1 KD cells were transduced for 36 hr with
mitochondrial (manganese superoxide dismutase; AdMnSOD) and cytosolic (glutathione
peroxidase 1; AdGPX1) antioxidants. Both markedly decreased [AMP]:[ATP] (Figure S6A)
and enhanced basal OCR (Figure S6B), suggesting that chronic [Ca2*],, elevation, by
generating excessive mROS, inhibited Ca2*-activated OX-PHOS.

Physiological mROS is implicated in many processes including gene expression, cell
growth, proliferation and differentiation, whereas excessive mROS promotes cell death
(Balaban et al., 2005; Hamanaka and Chandel, 2010). Chronic mROS elevation in MICU1
KD Hela cells did not alter proliferation (Figure 7A). However, MICU1 KD ECs had
defective migration in a wound-healing assay (Figure 7B). Strikingly, ceramide-induced
HeLa cell death (Figure S7A and S7B) was enhanced by nearly 100% in MICU1 KD cells
(Figure 7C) and lipopolysaccharide + cycloheximide (LPS/CHX) induced EC death was
enhanced by MICU1 KD (Figure 7D). Importantly, cell death was prevented in MICU1
rescue cells (Figure 7C and D). Over-expression of antioxidant mitochondrial MnSOD and
cytoplasmic GPX1 also strongly protected MICU1 KD cells (Figure 7C and 7D). Thus,
MICUL1 inhibition of MCU-dependent Ca2* uptake under basal conditions is necessary to
suppress Ca2*,, accumulation, excessive mROS production and sensitivity to apoptotic
stress.

DISCUSSION

The most significant finding of our studies is that MICU1 plays an essential role in limiting
Ca?*p,, uptake when [CaZ*]; is low, within the range found in cells at rest or during weak
agonist stimulation. In absence of this regulation, mitochondria become constitutively
loaded with Ca2* under resting conditions, and they more effectively take up Ca2* in low
[CaZ*];. Whereas the latter effect enables cells to respond more sensitively to weak agonist
stimulation, the former effect has detrimental effects, including enhanced mROS generation
and susceptibility to cell stresses. MICU1 provides an essential protective mechanism by
limiting MCU-mediated Ca2* uptake in the face of a tremendous thermodynamic driving
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force. This essential role likely accounts for the tightly correlated expression and physical
interaction of MICU1 and MCU.

MICU1 is a Gatekeeper of MCU-mediated Mitochondrial Ca2* Influx

Our results suggest that MICU1 inhibits MCU-dependent Ca2* uptake in low [Ca2*].
Mitochondria in MICU1 KD cells have constitutively elevated [Ca%*],,, suggesting that
MICUL1 limits MCU-mediated Ca2* uptake at [Ca2*]; that exists in resting cells, ~ 50-100
nM. Even at such low [Ca2*];, the thermodynamic driving force for Ca* uptake across the
IMM is prodigious (Azzone et al., 1977; Bernardi, 1999). Furthermore, the open probability
of the uniporter Ca2* channel is nearly unity at normal A, (Kirichok et al., 2004). It has
been assumed that continuous Ca2* extrusion compensates for influx (Nicholls, 2005) or,
more commonly, that the low apparent Ca2* affinity of the uniporter Ca2* uptake
mechanism effectively offsets this driving force (Carafoli, 1987; Drago et al., 2011,
Nicholls, 2005; Rizzuto et al., 2004), but our results suggest that neither is the case.
Addition of Ru360 in control cells did not unmask ongoing Ca2* extrusion (Figure 2F),
suggesting that Ca2* influx is not constitutive under basal conditions. In contrast, Ru360
addition revealed ongoing Ca2* extrusion in MICU1 KD cells, indicating that MCU-
mediated Ca2* uptake is activated and compensated for at a new higher steady-state [Ca2*],
by constitutive Ca2* extrusion that remains intact in MICU1 KD cells (Figure 2F and 2G).
Studies of isolated mitochondria have suggested that [Ca2*] required for half-maximal
uptake rate is up to 70 LM, with most estimates suggesting an apparent Ca2* affinity of ~10
1M, or 100-fold higher than resting [Ca2*]; (Bernardi, 1999; Gunter and Pfeiffer, 1990). We
confirmed the low apparent affinity of MCU-mediated Ca2* uptake, in the 10 LM range,
although IMM depolarization by [Ca2*] > 20 uM limits the ability to estimate this well,
suggesting that 10 M is a lower limit. Nevertheless, mitochondria in MICU1 KD cells
accumulated Ca2* at normal A, from the cytoplasm where [CaZ*] = 70 nM. Importantly
therefore, the low apparent Ca2* affinity of the uniporter does not effectively counteract the
thermodynamic driving force. Accordingly, cells require regulatory mechanisms to limit
MCU-mediated Ca?* uptake under normal resting conditions. The results here suggest that
MICUL1 is an essential component of this mechanism.

Such mechanisms could operate by controlling kinetic properties of MCU-mediated Ca2*
uptake. However, MICU1 does not appear to utilize this strategy. The apparent Vimax, Kqg
and Hill coefficient that describe the [Ca2*] dependence of MCU-mediated Ca2* uptake are
essentially identical in control and MICU1 KD cells. It was previously speculated that
MICU1 might contribute to Ca?* cooperativity of uniporter-mediated Ca?* uptake (Perocchi
et al., 2010), but our results suggest that the cooperativity is not mediated by MICU1 and
resides elsewhere, possibly the MCU channel itself. Our results suggest instead that MICU1
acts as a Ca2* sensor that sets a threshold [Ca2*] for Ca?*,,, uptake. The [Ca?*]; threshold for
mitochondria that had not been pre-loaded with Ca2* appears to be ~3 wM. This value was
suggested by the steady-state bath [Ca%*] achieved by [Ca2*], uptake following exposure to
boluses of Ca2* or to slow rises in Ca2* caused by ER Ca2* leak. Below 3-4 uM Ca?*,
MCU-mediated Ca?* uptake is strongly inhibited by MICU1.

The mechanism by which MICU1 inhibits MCU activity at [Ca2*]; < ~3 .M remains to be
determined. MICU1 biochemically interacts with MCU (Figure S3A and (Baughman et al.,
2011)), suggesting that MICU1 might regulate MCU activity directly, perhaps by acting as
an endogenous ligand that blocks the permeation pathway or by altering MCU channel
gating. Failure to rescue enhanced Ca2* uptake in MICU1 KD cells with MICU1 containing
disabling mutations in either Ca2*-binding EF hand suggests that MICU1 plays an important
role as a Ca2* sensor in the mechanism. The requirement for two functional EF hands is
consistent with MICU1 binding Ca2* with high affinity (Gifford et al., 2007), as required for
it to operate in the low [Ca%*] regime as observed. Our results suggest that the EF hands of
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MICUL1 are bound to Ca2* under both [Ca2*]; and [Ca2*];, resting conditions, and this
enables MICUL1 to function as a brake to limit Ca2* permeation through MCU. However, the
lack of effect of MICUL, with or without functional EF hands, on the kinetic properties of
MCU suggests that high [CaZ*],,, can overcome this block. Whether high [CaZ*],,, suppresses
MICUL1 inhibition by disrupting the physical interaction between MICU1 and MCU (not
supported by preliminary data), or by other MCU-intrinsic or -extrinsic Ca2* regulatory
mechanisms remain to be determined.

A ruthenium-red sensitive [Ca2*],,uptake mode referred to as the “rapid mode”, or RaM,
describes a phenomenon observed in isolated mitochondria in which Ca?* uptake during the
initial 300 msec of a CaZ* pulse is much faster than the subsequent rate (Gunter et al., 2004;
Sparagna et al., 1995). Of note, RaM was not observed in cases where mitochondria had
been pre-incubated with ~150 nM bath Ca2* (Buntinas et al., 2001; Gunter et al., 2004). The
identification here of MICU1 as a high-affinity Ca2* brake on MCU-mediated Ca?* uptake
may account for these observations. Thus, in mitochondria incubated in Ca2*-depleted
media, Ca2* likely unbinds from MICU1, relieving inhibition of MCU. Upon addition of
Ca?*, uninhibited MCU would initially take up Ca?* at a rapid rate until Ca2* permeation
into the matrix, shown to occur < 100 msec after a Ca2* pulse (Gunter et al., 2004; Sparagna
et al., 1995; Territo et al., 2001), enables [Ca2*],, to reach levels for Ca2* binding to the EF
hands, triggering MICU1-mediated rapid inhibition of influx. In this model, the inability to
observe RaM when mitochondria are incubated in 150 nM Ca%*is due to matrix [Ca2*] being
sufficiently high to ensure Ca2* occupancy of the EF hands, enabling MICU1 to exert its
normal inhibition of Ca2* uptake.

Functional Implications of the Role of MICU1

Ca?*p,, uptake regulates cell bioenergetics, physiological ROS signaling and [Ca2*]; signals.
Excessive Ca*,, uptake can have deleterious effects, including inner membrane
depolarization, mROS overproduction, sensitization to apoptotic and necrotic stimuli, and
activation of the permeability transition pore and subsequent cell death pathways (see
Introduction for references). Our results here demonstrate an essential role of MICUL1 to
control Ca2*,, uptake and protect cells against deleterious consequences associated with
Ca?*, overload. In the absence of MICU1, excessive MCU-mediated Ca2* uptake led to
elevated [Ca2*];, under basal conditions and mROS overproduction and sensitivity to
apoptotic stimuli. Physiologically-controlled delivery of Ca2* to mitochondria can stimulate
cellular bioenergetics (Balaban, 2009; Denton and McCormack, 1980; Robb-Gaspers et al.,
1998; Territo et al., 2000). Lack of this delivery, as shown here in response to knockdown of
MCU, causes bioenergetic stress (Cardenas et al., 2010). Conversely, over-expression of
MCU to promote excessive Ca2*,, uptake can potentiate ceramide-induced cell death (De
Stefani et al., 2011). MICU1 KD similarly potentiated stress-induced cell death. Of note,
antioxidants mitigated these effects. Low mRQOS levels are required to maintain normal
cellular functions, whereas aberrant mROS production leads to oxidative stress that is
associated with cellular damage that ultimately leads to cell loss and organ failure
(Hamanaka and Chandel, 2010). Our results emphasize the critical role played by MICUL1 in
regulating the nature of Ca*-dependent mitochondrial oxidant signaling.

In summary, our study has identified an essential role of MICU1 as a gatekeeper that sets the
[Ca?*]; threshold without affecting the kinetic properties of MCU-mediated Ca2*,, uptake.
This essential regulation protects cells from Ca2*,, overload and consequent deleterious
stress. The interaction between MICU1 and MCU may be an important target for cellular
regulation that tunes Ca%*,, uptake to regulate bioenergetics and [Ca2*]; and oxidant
signaling in physiological and pathophysiological situations.
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EXPERIMENTAL PROCEDURES

Cell Lines

Cells were grown Dulbecco’s modified Eagle’s medium supplemented (DMEM)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C, 5%
CO». Details can be found in Extended Experimental Procedures. Endothelial cells were
grown in endothelial cell growth supplement (ECGS) supplemented condition.

RNA Interference

Hela, HEK-293 or endothelial cells were transfected with pools of distinct proprietary
siRNAs and used 72 hr post-transfection unless otherwise stated. Details can be found in
Extended Experimental Procedures.

Generation of Stable MICU1 Knockdown Cell Lines

Cells were transduced with MICU1 shRNA lentiviruses. Knockdown was assessed by qRT-
PCR. Details can be found in Extended Experimental Procedures.

MICU1 Rescue Cells

MICUL1 rescues were created by expressing constructs resistant to MICU1 shRNA
knockdown. Details can be found in Extended Experimental Procedures.

gRT-PCR Analysis

Total RNA was isolated from cells using RNAesy Minikit (Qiagen) and total RNA was
reverse transcribed. Quantitative Real-time PCR reactions were performed with gene
specific primers. Details can be found in Extended Experimental Procedures.

Simultaneous Measurement of Cytoplasmic and Mitochondrial Ca2* Concentrations
(ICa**]c and [Ca®*]m)

Cells grown on 25-mm glass coverslips were loaded with 2 pM rhod-2/AM (50 min) and 5
KM Fluo-4/AM (30 min) in extracellular medium as previously described (Madesh et al.,
2005). Coverslips were mounted in an open perfusion microincubator (PDMI-2; Harvard
Apparatus) at 37°C and imaged. After 1 min of baseline recording, histamine (100 M) was
added and confocal images were recorded every 3 s (510 Meta; Carl Zeiss, Inc.) at 488- and
561-nm excitation using a 63x oil objective. Images were analyzed and quantitated using
ImageJ (NIH) (Hawkins et al., 2010; Madesh et al., 2005; Mallilankaraman et al., 2011).

Simultaneous Measurement of Ca2* Uptake and Mitochondrial Membrane Potential (A%,
in Permeabilized Cells

Negative shRNA, MICU1 KD, MICU1 Rescue, MICU1 EF1 mutant and MICU1 EF2
mutant cells were trypsinized, counted (6 x 10%) and washed in an extracellular-like Ca%*-
free buffer (in mM: 120 NaCl, 5 KCI, 1 KHyPOy, 0.2 MgCls,, 0.1 EGTA, and 20 HEPES-
NaOH, pH 7.4). Following centrifugation, cells were transferred to an intracellular-like
medium (permeabilization buffer, in mM: 120 KCI, 10 NaCl, 1 KHyPOy4, 20 HEPES-Tris,
pH 7.2, protease inhibitors (EDTA-free complete™ tablets, Roche Applied Science), 2 uM
thapsigargin and digitonin (40 pg/ml)). The cell suspension supplemented with succinate (2
mM) was placed in a fluorimeter and permeabilized by gentle stirring. FuraFF (0.5 M) was
added at 0 s and JC-1 (800 nm) at 20 s to simultaneously measure extra-mitochondrial
Ca?*and A'Y p,. Fluorescence was monitored in a temperature-controlled (37°C) multi-
wavelength-excitation dual wavelength-emission spectrofluorometer (Delta RAM, Photon
Technology International) using 490-nm excitation/535-nm emission for the monomer, 570-

Cell. Author manuscript; available in PMC 2013 October 26.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Mallilankaraman et al. Page 11

nm excitation/595-nm emission for the J-aggregate of JCland 340-nm/380-nm for FuraFF.
The ratiometric dye, FuraFF was calibrated as previously described. At 450 s, Ca*pulses
were added and A ,, and extra-mitochondrial Ca2* were monitored simultaneously. CCCP
was added at 750 s to determine mitochondrial Ca2* content.

Mitochondrial Ca2* uptake rate was derived by fitting the decay of bath [CaZ*] after a Ca2*
pulse to the equation: y=y,+Aexp (— [t—t] /7), Where A is the change in bath [Ca?*]

between the peak and the decay asymptote and < is the decay time constant. Ca2* uptake rate
(A/7) as a function of extra-mitochondrial calcium, [Ca2*]t, Was fitted (Igor Pro 6.2) to a
Hill equation to derive kinetic parameters of MCU-mediated Ca?* uptake:

H
Ca®* uptake rate=Vmay / [”(Kact/ [Ca%]) ] where Vnax is the maximum rate, K, the half-
maximal bath [Ca%*], and His the Hill coefficient. The total amount of Ca2* accumulated by
MCU-mediated Ca2* uptake (mitochondrial Ca* buffering capacity) was evaluated by
measuring the change in bath [Ca%*] in response to the uncoupler CCCP. MCU-mediated
Ca?* accumulation as a function of extra-mitochondrial [Ca2*] was fitted (Origin 7.0) with a
3-parameter model: y =a- bIn(x+ ©).

Immunoprecipitation

Transfected cells were harvested and lysed. Anti-Flag agarose beads (Novus) were used for
immunoprecipitation. Anti-GFP (Cell Signaling) was used to detect MCU. Details can be
found in Extended Experimental Procedures.

Western Blotting and Treatments

Standard techniques were used. Chemiluminescence detection was performed at exposures
within the linear range. Details can be found in Extended Experimental Procedures.

Oxygen Consumption

Oxygen consumption rate (OCR) was measured at 37°C using XF24 extracellular analyzer
(Seahorse Bioscience) as described (Cardenas et al., 2010). Details can be found in
Extended Experimental Procedures.

Measurement of Mitochondrial Superoxide (mMROS)

Mitochondrial superoxide was measured using the mitochondrial O,"~ indicator MitoSOX
Red (Molecular probes; Invitrogen) as described (Mallilankaraman et al., 2011;
Mukhopadhyay et al., 2007). Briefly, cells grown on coated glass coverslips were loaded
with 5 pM MitoSOX Red for 30 min, coverslips were mounted in an open perfusion
microincubator (PDMI-2; Harvard Apparatus) at 37°C and imaged. Confocal (510 Meta;
Carl Zeiss, Inc.) images were obtained at 561-nm excitation using a 63x oil objective. For
DPI treatment, cells were incubated with 30 M DPI for 30 min prior to dye loading. For
Antimycin A treatment, cells were incubated with 2 .M Antimycin A for 30 min prior to
dye loading. Images were analyzed and the mean MitoSOX Red fluorescence was quantified
using Image J software (NIH).

Cell Proliferation Assay

Cell proliferation was measured using the Cell Trace™ CFSE Cell proliferation Kit
(Molecular Probes, Invitrogen). Details can be found in Extended Experimental Procedures.

Migration Assay

To assess endothelial cell migration, a scratch assay was employed, as described in
Extended Experimental Procedures.
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Cell Death Assay

Cell death was evaluated with the Aqua LIVE/DEAD® Fixable Dead Cell Stain kit
(Molecular Probes, Invitrogen). Details can be found in Extended Experimental Procedures.

Flow Cytometry
Details can be found in Extended Experimental Procedures.

Luciferase Assay

Cells were transfected with NFAT-luciferase reporter plasmids and luciferase activity was
detected using Bright-Glo™ Luciferase Assay System (Promega). Details can be found in
Extended Experimental Procedures.

NFAT Nuclear Translocation

Cells were transduced with Ad5-NFATC3-GFP. Confocal images were acquired and nuclear
translocation was assessed by counting the number of nuclear-GFP positive cells. Details
can be found in Extended Experimental Procedures.

Statistical Analyses

Unless indicated, all experiments were repeated thrice and recordings are representative of
the mean fluorescence value of all cells/field or parameter. Data from multiple experiments
were quantified to determine peak r-fold or percent change, expressed as mean + S.E. and
differences between groups were analyzed using 2-tailed Student’sztest or, when not
normally distributed, a Mann-Whitney U'test. Differences in means among multiple data
sets were analyzed using 1-way ANOVA with the Kruskal-Wallis test, followed by pairwise
comparison using the Dunn test. P value < 0.05 was considered significant in all analyses.
Data were computed either with Graphpad Prism version 5.0 or SigmaPlot Software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MICUL1 Silencing Promotes Basal Ca2+m Accumulation

(A) Representative confocal images of rhod-2 fluorescence in HeLa Neg shRNA (control)
and MICU1 shRNA clone KD #B6 cells.

(B) Quantification of basal rhod-2 fluorescence in HeLa Neg shRNA (control) and MICU1
shRNA KD clones. Mean + SEM.; ns, not significant; **: P <0.01, n=3.

(C) Kinetics of CaZ*;, in HeLa Neg shRNA (control) and MICU1 shRNA KD clone #B6
cells in response to histamine (100 wM). Solid lines: mean; shaded regions: £ SEM.; n=3.
(D) and (E) Quantification of cytosolic (purple) and mitochondrial (green) [Ca%*] peak
amplitudes in HeLa Neg shRNA (control) and MICU1 shRNA KD clone #B6 cells after
stimulation with 100 .M histamine. Mean + SEM.; n=3.

(F) Quantification of TMRE fluorescence to assess A¥'m in HeLa Neg shRNA (control) and
MICU1 shRNA KD clones. Mean = SEM.; n=3. See also Figure S1.

(G) Representative confocal images of rhod-2 fluorescence in Neg shRNA (control) and
MICU1 shRNA clone KD #B6 ECs.

(H) Quantification of basal rhod-2 fluorescence in Neg shRNA (control) and MICU1 KD
ECs. Mean = SEM.; **: P < 0.01, n=3.

(1) Kinetics of Ca2*,, in Neg sShRNA (control) and MICU1 KD ECs in response to histamine
(100 wM). Solid lines: mean; shaded regions: + SEM; n=3.
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(3) and (K) Quantification of cytosolic (purple) and mitochondrial (green) [Ca%*] peak
amplitudes in Neg shRNA (control) and MICU1 KD ECs after stimulation with histamine
(100 wM). Mean = SEM.; n=3.

(L) Quantification of TMRE fluorescence to assess A'¥'m in Neg shRNA (control) and
MICU1 shRNA KD #B6 ECs. Mean + SEM; n=3.
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Figure 2. MICU1 Knockdown-Induced Basal Ca2+m Accumulation is M ediated by MCU-
Dependent Ca2* Uptake
(A) Representative confocal images of basal rhod-2 fluorescence in HeLa cells stably

expressing Neg shRNA, MICU1 KD shRNA and MICU1 Rescue, and WT cells treated with

MCU siRNA and MICU1 KD cells treated with MCU siRNA.

(B) Quantification of basal rhod-2 fluorescence of cells in (A). Mean £ SEM; ***: P <
0.001, n=3.

(C) Responses of Ca2*, in cells in (A) to 100 wM histamine. Solid lines: mean; shaded
regions: £ SEM; n=3.

(D) Quantification of basal rhod-2 fluorescence in ECs stably expressing Neg ShRNA,
MICU1 KD shRNA and MICU1 Rescue, and WT cells treated with MCU siRNA and
MICU1 KD cells treated with MCU siRNA. Mean + SEM; ***: P < 0.001, n=3.

(E) Responses of Ca2*,, in ECs in (D) to 100 M histamine. Solid lines: mean; shaded
regions: £ SEM; n=3.

(F) and (G) Representative traces and quantification of basal bath [Ca%*] (Fura FF
fluorescence) in Neg shRNA (black) and MICU1KD (red) permeabilized HEK?293 cells
before and after Ru360. Mean + SEM; ns, not different; **: P <0.01, n=3. See also Figure
S2
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Figure 3. MICU1 Controls M CU-Mediated Ca?*,, Uptake in Low [Ca?];

(A) Permeabilized stable Neg shRNA (black) and MICU1 KD (red) HEK293 cells were
pulsed with different [Ca2*] as indicated. Traces show bath [Ca2*] (uM). Solid lines: mean;
shaded regions: + SEM; n=3.

(B) Representative traces indicate A'Y, (JC-1 ratio) in permeabilized Neg shRNA (black)
and MICU1 KD (red) HEK293 cells in response to Ca2* pulses and CCCP.

(C) Change in bath [Ca?*] due to Ca?*,, uptake in response to various bath [Ca2*] in control
(black) and MICU1 KD (red) cells. Uptake derived from single exponential fit of bath
[Ca2*] kinetics following Ca2* pulses. Inset shows responses up to 5 M bath [Ca2*].

(D) Rate of [Ca2*],, as function of bath [Ca2*] derived from single exponential fits of bath
[Ca?*] responses following Ca2* pulses. Solid line is Hill equation fit of data. Reduced
uptake rate observed at [Ca2*] > 20 uM is due to A'¥'m depolarization, and was not used in
fitting.

(E) Kinetic parameters derived from Hill equation fits of data in (C).

(F) Total Ca2*,,, uptake after each Ca2* pulse was determined in neg ShRNA (black) and
MICU1 KD (red) cells by recording Ca2* released by CCCP. Inset: Traces obtained from
cells with no added Ca?* pulse. Solid lines: mean; shaded regions: Mean = SEM; n= 3. **,
*: P<0.01 and 0.05, respectively.

(G) Ru360 blocks basal Ca%*,, uptake in MICU1 KD cells as well as uptake in KD and
control cells in response to Ca2* pulses. Representative traces from 3 experiments. See also
Figure S3.
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Figure4. MICU1 Silencing L owers the Set-Point for Basal MCU-Mediated Ca?" Uptake

(A) Overlay of bath [Ca%*] responses to 0, 0.5, 1, 2 and 5 wM Ca2* pulses in permeabilized
Neg shRNA (black; left panel) and MICU1 KD cells (red; right panel). Solid lines: means;
shaded areas: Mean + SEM; n=3 at each [Ca2*].

(B) Overlay of bath [Ca2*] kinetics during 450 sec following plasma membrane
permeabilization and exposure to Tg in Neg shRNA control (black) and MICU1 KD (red)
cells. Solid lines: means; shaded areas: Mean + SEM; n=3 at each [Ca2*].

(C) Scatter plot of bath [Ca2*] at 450 sec from experiments shown in B. Mean + SEM
shown. *** P < 0.001

(D) Overlay of bath [CaZ*] kinetics during 300 sec following 0.5, 1, 2 and 5 M bath Ca2*
pulses in permeabilized Neg shRNA (black; left panel) and MICU1 KD cells (red; right
panel). Solid lines: means; shaded areas: Mean = SEM; n=3 at each [Ca®*].

(E) Scatter plot of bath [Ca2*] at 300 sec from experiments shown in D. Mean + SEM
shown. *** P < 0.001.

(F) Overlay of bath [Ca2*] responses to 10, 20 and 50 M Ca2* pulses in permeabilized Neg
ShRNA (black; left panel) and MICU1 KD cells (red; right panel). Solid lines: means;
shaded areas: Mean + SEM; n=3 at each [Ca2*].
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(G) Overlay of bath [CaZ*] kinetics during 300 sec following 10, 20 and 50 M bath Ca?*
pulses in permeabilized Neg shRNA (black; left panel) and MICU1 KD cells (red; right
panel). Solid lines: means; shaded areas: Mean = SEM; n=3 at each [Ca®*].

(H) Scatter plot of bath [Ca2*] at 300 sec from experiments in (G). ***: P < 0.001 See also
Figure S4
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Figure 5. EF Hand Domains of M1CU1 Regulate the Ca2* Threshold for MCU-Mediated CaZ*
Uptake

(A) Knockdown of MICU1 mRNA levels in HEK293 Neg shRNA, MICU1 KD, MICU1
Rescue, MICU1 KD stably expressing ShRNA insensitive MICU1 cDNA harboring either
D231A and E242K mutation (EF1 mutant) or D421A and E432K mutation (EF2 mutant)
cells (mean + SEM.; n=3).

(B) Permeabilized HEK293 Neg shRNA, MICU1 KD, MICU1 Rescue, MICU1 KD stably
expressing sShRNA insensitive MICU1 cDNA harboring either EF1 or EF2 mutations, cells
were pulsed with 1 wM Ca?* as indicated. Representative traces show bath [Ca2*] (LM).
(C) Quantification of basal bath [Ca2*] at 450 sec after permeabilization. *, **, ***: p <
0.05, 0.01, 0.001, respectively. Mean £ SEM; n=3.

(D) Change in bath [Ca%*] due to Ca%*,, uptake in response to 1 .M Ca?* pulse. Uptake
derived from single exponential fit of bath [Ca2*] kinetics following Ca2* pulse. Mean +
S.E.; **, ***: P < (.01 and 0.001, respectively. n.s. not significant. Mean + SEM; n=3.

(E) Total Ca?*,, uptake after basal accumulation (no Ca%* pulse) or 1 uM Ca2* pulse
determined by recording Ca2* released by CCCP addition at t = 750 sec. Mean * S.E.; *, **:
P < 0.05 and 0.01, respectively. Mean £ SEM; n=3.
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(F) Rate of Ca%*;, uptake as function of bath [Ca2*] derived from single exponential fits of
bath [Ca2*] responses following Ca2* pulses in permeabilized EF1 or EF2 mutant cells.
Solid line is Hill equation fit of the data. Reduced uptake rate observed at [Ca2*] > 20 uM is
due to A'¥'m depolarization, and was not used in the fitting.

(G) Kinetic parameters derived from Hill equation fits of data in (F). See also Figure S5.
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Figure 6. M1 CUL1 Deficiency Elevates Basal Mitochondrial ROS

(A and B)Representative confocal images show MitoSOX Red fluorescence in Neg ShRNA
(A) and MICU1 KD (B) HelLa cells. Bottom panels: Enlarged portions of fields showing
single cells depicting mitochondrial localization of indicator.

(C) Quantification of MitoSOX Red fluorescence in Neg shRNA and MICU1 KD cells, with
or without NADPH oxidase inhibitor DPI (10 M). Mitochondrial respiratory Complex I11
blocker antimycin A (AA) used as positive control. Mean + SEM; **: P<0.01, ns, not
different; n=3.

(D) Quantification of MitoSOX Red fluorescence in MICU1 KD, MCU siRNA treated
MICU1 KD and MICUL rescue HelLa cells. Mean + SEM; **: P<0.01; n = 3.
(E)Representative confocal images of MitoSOX Red fluorescence in Neg shRNA, MICU1
KD, MICU1 KD +MCU siRNA and MICUL1 rescue ECs.

(F) Quantification of MitoSOX Red fluorescence in MICU1 KD, MCU siRNA treated
MICU1 KD and MICUL1 rescue ECs. Mean £ SEM; **: P<0.01; n = 3. See also Figure S6.
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Figure 7. MI1CUL1 Deficiency Impairs Cell Migration and Sensitizes Cellsto Apoptotic Cell Death
(A) HeLa cells were labeled with CFSE and cell proliferation was determined by flow
cytometry. Representative histograms (left) and quantification (right) of CFSE distribution
after 72 hrs. Mean + SEM; n=3.

(B) Representative images and quantification of cell migration in Neg shRNA, MICU1KD
and MICUL rescue ECs 8 hrs post scratch. Mean + SEM; n=3.

(C) Quantification of cell death after 20 hrs of C2-Ceramide (40 tM) treatment. Neg
shRNA and MICU1 KD cells treated with adenoviral manganese superoxide dismutase
(MnSOD) and glutathione peroxidase 1 (GPX1) for 36 hrs before challenged with C2-
Ceramide for 20 hrs; Mean + SEM; *, ***: P < 0.05 and 0.001, respectively; n=3.

(D) Quantification of cell death in endothelial cells after 12 hrs of LPS and cycloheximide
treatment. Neg shRNA and MICU1 KD endothelial cells treated with adenoviral MnSOD
and GPX1 for 36 hrs before challenge with LPS and cycloheximide for 12 hrs; Mean £
SEM; ***: P < 0.001; n=3.
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