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Received: 6 June 2018 © The mitochondrial Ca?* uniporter machinery is a multiprotein complex composed by the Ca?*
Accepted: 5 September 2018 . selective pore-forming subunit, the mitochondrial uniporter (MCU), and accessory proteins, including
Published online: 21 September 2018 : MICU1, MICU2 and EMRE. Their concerted action is required to fine-tune the uptake of Ca>* into the
 mitochondrial matrix which both sustains cell bioenergetics and regulates the apoptotic response.
. To adequately fulfil such requirements and avoid impairment in mitochondrial Ca?* handling, the
intracellular turnover of all the MCU components must be tightly regulated. Here we show that the
MCU complex regulator MICU1, but not MCU and MICU2, is rapidly and selectively degraded by the
Ubiquitin Proteasome System (UPS). Moreover, we show that the multifunctional E3 ubiquitin ligase
Parkin (PARK2), whose mutations cause autosomal recessive early-onset Parkinson’s disease (PD), is a
potential candidate involved in this process since its upregulation strongly decreases the basal level of
MICUL1. Parkin was found to interact with MICU1 and, interestingly, Parkin Ubl-domain, but not its E3-
ubquitin ligase activity, is required for the degradation of MICU1, suggesting that in addition to the well
documented role in the control of Parkin basal auto-inhibition, the Ubl-domain might exert important
regulatory functions by acting as scaffold for the proteasome-mediated degradation of selected
substrates under basal conditions, i.e. to guarantee their turnover. We have found that also MICU2
stability was affected upon Parkin overexpression, probably as a consequence of increased MICU1
degradation. Our findings support a model in which the PD-related E3 ubiquitin ligase Parkin directly
participates in the selective regulation of the MCU complex regulator MICU1 and, indirectly, also of the
 MICU2 gatekeeper, thus indicating that Parkin loss of function could contribute to the impairment of
. the ability of mitochondria to handle Ca?* and consequently to the pathogenesis of PD.

: The mitochondrial calcium uniporter (MCU) complex is a Ca?*-selective channel of the inner mitochondrial
 membrane (IMM) composed by pore-forming and regulatory subunits'. The pore-forming subunits include the
. protein necessary and sufficient to mediate Ca*" transport across the IMM, MCU?**, its dominant-negative par-
. alog (MCUD)?, and the essential MCU regulator (EMRE)®. A regulatory heterodimer composed by the stimu-
. latory component MICU17~* and the inhibitory component MICU2!'*!! regulates the opening of the channel
- shaping both the duration of local and global Ca*" signals to cope with the bioenergetics demand of the cell!*-!4
. and with the occurrence of apoptotic processes’. In the last few years, most of the efforts were aimed at the iden-
. tification of the different components of the MCU complex and how they cooperate each other to obtain the tight
© regulation required to maintain mitochondrial homeostasis. Accordingly, MICU1 stimulates MCU at high [Ca*"]
. thus allowing the rapid Ca?* transport in the matrix when required”'®, while MICU2, by inhibiting MCU activ-
ity at low [Ca?"], counteracts the excessive accumulation of Ca?* in conditions of increased driving force, thus
: protecting from the processes of Ca** cycling and matrix overload'®!!. Two additional components are also part

of the complex: MCUD is a dominant-negative pore forming subunit that is included in the multimeric channel

and sets the physiological activity of MCU through a novel regulatory mechanism?®, while EMRE is a regulator
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of the uniporter channel activity necessary for the interaction of MCU with MICU1 and MICU2¢ which has also
been recently claimed to act as a sensor for matrix [Ca?*] to prevent mitochondrial Ca** depletion'®. In spite of
the extensive knowledge on the gatekeeping mechanisms of the mitochondrial Ca®* channel, how the biogenesis
(import and folding) and the turnover (stability and degradation) of the MCU complex components are regulated
at the post-translational level is much less clear. A study addressing the biogenesis of MICU1 has shown that the
oxidoreductase Mia40 mediates dimerization of MICU1 with MICU2 by introducing intermolecular disulphide
bonds and that the resulting heterodimer interacts with MCU in a Ca®*-dependent manner!’.

Parkin (PARK2) is a 465-residues multifunctional E3 ubiquitin ligase comprising an N-terminal
auto-inhibitory ubiquitin-like domain (Ubl), a unique Parkin-specific domain, two RING domains (RINGO,
RING1), an in between RING (IBR) domain, and a C-terminal RING domain (RING2) whose mutations are the
most common known cause of autosomal recessive early-onset Parkinson’s disease (PD)'8-2!. It is now generally
accepted that parkin has a protective role by acting in the regulation of protein quality control, stress-related
signalling and proteasome-mediated degradation of selective substrates. In mammalian cells, the cooperation
between Parkin and the mitochondrial Ser/Thr protein kinase PINK1 ensures the selective clearance of dysfunc-
tional mitochondria, thus mediating cellular protection through the maintenance of mitochondrial physiology by
the process of mitophagy®. Accordingly, a number of outer mitochondrial membrane (OMM) proteins, including
mitofusins, VDACs and subunits of the translocase of the OMM (TOM) interact with or are ubiquitinated by
Parkin during the process of mitochondrial clearance in response to mitochondrial depolarization®, suggesting
that no specific substrate is required for ubiquitin signalling of mitophagy. However, the finding that loss of
PINK1 did not influence basal mitophagy despite disrupting depolarization-induced Parkin activation®, sug-
gests that Parkin could participate in maintain mitochondrial integrity by different pathways. Parkin was shown
to constitutively associate with the ER and the mitochondrial membranes under basal conditions®*-*! implying
a potential role for this protein in mitophagy-independent functions, such as the modulation of the proteasome
activity, of the mitochondrial-ER interactions and calcium crosstalk and the degradation or targeting of specific
mitochondrial and/or mitochondria-related proteins. Indeed, cumulating evidence strongly supports a role for
Parkin in general protein quality control and ER stress pathways®'=* under basal conditions. Thus, the role of
Parkin in the cell might not be only restricted to protein turnover under conditions of mitophagy induction but
its activation may regulate important mitochondrial as well extramitochondrial functions by participating to
physiological protein turnover. Interestingly enough, the Parkin Ubl domain has been shown to interact with
the 26 S proteasome’s subunits S5a and Rpn10 to accommodate substrate proteins for degradation and facilitate
their ubiquitination in sites that are distant from the Parkin-interacting site***!, suggesting that, when present in
multi-domain proteins, Ubl domain might act as docking site to other domains to carry out their tasks on specific
target substrates*>.

The comprehension of post-translational regulation of the MCU complex components, both in terms of turn-
over and degradation, is essential to fully understand its activity in the control of mitochondrial Ca*" and the
related cell functions and it is still poorly investigated. To gain additional insights into these aspects, we assessed
the half-life of the MCU complex components MCU, MICU1 and MICU2 upon overexpression in model cells.
We have found that MICU1, at variance with MCU, is ubiquitinated by Parkin and rapidly turned-over by the
Ubiquitin Proteasome System (UPS). We also provide evidence that Parkin overexpression strongly decreases its
basal levels, leaving those of MCU essentially unaffected. Furthermore, the presence of Parkin Ubl-domain, but
not of Parkin E3 ubiquitin ligase activity, appears to be an important mediator of this function, suggesting that
Parkin Ubl-domain might act as docking intermediate for proteasome-mediated degradation.

Our results indicate that Parkin controls the basal levels of the MCU regulator MICU1 and, since the MICU2
stability strictly depends on that of MICU1'*!1, Parkin, indirectly also controls MICU2 levels, possibly suggesting
that PD-related loss of function mutations in Parkin gene may result in defective mitochondrial assembly of the
MCU complex components that in turn could contribute to PD pathogenesis. It is also tempting to speculate that
Parkin might act as potential pre-import checkpoint for the correct import and assembly of the MCU complex
components by tightly controlling the stoichiometry of the complex.

Results

Among MCU complex proteins, MICU1 s short-lived and is degraded in a proteasome-dependent
manner. The turnover of the MCU complex components was studied by a cycloheximide (CHX)-chase assay
performed in HeLa cells overexpressing MCU, MICU1 and MICU2 proteins. The western blotting analysis shown
in Fig. 1A revealed that overexpressed flag-tagged MCU, the pore forming subunit of the complex, is a very
long-lived protein (Fig. 1A, upper panel). For comparison, it was also shown the band relative to 3-actin whose
levels remain stable at the same time points post incubation with CHX. Figure 1A (bottom panel) also shows
(CHX)-chase assay performed in HeLa cells overexpressing MICU1: overexpressed MICU1 undergoes to rapid
degradation at the same time course in which overexpressed MCU was stable. To better characterize this find-
ing, the stability of the MCU complex regulators MICU1 and MICU2 was assessed in the presence and in the
absence of the proteasome inhibitor MG132. Both of them, when overexpressed in HeLa cells, appeared with
two predominant bands of about 50kDa (MICU1-HA in Fig. 1B and MICU2-Flag in Fig. 1D, respectively), likely
corresponding to the un-processed precursor which includes the N-terminal mitochondrial targeting sequence
(upper band), and a faster migrating band corresponding to the fully processed mitochondrial form (lower band).
Intriguingly, compared to MICU2, whose levels remained unaltered during the 4hours chase time (see the quan-
tification in Fig. 1E, black bars), the half-life of MICU1 was much faster (see the quantification in Fig. 1C, black
bars): its intracellular levels drastically dropped by more than 50% between 2 and 3 hours of treatment. The
incubation with the proteasome inhibitor MG132 in CHX-supplemented medium selectively and significantly
delayed MICU1 degradation (Fig. 1C, white bars), without affecting the levels of MICU2 (Fig. 1E, white bars).
These results indicate that MICU1 is rapidly and selectively turned over in a proteasome-dependent manner. The
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Figure 1. Half-life of MCU complex components. HeLa cells were transfected with MICU1-HA, MICU2-flag
or MCU-flag. After 24 hours, cells were treated with 100 pg/ml Cycloheximide and either untreated or treated
with 10uM MG123. Cells were harvested after the indicated time points. Total proteins were extracted and
subjected to western blot analysis with a-HA, a-flag or a-MCU antibodies. (A) Two independent representative
western blots showing the half-life of overexpressed MCU-flag (upper panel) and MICU1-HA (lower panel).
Actin is shown for comparison in the same blot for MCU. (B) Representative western blot and (C) densitometric
analysis of MICU1 protein levels upon incubation or not with MG132, normalized to endogenous MCU
protein. (D) Representative western blot and (E) densitometric analysis of MICU2 protein levels, normalized

to endogenous MCU protein. Each bar represents mean +/— S.E.M of at least three independent experiments;
*p < 0.05; ##¥p < 0.005. a.u.: arbitrary units.
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endogenous MCU was shown for comparison and, in line with what observed for the overexpressed flag-tagged
MCU, its levels were unaffected during the time course of CHX incubation (Fig. 1B-D, bottom panels), thus
confirming that MCU is a long-lived protein and its amount is not affected by changes in the levels of the MICU1
and MICU?2 levels, as previously documented®. As additional control, to address whether the overexpressed
MCU complex components are functional we have performed aequorin-based measurements of mitochondrial
Ca?* uptake upon cell stimulation with an InsP;-linked agonist (Supplementary Fig. S1) and found that all the
MCU complex components are functional in terms of Ca*>* handling since in the presence of overexpressed MCU
or MICU1 the mitochondrial Ca?* uptake is increased, instead in the presence of overexpressed MICU?2 it is
reduced, as previously shown'!.

MICU1 is stabilized by MICU2 and the MICU heterodimers are degraded regardless proteasome
inhibition. In cells, MICU2 forms an obligate heterodimer with MICU1 in the mitochondrial intermem-
brane space'!. MICUT silencing drastically reduces MICU2 levels and abolishes its gatekeeping role, thus causing
increases in mitochondrial Ca*" levels both in resting conditions and upon stimulation”!!>. Considering this
tight relationship, we decided to assess the stability of MICU1 and MICU2 upon their concomitant overexpres-
sion in HeLa cells. We performed gel electrophoresis under reducing and non-reducing conditions to evaluate
both monomers and heterodimers half-life (Fig. 2). Interestingly, MICU1 levels remained stable along the chase
time (Fig. 2A, top panel) and MG132 treatment did not affected its stability (see quantification in Fig. 2B), sup-
porting the idea that MICU2 increases stability of MICU1, possibly by engaging it in the MICU1/MICU2 com-
plex*. According to what shown above, MICU?2 half-life remained essentially unchanged (see quantification in
Fig. 2C).

Under non-denaturing conditions (Fig. 2D) a doublet at around 90KDa, corresponding to the MICU1/
MICU?2 heterodimers, is visible and the quantification shown in Fig. 2E indicates that it becomes slightly but
significantly reduced at 3 and 4 hours of CHX treatment. However, MG132 incubation was not able to extend the
dimer half-life (Fig. 2E). Altogether these data indicate that MICU1 is a short-lived MCU complex regulator that
is selectively degraded by the UPS and that co-expression of MICU?2 strongly increases its stability.

MICU1 is Ubiquitinated. Considering the results described above, we focused on MICUT1. To deeply inves-
tigate the molecular aspects of its regulation, we checked whether it was subjected to ubiquitination, the first step
for UPS degradation. To this aim, we overexpressed HA tagged MICU1 in HeLa cells and either untreated or
treated them for 2 hours with 10 uM MG132 before cell lysis. Ubiquitin was then immunoprecipitated from whole
cell lysate by specific Agarose-Tandem Ubiquitin Binding Entities (TUBE) and the resulting western blot was
probed with an anti-HA antibody to detect the co-immunoprecipitated MICU1. The results of this experiment are
shown in Fig. 3. As shown in panel relative to the whole lysate (Fig. 3, top left panel), MG132 treatment strongly
increased MICU1 basal level and, as expected, it also increased the total level of ubiquitinated proteins detected
by an anti-ubiquitin antibody (Fig. 3, bottom left panel). Immunoprecipitation of the total lysate with TUBE was
probed with an anti-HA antibody and we detected a specific 55 KDa migrating band in the MICU1 overexpress-
ing cell lysates corresponding to the MICU1-HA-Ub complex both in the MG132 untreated and treated samples
(Fig. 3, top right panel). Remarkably, the immunoprecipitated MICU1 band corresponded to the slow migrating
un-processed form, suggesting that a pre-import quality control checkpoint might be in place. The membrane was
also probed with an anti-ubiquitin antibody as control and it showed a strong enrichment of the ubiquitinated
species as expected (Fig. 3, bottom right panel). These experiments indicate that the pre-import precursor of
MICUL is subjected to tight control by the UPS.

The Parkinson’s disease related E3 ubiquitin ligase Parkin controls the steady state level of
the MCU complex regulators. In search of a potential E3 ubiquitin ligase involved in the regulation of
the basal level of the MCU complex components, we focused our attention on the PD-related protein Parkin,
which, besides its role in the execution of mitophagy, has been shown to regulate the level of several proteins
involved in the quality control of different mitochondria-related activities, such as biogenesis, integrity, respira-
tion and calcium homeostasis?*~*%%. To this aim, we transiently expressed flag-tagged MCU, HA-tagged MICU1
and Flag-tagged MICU2 in HeLa cells either alone or together with WT Parkin or the PD-related mutant G430D
(characterized by abolished in vitro and in vivo ligase activity, due to the destabilization of the reactive cysteine
C431)*-%, or the AUDbI Parkin mutant (missing the Ubl domain)®'->%. We thus analysed their expression levels in
cells either treated or untreated for 2 hours with CCCP, i.e., a well-established protocol to induce Parkin recruit-
ment to mitochondria and mitophagy activation® and as shown in Supplementary Fig. S2. As shown in Fig. 4A,
overexpression of either WT or G430D mutant Parkin induced a marked reduction of the steady-state levels of
HA-tagged MICUI (i.e., of both the slow and fast migrating bands) while no effect is observed when AUbI Parkin
mutant was overexpressed (see quantification in Fig. 4B performed on the total amount of MICU1). Furthermore,
the blot shows that CCCP treatment does not contribute to affect basal levels of MICU1. Altogether, these data
suggest that Parkin action on MICU1 level occurs under basal non-depolarizing conditions (and thus presumably
independently from its recruitment to mitochondria) but requires the presence of Ubl domain (see quantification
in Fig. 4B). Interestingly enough, back-transfection of MICU1 and AUbl-Parkin co-overexpressing HeLa cells
with a construct encoding the Ubl domain of Parkin, increased the MICU1 degradation rate (Supplementary
Fig. S3). To further confirm the regulatory role of Parkin on the MICU1 turnover rate, we transfected HeLa cells
with increasing amounts of Parkin expression vector and performed a Western Blot analysis in order to assess the
levels of endogenous MICU1 (Supplementary Fig. S4). Interestingly, a dose-dependent reduction of the endoge-
nous levels of MICU1 (Supplementary Fig. S4 middle left panel) is observed in the presence of overexpressed par-
kin. The blot also shows that MG132 treatment prevents the decrease (Supplementary Fig. S4, middle right panel).
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Figure 2. MICUI is stabilized by MICU2. HeLa cells were transfected with MICU1-HA and MICU2-FLAG.
After 24 hours, cells were treated with 100 pg/ml Cycloheximide and either untreated or treated with 10 pM
MG123. Cells were harvested and lysed after the indicated time points and subjected to western blot analysis
with the indicated antibodies. (A) Representative western blot showing the half-life, with or without MG123,
upon co-expression of both MICU1 and MICU2. Densitometry analysis of MICU1 (B) and MICU2 (C) protein
levels, normalized to endogenous MCU protein, in cells co-expressing MICU1 and MICU2. (D) Non-reducing
western blot analysis and (E) quantification of the MICU1/MICU?2 heterodimers. Each bar represents mean
+/— S.E.M of at least three independent experiments; *p < 0.05; **p < 0.01. a.u.: arbitrary units.

Figure 4C and D show the analysis of MICU2 levels: the slow migrating non-imported precursor of
flag-tagged MICU?2 was selectively affected by the overexpression of either WT or the G430D mutant Parkin
and, as for MICU], the AUDbI Parkin mutant has no effect. Indeed, the MICU?2 fast migrating band as well as the
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Figure 3. MICU1 is ubiquitinated. HeLa cells were transfected with MICU1-HA or pcDNA3.1 as control.
MG132 treatment for 2 hours was used to increase the amount of ubiquitinated proteins. Ubiquitin (Ub) was
immunoprecipitated from whole cell lysate with a specific agarose-Tandem Ubiquitin Binding Entities (TUBE).
The precipitated proteins were immunoblotted with a-HA to observe the MICU1-HA-Ub complex. Asterisk
indicates non-specific bands.

overexpressed Flag-tagged MCU (see Fig. 4E and F), are not affected by Parkin overexpression thus highlighting
the specificity of the effects observed for MICUI. The observed phenotype could be explained by the fact that
the MICU?2 stability is dependent on the MICU1 levels and, since MICU2 is a long-lived regulator, as shown in
Fig. 1D, the newly synthesized precursor of MICU?2 is affected by the Parkin-induced reduction of the MICU1
levels while its mitochondrial mature form remained stable. The quantification shown in Fig. 4D was made taking
into account both the bands, and thus shows a reduction of MICU2 levels. None of the conditions tested was sig-
nificantly affected by CCCP treatment, suggesting that the effect of parkin on MICU1 and MICU?2 is independent
from mitophagy induction and mitochondrial Parkin recruitment.

Parkin affects the stability of the co-expressed MICU1 and MICU2 monomers and that of the
MICU heterodimers. As in Fig. 2, we assessed the effect of Parkin on the stability of the co-expressed
HA-tagged MICU1 and the Flag-tagged MICU2 monomers as well as that of the MICU heterodimers by perform-
ing Western Blot analysis under reducing and non-reducing conditions, respectively (Fig. 5). As already shown
in Fig. 2, upon co-expression a shift towards the faster migrating bands of MICU1 and MICU2, corresponding
to the mature mitochondrial proteins, is observed when the gel electrophoresis was performed under denaturing
conditions, (compare Fig. 4A and C with Fig. 5A, top and middle panels). Interestingly, Parkin overexpression
strongly reduced the basal levels of the exogenous co-expressed MICU1 and MICU2, suggesting that it might
act upstream before the formation of the more stable MICU1/MICU2 complex (Fig. 2). As shown in Fig. 5A
top panel and quantified in 5B, the E3-ubiquitin ligase activity of Parkin was dispensable while the Parkin Ubl
domain was required since the mutant lacking this domain was ineffective in decreasing the MICU1 basal lev-
els. Under these conditions, the WT and G430D mutant Parkin, but not the AUbI Parkin mutant, also affected
the stability of both the mature and immature (pre-import) form of MICU2 (Fig. 5A, middle panel and relative
quantification in 5 C). Endogenous MCU levels are unchanged and documented that the decrease observed in
MICU1 and MICU?2 levels was not due to mitochondria reduction as a consequence of mitophagy activation
upon parkin overexpression (Fig. 5A, bottom panel). The level of the MICU1/2 heterodimers (Fig. 5D) was not
affected by parkin WT or AUbl mutant overexpression, probably due to their increased stability under conditions
of co-expression but surprisingly, it is reduced in the presence of the G430D parkin mutant, (Fig. 5E). Treatment
with CCCP had no effect on the levels of MCU and MICU1/MICU2 monomers or heterodimers, again suggesting
that Parkin can play additional E3-ubiquitin ligase independent functions under basal auto-inhibited state. Due
to its great stability and Parkin-insensitivity, endogenous MCU was used as a control.
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Figure 4. Parkin-dependent regulation of the MCU complex components. HeLa cells were transfected with

the indicated Parkin constructs and either MICU1-HA or MICU2-flag. 24 hours after transfectioncells were
treated for 2hours with 10 uM CCCP (where indicated), medium was changed in control groups. Total proteins
were extracted and subjected to western blot analysis with the indicated antibodies. Representative western blot
image showing the effect of different Parkin constructs (W'T, G430D and AUbl) on MICU1 (A) MICU2 (C) and
endogenous MCU (E) protein levels. Densitometric analysis of MICU1 (B) MICU2 (D) and endogenous MCU
(F) protein levels normalized to endogenous MCU protein, in cells co-expressing MICU1-HA or MICU2-flag
along with the indicated Parkin constructs. Each bar represents mean +/— S.E.M of at least three independent
experiments; * p < 0.05; *** p < 0.005. a.u.: arbitrary units.

MICU1 physically interacts with Parkin. To further investigate the role of Parkin in the regulation of the
MICUL1 levels, we search for their possible physical interaction by co-immunoprecipitation experiments. Whole
cell lysate from HeLa cells expressing MICU1-HA either alone or in combination with Parkin was subjected
to immunoprecipitation with an anti-Parkin antibody conjugated agarose matrix. Since Parkin overexpression
strongly reduced the basal level of MICU1 (Figs 4A and 6), the cells co-expressing MICU1 and Parkin were also
treated with MG132. As shown in Fig. 6A, the western blot of the total lysate decorated with an anti-HA antibody
and an anti-Parkin antibody confirmed that both proteins were efficiently expressed and that the reduced level
of MICULI in the presence of WT-Parkin could be efficiently restored by treatment with MG132 (Fig. 6A, left
panels). Immunoprecipitated Parkin was then blotted and probed with an anti-HA antibody and a specific band
around 50kDa, corresponding to the slower migrating band of MICU1, was detected only in the co-expressing
cells treated with MG132 (Fig. 6A, right panels). This experiment indicates that Parkin physically interacts with

SCIENTIFICREPORTS | (2018) 8:14199| DOI:10.1038/s41598-018-32551-7 7



www.nature.com/scientificreports/

w/ DTT
A WT G430D AUbI
Parkin - - + + + + + +
cccCP1OYM - + - + - + - +
a-HA
a-MCU
B m ccce C B -CCCP
O +ccep [ +CcccP
2.5 2.5
8 2.04 3 2.01
5 157 % . 1.5+
= %j S
5 " 101 * X S ° 1.0
%] * Q
= 0.5 i‘l‘ = 0.5 Iﬂ
0.0- " 0.0- .
© 8_\(\ o voe" O 850 oS voo"
& Q® & & & ? & &
<) Q‘b& Q';? (<) Qé‘} Q'b&
wl/o DTT
D WT G430D AUbI
Parkin - - + + + + + +
CCCP10uM _ - -+ - o+ -+
MICU1/MICU2 100 KDa
Heterodimers
HA
MCU 37 KDa
a-MCU
Em -CCCP
E [ +CCCP
o> 3
Q
=
4
£ 2
S5
D m
S
S
o
E 0_ \
o°&(°

Figure 5. Parkin affect the stability of the MICUs monomers and MICU1/MICU2 heterodimers. HeLa cells
were co-transfected with MICU1-HA, MICU2-FLAG and the indicated Parkin constructs. 24 hours later cells
were either untreated or treated with 10 pM CCCP for 2 hours (where indicated). Cells were then harvested,
lysed and subjected to western blot analysis with the indicated antibodies. (A) Representative western blot
showing the half-life of co-expressed MICU1 and MICU2, with or without CCCP treatment. Densitometry
analysis of MICU1 (B) and MICU2 (C) protein levels, normalized to endogenous MCU protein, in cells co-
expressing MICU1 and MICU?2. (D) Non-reducing western blot analysis and (E) quantification of the MICU1/
MICU?2 heterodimers in the presence of the indicated Parkin constructs. Each bar represents mean +/— S.E.M
of at least three independent experiments; *p < 0.05; **p < 0.01. a.u.: arbitrary units.
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Figure 6. Co-immunoprecipitation analysis of Parkin and the MCU complex components. HeLa cells were
transfected with the indicated constructs. Overnight treatment with MG123 was used to prevent Parkin-mediated
degradation of MICU1-HA. Parkin was immunoprecipitated from whole cell lysate with anti-Parkin antibody. (A)
The precipitated proteins were immunoblotted with oHA to observe the MICU1-Parkin complex. (B) Ubiquitinated
proteins were immunoprecipitated (right panel) from the total lysate (left panel) of HeLa cells overexpressing the
indicated constructs, subjected to western blot analysis and probed with the indicated antibodies.

the pre-import precursor of MICU1 and, together with the experiments shown above, suggests that Parkin tightly
controls the steady-state levels of the MCU regulators before their mitochondrial import by regulating their
proteasome-mediated degradation. We also checked whether the AUbI Parkin mutant was still able to interact
with MICU1 and, as shown in Supplementary Fig. S5, we were still able to pull down MICU1 by immunoprecip-
itating the Parkin AUbl mutant, suggesting that Ubl domain is not required for MICU1-parkin interaction, but,
considering the inability of this mutant to increase the MICU1 turnover, it could be essential to proper position-
ing MICU1 to be degraded as previously suggested for other proteins.

Lastly, since we have observed an effect of Parkin on the MICU?2 stability as well, we decided to assess whether
it is also subjected to ubiquitination. To this aim, we overexpressed flag tagged MICU2 in the presence or in
the absence of either WT or AUbI Parkin mutant in HeLa cells and treated overnight with 10 uM MG132, then
ubiquitin was immunoprecipitated from whole cell lysate by specific TUBE and the resulting western blot was
probed with an anti-flag antibody to detect the co-immunoprecipitated MICU2. As shown in Fig. 6B, MICU2
and Parkin were efficiently expressed and MICU2 levels increased upon MG132 treatment (Fig. 6B, top and bot-
tom left panels, respectively). Inmunoprecipitation of the total lysate with TUBE was probed with an anti-flag
antibody and showed that the MICU2 precursor was indeed ubiquitinated and, more interestingly, WT Parkin
increased its ubiquination (Fig. 6B, top right panel). Of note, MICU2 ubiquitination was only slightly affected
upon co-expression with the AUbl mutant of Parkin. This finding might be consistent with the fact that Ubl
domain of Parkin is dispensable for the observed phenotype. The same experiment was also performed on MCU
(Fig. 6B, lanes 5-7) and showed no ubiquitination.
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Discussion

The molecular identification of the components of the mitochondrial Ca?* uniporter has allowed to explore the
role of mitochondrial Ca?* and its related activities in diseased states. The MCU complex is in place to prevent
channel opening at resting [Ca?"], as well as to allow a rapid activation that guarantees mitochondrial Ca*"
uptake upon request. Opening of the MCU complex depends on the extra mitochondrial [Ca**] and is mediated
by a regulatory dimer formed by the two EF-hand containing proteins MICU1 and MICU2". In the last years, the
study of many proteins involved in different forms of neurodegeneration highlighted the importance of mito-
chondria and of mitochondrial Ca?* uptake in the pathogenesis of the disease®®. Mitochondrial dysfunction is
indeed a common feature of many neurodegenerative diseases, not only of PD but also of Alzheimer’s disease
(AD), Amyotrophic Lateral Sclerosis (ALS) and Huntington’s disease (HD). In familial PD, most of the genes
identified so far encode proteins that, if mutated, can affect mitochondrial physiology at different levels®”. Here we
show that, the MCU complex regulator MICU1, but not MCU and MICU2, is rapidly and selectively turned-over
by the UPS. We also show that the multifunctional E3 ubiquitin ligase Parkin (PARK?2) is involved in this regula-
tion, i.e., it regulates MICU1 expression levels by a process that is blocked by the proteasome inhibitor MG132.
Parkin overexpression strongly reduced basal levels of MICU1 in the absence of CCCP-induced mitochondrial
depolarization (Fig. 4A), suggesting that, besides its well-established role in the regulation and activation of mito-
phagy under conditions of mitochondrial damage, it might participate in protein quality control mechanisms also
in the basal state. Under the same conditions, MICU?2 stability was also affected (Fig. 4C), probably not through
a direct mechanism but because its stability is strongly dependent on the level of MICU1 (but not vice versa)'®!!.
We also found that the precursor of MICU1 is subjected to ubiquitination (Fig. 3), suggesting the existence of a
pre-import quality control mechanism involving the UPS. Although recent evidence raised the possibility that
selected OXPHOS-related IMS proteins can be ubiquitinated locally®®, our data are in accordance to the notion
that the biogenesis of the mitochondrial intermembrane space proteins is regulated by the cytosolic UPS system™.
Interestingly, we also found that the action of Parkin is not dependent on its E3-ubiquitin ligase activity since the
G430D Parkin mutant still retains the ability to enhance the intracellular turnover of MICU1 (Fig. 4A); rather,
the Ubl domain of Parkin seemed to play a major role. Indeed, a AUbI Parkin mutant completely lost the ability
to regulate the basal levels of MICU1 (Fig. 4A). This finding deserves an explanation: under basal conditions
Parkin is in an auto-inhibited state while compelling evidence shows that the AUbI mutant exhibits enhanced
basal E3 ligase activity compared with the full-length non-phosphorylated Parkin®-%2. Nonetheless, this mutant
completely lost the ability to regulate the basal levels of MICU1, while the WT and the G430D Parkin mutant,
which contain this domain, strongly increased the MICU1 intracellular turnover (Fig. 4A). Intriguingly, the rein-
troduction of the Ubl domain in cells co-expressing the AUbI Parkin mutant along with MICU1 was sufficient to
restore the ability to increase the degradation rate of MICU1 (Supplementary Fig. S3), suggesting that full length
Parkin is required regardless its E3-ubiquitin ligase activity. The precise mechanisms by which this occurs remains
unclear, but, accordingly, MICU1 has been found to interact with both WT and the AUDbI Parkin mutant (Fig. 6
and Supplementary Fig. S5) indicating that the observed effect is “regulatory” and not due to defective interaction
possibly dependent on the lack of the Ubl domain. Additionally, Parkin activation by CCCP treatment did not
substantially change the effect (Fig. 5A), suggesting that this novel role proposed for Parkin is independent from
its recruitment to the outer mitochondrial membrane, but it is rather related to its action at basal auto-inhibited
state. We can thus speculate that parkin binding is required for proper MICU1 positioning in order to be ubiquit-
inated by other ubiquitin ligases and we suggest that Parkin action is part of a post-translation mechanism that
controls the amount of MICU1 levels before its import in the intermembrane space and the assembly in the MCU
complex. The finding that the Ubl domain of Parkin specifically interacts with the 26 S proteasome for positioning
substrate proteins for degradation*®*!, thus acting as a docking site within multi-domain proteins*? is in line with
our hypothesis. Furthermore, PINK1 and Parkin have also been shown to regulate the targeting and translation
of select nuclear-encoded respiratory chain complexes mRNAs at the mitochondrial outer membrane®. Our
data are consistent with a role for Parkin and the ubiquitin-proteasome system in selectively regulating the MCU
complex regulator MICU1 and, indirectly also MICU?2. Interestingly, evidence for an interplay between altered
mitochondrial function, impaired mitochondrial Ca>" homeostasis and the MCU complex has also been shown
to occur in an in vivo model where inhibition of the mitochondrial calcium uniporter was able to rescue dopa-
minergic neurons in pinkl ~/= zebrafish® thus, our results enforce the link between altered mitochondrial Ca%*
handling and the pathogenesis of PD. Indeed, PARK2 is the second most common gene mutated in early-onset
familial PD®, and its mutations have been tightly associated with mitochondrial dysfunction. Parkin dysfunc-
tion is also a risk factor for the sporadic form of PD. Loss of Parkin protective function may, together with an
impaired mitophagy process, contribute to the dysfunction in autosomal recessive PD. Moreover, emerging evi-
dence also implicates a role for Parkin in AD, ALS and HD®-%. The finding that the maintenance of appropriate
MICU levels in the mitochondria may be a Parkin-regulated quality control mechanism is thus fundamental not
only for the role in the pathogenesis of PD but it might link mitochondrial Ca*" mishandling with the general
processes of neurodegeneration. Further studies are required to better understand the precise mechanisms by
which Parkin controls the levels of MICUT.

Methods

Cell culture, transfection and treatments. HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen), supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and transfected
with a standard calcium-phosphate procedure as previously described’®. The following constructs were used:
human MICU1, MICU2 and MCU genes tagged at C-term with HA and FLAG sequences; human wt-G430D-
AUDbl-Parkin gene; and Ubl domain tagged with Myc sequence or untagged. All constructs used in this study were
cloned into the pcDNA3.1 vector. Mock vector was used as control in all overexpression experiments. In half-life
experiments, after transfection of the plasmids for the expression of the tagged proteins, cells were grown in

SCIENTIFICREPORTS | (2018) 8:14199| DOI:10.1038/s41598-018-32551-7 10



www.nature.com/scientificreports/

culture media supplemented with Cycloheximide (100 pg/ml), which blocks mRNA translation, for different time
periods as indicated. Cells harvested at the starting point have been considered for the basal level of the protein
(t0). Stock solutions of Cycloheximide (Sigma-Aldrich) 100 mg/ml in ethanol, MG132 (Calbiochem) 10 mM in
DMSO and CCCP (Sigma-Aldrich) 10mM in ethanol were stored at —20 °C and used at 1000X dilution.

Western blotting. Whole cell lysates were prepared from HeLa cell resuspended in RIPA buffer (150 mM
NaCl, 1% Triton, 1% Na-Deoxycolate, 0.1% SDS, 50 mM Tris-HCl pH 8.0), supplemented with proteases and
phosphatases inhibitors (ROCHE) on ice for 30 min. Proteins were cleared by centrifugation at 20000xg for
10 min at 4°C. Protein concentration was determined by BCA method. Protein extracts were denatured in 1X
Laemmli buffer supplemented with 10 mM dithiothreitol (DTT) at 95°C for 5 min. For non-denaturating condi-
tion DTT was not added and samples were boiled at 75 °C for 5 min. Samples were loaded on SDS-polyacrylamide
gels and separated by electrophoresis. Proteins were transferred to 0.2 pum nitrocellulose membranes. Membranes
were blocked in 5% fat free milk for 1 hour at room temperature, incubated with primary antibody (o-HA,
a-FLAG, a-MCU, a-Parkin) overnight at 4°C and with secondary antibodies for 1 hour at room temperature.
Signal was developed by chemiluminescence, bands were visualized by ECL and quantified by Image]J software.
All of the results are expressed as means + SEM, and Student’s t test was used for the statistics. o-HA, a-FLAG
were from Cell Signaling Technology, a-MCU was from Sigma-Aldrich and a-Parkin from Santa Cruz.

Immunoprecipitation. Whole cell lysates were prepared from HeLa cell resuspended in a Lysis Buffer con-
taining 50 mM HEPES, 150 mM NaCl, 5mM EDTA, 0.5% DDM, supplemented with proteases and phosphatases
inhibitors. Lysates were cleared by spinning at 20000 g for 10 min at 4 °C. Ubiquitinated proteins were immuno-
precipitated with agarose-Tandem Ubiquitin Binding Entities (agarose-TUBEs, TebuBio). 500 g of proteins were
incubated with agarose-TUBEs in PBS overnight at 4 °C. Immunoprecipitates were washed with PBS three times
and boiled in 30 pl of Laemmli buffer. Parkin was immunoprecipitated using an anti-Parkin antibody (PRK8
Santa Cruz). 500 ug of proteins were incubated overnight with 4 ug of antibody, next day the complexes were incu-
bated 3 hours with Protein G Agarose matrix (GE healthcare) for purification. Inmunoprecipitates were washed
with 50% lysis buffer in PBS three times and boiled in 30 ul of Laemmli buffer. Total lysates and immunoprecipi-
tates were subjected to western blot assay for detection of the indicated proteins.

Statistical Analysis. Data was subjected to Students t test was used for the statistics. Error bars on all graphs
indicate means &= SEM, from replicate experiments. In each instance *p < 0.05; **p < 0.01; ***p < 0.005; no *
represents no significance. All statistical analyses and graph production was carried out using GraphPad Prism
(version 6, GraphPad Software, La Jolla California USA).

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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