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A B S T R A C T   

UCH-L1 is a deubiquitinating enzyme (DUB), highly abundant in neurons, with a sub-cellular localization 
dependent on its farnesylation state. Despite UCH-L1′s association with familial Parkinson’s Disease (PD), the 
effects on mitochondrial bioenergetics and quality control remain unexplored. Here we investigated the role of 
UCHL-1 in mitochondrial dynamics and bioenergetics. We demonstrate that knock-down (KD) of UCH-L1 in 
different cell lines reduces the levels of the mitochondrial fusion protein Mitofusin-2, but not Mitofusin-1, 
resulting in mitochondrial enlargement and disruption of the tubular network. This was associated with lower 
tethering between mitochondria and the endoplasmic reticulum, consequently altering mitochondrial calcium 
uptake. Respiratory function was also altered, as UCH-L1 KD cells displayed higher proton leak and maximum 
respiratory capacity. Conversely, overexpression of UCH-L1 increased Mfn2 levels, an effect dramatically 
enhanced by the mutation of the farnesylation site (C220S), which drives UCH-L1 binding to membranes. These 
data indicate that the soluble cytosolic form of UCH-L1 regulates Mitofusin-2 levels and mitochondrial function. 
These effects are biologically conserved, since knock-down of the corresponding UCH-L1 ortholog in 
D. melanogaster reduces levels of the mitofusin ortholog Marf and also increases mitochondrial respiratory ca-
pacity. We thus show that Mfn-2 levels are directly affected by UCH-L1, demonstrating that the mitochondrial 
roles of DUBs go beyond controlling mitophagy rates.   

1. Introduction 

Parkinson’s disease (PD) is the second most common age-related 
neurodegenerative disorder worldwide, characterized by loss of dopa-
minergic neurons and neuronal Lewy body inclusions. Although most 
PD cases are sporadic, many insights into the disease process came from 
research of genes associated to familial PD [1], named collectively PARK 
(Parkinson disease associated genes) and numbered from 1-18 [2]. 
Studies on alpha-synuclein mutations have demonstrated that 
alpha-synuclein misfolding, aggregation and associated mitochondrial 
dysfunction are at the center of PD’s progression in familial and sporadic 
cases [3–5]. Other PARK genes directly associated to mitochondrial 

dysfunction are PRKN (Parkin RBR E3 ubiquitin protein ligase), PINK1 
(PTEN-Induced Putative Kinase Protein 1) and DJ-1 (Parkisonism asso-
ciated deglycase) [6]. The investigation of the phenotypes caused by 
mutations or lack of these genes have revealed their central role in 
mitophagy and overall mitochondrial quality control [7–10]. 

Parkin is a ubiquitin E3 ligase, part of the UPS (ubiquitin-proteasome 
system), which was found to be a major regulator of mitophagy, through 
ubiquitination of outer-mitochondrial membrane proteins, regulating 
their degradation [11]. The cross-talk between the UPS and mitochon-
drial function plays a major role in cellular homeostasis [12,13]. The 
only other UPS protein known to be linked to PD is Ubiquitin C-terminal 
hydrolase L-1 (UCH-L1), coded by a gene classified as PARK 5 [2,14]. 
Contrary to Parkin, UCH-L1 acts as a deubiquitinating enzyme, recycling 
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Abbreviation list 

AEQ Aequorine 
CFP Cyan fluorescent protein 
DUB Deubiquitinase 
ER Endoplasmic reticulum 
ERMICC ER-mitochondria contact efficiency 
FCCP Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrasone 
FEMP FRET-based indicator of ER–mitochondria proximity 
FKBP FK506 binding protein 
FRB FKBP-rapamycin-binding (FRB) domain 
FRET Fluorescence resonance energy transfer 
KD Knock-down 
NADH Nicotinamide adenine dinucleotide 

Mfns Mitofusins 
Mfn-2 Mitofusin-2 
OCR Oxygen consumption rates 
OMM Outer mitochondrial membrane 
PARK Parkinson disease associated genes 
PD Parkinson’s disease 
PINK-1 PTEN-Induced putative kinase protein 1 
UCH-L1 Ubiquitin C-terminal hydrolase L-1 
UCH Ubiquitin carboxyl hydrolase 
UPS Ubqiuitin-proteasome system 
USP Ubiquitin-specific peptidase 
VDAC Voltage-dependent anion channel 
WT Wild type 
YFP Yellow fluorescent protein  

Fig. 1. UCH-L1 knockdown reduces 
Mfn2, but not Mfn1, altering mitochon-
drial morphology. Representative blots of 
UCH-L1, Mfn1, Mfn2 and VDAC from neu-
roblastoma SH-SY5Y cells of the indicated 
genotype, quantified in (B), (C), and (D), 
respectively. VDAC was used as loading 
control. (E) Representative confocal images 
of SH-SY5Y cells of the indicated genotype, 
co-transfected with mitochondrial Ds-Red. 
Scale bars, 5 μM. (F) length of mitochon-
drial structures. (G) Form Factor 
morphology analysis and **p < 0.01 vs. 
scrambled; ***p < 0.001 vs. scrambled. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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free ubiquitin [15,16]. Moreover, 30% of UCH-L1 is farnesylated and 
associated to membranes, and this form was found to raise intracellular 
levels of alpha-synuclein [17]. UCH-L1 is very abundant in neurons, 
comprising up to 2% of the total protein [18,19], and its levels are 
regulated by Parkin, which ubiquitinates UCH-L1, targeting it to 
degradation [20]. Despite UCH-L1′s direct interaction with Parkin and 
alpha-synuclein, major role in UPS, and link to familial PD, its mito-
chondrial effects remain unknown. Addressing this gap can provide a 
new connection between the UPS and mitochondrial function, and ul-
timately retrieve new pathways for interventions in PD and other 
chronic diseases. 

In this study we report for the first time that UCH-L1 is involved in 
the regulation of mitochondrial morphology and, consequently, func-
tion. We identified Mfn2 as an OMM UCH-L1 target: its protein levels 
positively correlate with UCH-L1 content in neuroblastoma SH-SY5Y 
cells, immortalized beta-cell INS1 and Drosophila melanogaster. 
Knocking-down UCH-L1 results in enlarged mitochondria, with lower 
mitochondria-ER contact sites, reduced mitochondrial Ca2+ uptake and 
altered mitochondrial network and oxygen consumption rates. 

Consistently, the overexpression of UCH-L1 increases Mfn2 levels and 
this effect is strikingly enhanced by the mutant form, which lacks the 
farnesylation site (UCH-L1C220S), and is unable to bind membranes, 
implying a specific role for the cytosolic form of UCH-L1 in shaping 
mitochondrial physiology. 

2. Results and discussion 

2.1. Loss of UCH-L1 reduces Mfn-2 levels and mitochondrial connectivity 

Two different shRNAs (1 and 2) were used to silence UCH-L1 in 
neuroblastoma SH-SY5Y cells. Their respective knock-down (KD) effi-
ciency was of approximately 62.5 ± 0.4% and 76 ± 0.75% (Fig. 1 A, B). 
In both cases, we observed alterations in mitochondrial morphology. 
While the control (scrambled shRNA) cells presented a tubular mito-
chondrial network, UCH-L1 KD shortened the length of the connected 
structures (Fig. 1 E, F), as well as lowered branching, measured by the 
form factor (Fig. 1 G), which takes into account the length and the area 
of mitochondrial structures [21]. These effects were associated with a 

Fig. 2. UCH-L1 ablation results in mitochondrial enlargement and increases ER–mitochondria distance. (A) Representative EM images of SH-SY5Y cells of the 
indicated genotype. (Scale bars, 500 nm) (B) A schematic view of the structures analyzed for the ER-mitochondria distance calculation and ERMICC contact index. (C) 
Mean ± SEM of mitochondrial perimeter (D) Mean ± SEM of ER-mitochondria distance (E) Mean ± SEM of ERMICC index. Three independent experiments were 
performed and 40–100 images per condition were taken in each experiment. ***p < 0.001 vs. scrambled. 
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significant reduction in Mfn2 protein levels (54.15 ± 0.18% and 30.02 
± 0.18%, respectively), but not Mnf1 (Fig. 1A,C and D). The use of the 
proteasome inhibitor MG-132 prevented the reduction in Mfn2 levels 
(Supplementary Fig. 1). In fact, MG-132 increased Mfn-2 levels in both 
control (scrambled shRNA) and UCH-L1 KD groups. Pharmacological 
proteasome inhibition is known to increase the levels of several mito-
chondrial proteins, recycled by this system [22,23]. 

UCH-L1 effects on mitochondrial morphology and Mfn2 levels were 
reproduced in immortalized INS1 beta-cells (Supplementary Fig. 2), 
which share many similarities with neurons, despite their different 
embryological origins [24]. A large group of neuronal markers is 
expressed in beta-cells, including Parkin [25] and UCH-L1 [26]. 

Electron microscopy confirmed altered mitochondrial morphology 
as a result of UCH-L1 ablation (Fig. 2). Mitochondrial units were 
enlarged in SH-SY5Y cells with UCH-L1 KD compared to scrambled 
control (Fig. 2 A, C); a similar alteration has been reported in Mfn2 
knockout (KO) cardiomyocytes [27]. Interestingly, looking at the 
mitochondrial network imaged by confocal microscopy (Fig. 1, Sup-
plementary Fig. 2), the diameters of some of the spherical mitochondria 
in both SH-SY5Y and INS1 cells with UCH-L1 KD cells are significantly 
larger than the diameters of mitochondrial structures in scrambled cells. 
This specific alteration was first reported by Chen et al.. [2003; 28] in 
Mfn2-deficient MEF cells, emphasizing the role of Mfn2 for tubular 
shape maintenance. 

Although a number of mitochondrial proteins are ubiquitinated [23], 
Mitofusins (Mfns) have been most extensively studied due to their 
involvement in the mitophagy pathway mediated by Pink1/Parkin [11, 
22,29,30]. It is well known that Mfns shape mitochondrial morphology 
and, therefore, fate [28,31–34], and their levels were recently shown to 
be regulated by mammalian DUBs which oppose mitophagy: USP30, 

USP35, USP15, and USP14 [35–38]. 

2.2. UCH-L1 ablation disrupts mitochondrial-ER tethers and reduces 
Ca2+ uptake 

A small area of the outer mitochondrial membrane (OMM), around 
12–20%, depending on the cell type, is estimated to be associated with 
the ER, at a distance of 10–50 nm, which enables ER and OMM protein 
complexes to directly interact [39,40]. The physical distance between 
both organelles was significantly increased by the KD of UCH-L1 (Fig. 2 
A, D) and the interface area within the tether range was significantly 
reduced, resulting in a lower ER-mitochondria contact efficiency 
(ERMICC, Fig. 2 B, E). 

Another approach to investigate ER–mitochondria physical tethering 
was performed, using the FRET-based indicator of ER–mitochondria 
proximity (FEMP) where FRET changes are proportional to the extent 
and number of contacts between the two organelles [41,42]. During 
translation, the FEMP polypeptide undergoes autocleavage and releases 
YFP and CFP targeted to different organelles (OMM and ER, respec-
tively). Between the fluorescent probe and the localization signal, one of 
the components of the Rapamycin-heterodimerization system is located 
(FKBP and FRB, respectively) [41,42]. Addition of rapamycin causes 
heterodimerization between adjacent FKBP and FRB domains to rapidly 
connect the ER- and OMM-targeted anchors (Supplementary Fig. 3 A, B, 
C) [41,42]. 

Thus, maximization of the FRET ratio (FRET after rapamycin/FRET 
before rapamycin) signal, confined to the areas where the ER and OMM 
are naturally close (Supplementary Figure 3 A), was significantly 
reduced by both UCH-L1 KDs (Supplementary Figure 3 D), providing 
further evidence that UCH-L1 impacts ER-mitochondria tethering. 

Fig. 3. UCH-L1 ablation decreases mitochondrial 
Ca2þ uptake in vitro. SH-SY5Y cells stably expressing 
scramble or UCH-L1 shRNA were infected with cytAEQ 
or mtAEQ. (A) Time-response raise in mitochondrial 
Ca2+ concentrations ([Ca2+]mt) in response to ATP (0.2 
mM) in Ca2+-free Krebbs Ringer buffer (KRB). Peak of 
([Ca2+]mt) (Mean ± SEM) analyzed in (B). (C) Time- 
response raise in cytosolic Ca2+ concentrations 
([Ca2+]cyt) in response to ATP (0.2 mM) in Ca2+-free 
Krebbs Ringer buffer (KRB). Peak of [Ca2+]cyt (Mean ±
SEM) analyzed in (D). Results from 5 independent ex-
periments (n = 3–6 recordings per experiment). **p <
0.01 vs. scrambled.   
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The diminished interaction between both organelles was further 
corroborated by the lower mitochondrial calcium uptake in response to 
ATP (Fig. 3 A, B), without any effect in cytosolic calcium (Fig. 3 C, D), 
measured by mitochondrial and cytosolic Aequorine, respectively. 
Although the Mfn2 role in the tethering between both organelles is 
controversial, with some studies demonstrating Mfn2 enhances the 
tethering [42–44], while others report the opposite effect [45,46], the 
seminal role of Mfn2 in the communication between the ER and mito-
chondria is mostly well-acknowledged. Moreover, changes in mito-
chondrial morphology per se were shown to disrupt the communication 
between both organelles [47]. 

2.3. UCH-L1 KD increases mitochondrial OCR and mitochondrial 
complex I activity 

UCH-L1 KD resulted in overall higher mitochondrial oxygen con-
sumption rates (OCR) in SH-SY5Y neuroblastoma cells (Fig. 4): Basal 
OCR was significantly increased (Fig. 4 A, B), which can be the result of a 
higher proton leak (Fig. 4 A, D), normally associated to a higher electron 
flow in the respiratory chain [48–50]. Despite increased leakage, the 
overall enhancement in OCR was associated to a higher mitochondrial 
ATP production in absolute values (Fig. 4 A, C). The maximum OCR, 
recorded in the presence of an uncoupling agent, in this study FCCP, 
allows oxygen consumption to be independent of the ATP synthesis, and 
provides a measurement known as “mitochondrial spare capacity”, was 
significantly augmented in UCH-L1 KD cells (Fig. 4 A, E). 

Many factors can affect the mitochondrial spare capacity, including 
activities of the respiratory complexes [51]. Mitochondrial complex I 
activity in cell lysates, measured by following NADH oxidation 

spectrophotometrically, was 2.5 fold higher in UCH-L1 KD SH-SY5Y 
cells compared to control (scrambled) cells (Fig. 5 A, B), while no dif-
ferences were observed in Complex II (0.67 ± 0.37 μM sec− 1 for UCH-L1 
KD vs. 0.51 ± 0.09 μM sec− 1 for scramble cells). Metabolites present in 
the cell culture media may determine which complex activities are 
preferably modulated [52]. 

The regulation of mitochondrial function by DUBs has not being 
described yet. On the other hand, metabolic changes in response to Mfn2 
levels have being extensively studied (reviewed in Ref. [53,54] and were 
shown to differ between tissues and cells types. While some studies 
associated lower OCRs with reduced Mfn2 content [33,55], we and 
others have demonstrated that reduction in Mfn2 content result in 
higher OCRs [56,57]. 

2.4. Cytosolic localization and DUB activity are necessary for UCH-L1 
regulation of Mfn2 levels 

Overexpression of wild type UCH-L1 (UCH-L1WT) significantly 
augmented the levels of Mfn2, and this effect was strikingly enhanced by 
a mutation in the farnesylation site (C220S) (Fig. 6), impairing the 
protein ability to bind to membranes [17]. Increasing the availability of 
cytosolic UCH-L1 (UCH-L1C220S) raised Mfn2 protein levels 2.5 times 
compared to the vector plasmid, and 1.5 times compared to UCH-L1WT 

(Fig. 6 A, B, C), also observed by immunohistochemistry (Fig. 6 D, E). 
Taken together, these results further corroborate the role of UCH-L1 in 
regulating Mfn2 content. 

Although a significant portion of UCH-L1 is bound to the ER mem-
brane [17] and, therefore, could potentially interact with Mfn-2 at the 
tether site, our results demonstrate that the cytosolic form of UCH-L1 is 

Fig. 4. UCH-L1 ablation increases mito-
chondrial oxygen consumption rates 
(mtOCR). (A) Representative mitochondrial 
oxygen consumption rates (OCR) of neuro-
blastoma SH-SY5Y cells stably expressing 
scrambled or UCH-L1 shRNA under basal 
conditions and after the subsequent addition 
of 2 μM oligomicin, 5 μM FCCP and 2 μM 
antimycin. (B) Basal mtOCR; (C) ATP-linked 
mtOCR (basal mtOCR minus oligomycin- 
insensitive-mtOCR); (D) % of mitochondrial 
leak (E) maximal mtOCR (highest OCR after 
FCCP addition). OCR values in the presence of 
antimycin (non-mitochondrial respiration) 
were subtracted from all quantifications. Re-
sults from 3 independent experiments, *p <
0.05 vs. DMSO. **p < 0.01 vs. scrambled.   
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exerting a role in the regulation of Mfn2 levels. Whereas the access of 
folded proteins to UCH-L1 enzymatic pocket is restricted [58,59]), it has 
been hypothesized that the binding of the correct substrate can induce 
the juxtaposed regions to extend, acquiring an accessible conformation. 

In vitro studies have shown that UCH-L1 cleaves ubiquitin efficiently 
from C-terminal extensions [58], as well as hydrolyses K-63 
poly-ubiquitin chains in alpha-synuclein, and alternatively ubiquitinates 
alpha-synuclein when dimerized [60]. UCH-L1 was also shown to cleave 

Fig. 5. UCH-L1 ablation increases mitochondrial Complex I activity. (A) Representative traces of NADH oxidation by mitochondria from SH-SY5Y cells stably 
expressing scramble or UCH-L1 shRNA. (B) Complex I activity expressed in OD . min− 1 . mg of protein− 1. **p < 0.01 vs. scrambled. 

Fig. 6. Farnesylation determines UCH- 
L1 effects on Mfn2 levels. (A) Represen-
tative blots of UCH-L1 and Mfn2 from 
neuroblastoma SH-SY-5H cells of the indi-
cated genotype, quantified in (B) and (C), 
respectively. Actin was used as loading 
control. (D) High resolution maximum in-
tensity projection of neuroblastomas SH- 
SY5H of the indicated genotype immuno-
stained for Mfn-2 (green) and UCH-L1 
(red). Cells were imaged using SIM. (E) 
Maximum Intensity Fluorescence was 
calculated in Image J. *p < 0.05 vs. vector; 
**p < 0.01 vs. vector; ***p < 0.001 vs. WT. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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N-terminal-linked mono-ubiquitin [61] and to stabilize mono-ubiquitin 
in proteins [62]. Interestingly, Mitofusins have been reported to be 
mono-ubiquitinated [11,29]. 

2.5. UCH KD reduces marf levels and increases maximum mtOCR in 
Drosophila melanogaster 

D. melanogaster has been widely used to study the roles of ubiquitin 
ligases and DUBs in the regulation of mitochondrial quality control [63, 
64] and relevant PD models were developed by manipulating proteins 
involved in this process [65]. UCH (Ubiquitin Carboxyl Terminal Hy-
drolase) is the Drosophila melanogaster ortholog of human and mouse 
UCH-L1 [66]. The whole-body Knock-down (KD) of UCH substantially 
decreased levels of the Mfn homologue in flies, Marf (Fig. 7A). Isolated 
mitochondria from UCH KD flies displayed higher 
oligomycin-insensitive and significantly higher maximum OCR 
compared to mitochondria isolated from control, Actin Gal 4, flies 
(Fig. 7B), following the same patterns observed in the mammalian 
SH-SY5Y. In isolated mitochondria, maximum OCR may reflect differ-
ences in super-complex content, activity and assembly, NAD+ avail-
ability, membrane composition, levels and activity of proteins of the 
respiratory chain, and many other effects [51,67,68]. In intact cells, 
mitochondrial morphology is also an important determinant factor of 
OCR [50]. In SH-SY5Y, all OCR values were increased, however, during 
the isolation process, mitochondrial morphology is disrupted and, 
therefore, not all OCR changes observed in intact cells will be repro-
duced in isolated mitochondria. 

Neuronal abundance and the involvement of UCH-L1 in the UPS 
suggest that changes in its content may alter the homeostasis of proteins 
degraded by the proteasome and impact several cellular pathways. 
Many DUBs exist in an “inactive state” that requires interaction with 
other molecules or post-translational modifications to acquire an 
“active” conformation, avoiding aberrant activity, not desirable for 
proteins with a regulatory role, especially highly abundant proteins 
[69]. The multiple post-translational modifications UCH-L1 can have are 
likely the answer for the apparent divergence between its high abun-
dance and low enzymatic activity from in vitro assays. Studying UCH-L1 
in a cellular context may retrieve new targets for this DUB. 

The identification of Mfn2 as a protein which responds to UCH-L1 
levels, in vivo and in vitro, tightens the gap between the UPS and mito-
chondrial quality control. Stabilization of Mfn2 levels was shown to 
prevent the loss of dopaminergic neurons in cellular models of PD [70, 
71]. The overexpression of UCH-L1 was previously associated with 
proteasome inhibition [17], which should be taken into consideration in 

the interpretation of the overexpression results. However, the KD studies 
in mammalian cell lines and D. melanogaster support the idea that 
UCH-L1 has a seminal role in the regulation of Mfn2 levels. Although 
UCH-L1 KD does not cause a full loss in Mfn2 content, the resulting 
phenotype resembles what was previously described in Mfn2-deficient 
models [28,57]. Additional studies are required to determine if Mfn2 
is a direct substrate of UCH-L1, and what cellular signals trigger this 
interaction, or if UCH-L1 targets another “Mfn2 regulatory protein”. 
Nonetheless, the mitochondrial changes in response to UCH-L1 are a 
proof of concept that DUBs regulate mitochondrial physiology beyond 
mitophagy. 

3. Methodology 

3.1. Plasmids, lentivirus and cell culture 

SH-SY5Y cells stably expressing UCH-L1 or scrambled shRNA were 
obtained by lentivirus infection. Briefly, HEK293T cells were transfected 
with scrambled or UCH-L1 –GFP-shRNAs, both vectors containing pu-
romycin resistance sequence (Applied Biological Materials, Richmond, 
BC, Canada) and co-transfected with packing and envelop vectors, PAX2 
and PM2.G (Addgene, Watertown, MA) respectively, using Lipofectamin 
2000 (Invitrogen) diluted in Opt-MEM reduced serum media (Thermo 
Fisher). After 48 h, the cell media were collected and the crude extract 
used to infect SH-SY5Y cells. After 24 h, GFP positive signal was used to 
confirm the infection efficiency and after 48 h, the highly GFP- 
expressing cells were sorted in the SY3200 cell sorter (Synergy). Cells 
were kept in DMEM Glutamax F-12 media (15% FBS) with added 
penicillin/streptomycin (100 IU/mL) and puromycin for selection (2 μg/ 
mL). UCH-L1 KD was confirmed by Western Blot. UCH-L1 KD and 
scrambled cells were frozen one week after sorting and, when thawed, 
used for maximum of 3 weeks. UCH-L1WT, vector and UCH-L1220S were 
kindly provided by Prof.. Peter Lansbury [60]. The mutant C220S was 
generated by PCR mutagenesis as described in Ref. [17]. 

3.2. Western blots 

Cell lysates were diluted in Laemmli sample buffer (100 
mMTris–HCl, 2% SDS, 10% glycerol, 0.1% bromophenol blue) con-
taining 5% β-mercaptoethanol. After heating at 95 ◦C, proteins were 
separated by SDS-PAGE and transferred onto PVDF membranes. Mem-
branes were blocked with 5% non-fat milk and detection of individual 
proteins was carried out by blotting with specific primary antibody 
against UCH-L1 (Santa Cruz, 1:5000), Mfn2 (Abcam, 1:1000), Mfn1 

Fig. 7. UCHL-1 knockdown in 
D. melanogaster reduces Marf levels and 
increases maximum oxygen flux. (A) Marf 
levels from whole body lysate from Drosophila 
with UCH knockdown or Actin Gal 4 control 
vetor. (B) Representative oxygen consumption 
chart from mitochondria isolated from Actin 
Gal 4 or UCH KD flies at basal (pyruvate/ma-
late) and stimulated by ADP 2 μM, Oligomycin 
2 μM, and FCCP 1.5 μM. Antimycin (2 μM) was 
used to block mitochondrial respiration at the 
end of the assay. (C) O2 flux calculated in the 
presence of each respiration modulator. *p <
0.05 vs. actin Gal4; ***p < 0.001 vs. actin Gal4.   
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(Novus Biological, 1:1000), and VDAC (Abcam, 1:1000). Chem-
iluminescence detection using a secondary peroxidase-linked anti-rabbit 
(1:10,000) or anti-mouse (1:10,000) and a detection system from Pierce 
KLP (Rockford, IL, USA) was performed. Bands were analyzed in Image 
J. 

3.3. Aequorin measurements of Ca2+ concentrations 

Cells stably expressing scramble or UCH-L1 shRNA grown on 13-mm 
round glass coverslips at 50% confluence were infected with adenovi-
ruses carrying cytosolic (cyt) or mitochondrial (mt) AEQ as reported in 
Ref. [72]. Cyt and mtAEQ reconstitution, measurement, and calibration 
were performed as described previously [43,73], in KRB (125 mM NaCl, 
5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM glucose, 20 mM Hepes, 
pH 7.4) supplemented with 10 mM EGTA. Calcium uptake was stimu-
lated with the addition of ATP (0.2 mM). 

3.4. Confocal analysis of mitochondrial morphology 

Live SH-SY5Y cells were transfected with scramble or UCH-L1 shRNA 
and co-transfected mitochondrial dsRed, using Lipofectamin 2000 
(Invitrogen) diluted in Opt-MEM (Thermo Fisher), and were imaged 
using a Zeiss LSM 710 microscope with a ×63 oil immersion objective 
and 543-nm helium-neon laser with a 650- to 710-nm bandpass filter. 
Image J 1.41◦ software distinguished mitochondrial structures to 
analyze morphological characteristics. Length was calculated using the 
major axes of the ellipse equivalent to a mitochondrion and form factor 
measured the degree of branching (FF; perimeter2/4π*area). 

3.5. Electron microscopy 

Neuroblastoma SH-SY5Y cells of the indicated background were 
fixed with 1.25% (vol/vol) glutaraldehyde in 0.1 M sodium cacodylate 
at pH 7.4 for 1 h at room temperature. Thin sections were imaged on a 
Tecnai-20 electron microscope (Philips-FEI). Morphometric measure-
ments were carried out using ImageJ (National Institutes of Health). For 
calculations of mitochondria-ER distance, 200 images per condition 
were considered and a minimum distance of ER located in a 30- or 20- 
nmn radius from the considered mitochondrion was computed [42,43]. 

3.6. Cellular oxygen consumption 

An hour before oxygen consumption measurements, cell media was 
replaced by assay media (2 mM glucose, 0.8 mM Mg2+, 1.8 mM Ca2+, 
143 mM NaCl, 5.4 mM KCl, 0.91 mM, NaH2PO4, and 15 mg/mL Phenol 
red) for 120 min at 37 ◦C (no CO2) before loading into the Seahorse 
Bioscience XF24 extracellular analyzer [74]. The ports of the cartridge 
containing oxygen probes were loaded with compounds to be injected 
during the assay (50μL/port) and the cartridge was calibrated. 

Basal respiration was recorded for 30 min, at approximately 5 min 
intervals until system stabilization. FCCP (Carbonyl cyanide-4- 
phenylhydrazone) was used at a final concentration of 2 μM and injec-
ted with sodium pyruvate (Sigma) at a final concentration of 5 mM. 
Oligomycin and antimycin were used at final concentrations of 2 and 4 
μM, respectively. All respiratory modulators were used at ideal con-
centrations titrated during preliminary experiments (not shown) and 
oxygen consumption rates were recorded for up to 15 min due the 
toxicity of these compounds. All the OCR values were subtracted from 
the lowest antimycin OCR. 

3.7. Complex I activity assay 

Mitochondrial complex I enzyme activity was measured using 
Abcam’s complex I enzyme activity microplate assay kit by following the 
oxidation of reduced nicotinamide adenine dinucleotide (NADH) to 
oxidized NAD+ and the simultaneous reduction of a dye which leads to 

increased absorbance at OD = 450 nm. 

3.8. Complex II activity assay 

Complex II activity was assessed in cell homogenates as described in 
Spinazzi et al. (2012) [75], with some modifications. Briefly, cell ho-
mogenates were incubated in phosphate buffer (25 mM, pH 7.5) con-
taining fatty acid free bovine serum albumin (3 mg mL− 1), antimycin A 
(1 μg mL− 1), succinate (20 μM) and 2,6-dichlorophenolindolphenol (80 
μM). The activity was followed as the decrease in 2,6-dichlorophenolin-
dolphenol absorbance after decylubiquinone (50 μM) addition at 600 
nm (ε = 19.1 mmol− 1 cm− 1) and corrected by total protein content. 

3.9. Immunostaining and structured illumination microscopy 

SH-SY5Y cells were seeded at 30% density on number 1.5 coverslips 
(Marienfeld, Lauda-Konigshfen, Germany). After 24 h, cells were 
transfected with vector, UCH-L1WT or UCH-L1C220S. Forty-eight hours 
after transfection, the cells were fixed using 4% paraformaldehyde, 
followed by permeabilization (Triton X 0.1%), blocking (BSA 10%), and 
primary (Mfn2 and UCH-L1 antibodies, 1:500, Abcam and Santa Cruz, 
respectively) and secondary antibodies (Anti-Mouse-Alexa Fluor-488 
and Anti-Rabbit-Alexa Fluor-647, 1:1,000, respectively, Life Technolo-
gies). Last, samples were mounted with Fluoromount-G (South-
ernBiotech). Thin (0.163 μm) z-stacks of high-resolution images were 
collected using a 63× oil immersion objective (numerical aperture, 1.4), 
in five rotations on an ELYRA PS.1 microscope (Zeiss, Jena, Germany). 
Images were then reconstructed using ZEN software (Zeiss) based on the 
structured illumination algorithm developed by Ref. [76]. 

3.10. Drosophila stocks and procedures 

Drosophila were raised under standard conditions at 25 ◦C on agar, 
cornmeal, yeast food. The Act5C-GAL4 strain was obtained from the 
Bloomington Drosophila Stock Center (Bloomington, IN). UAS-UCHL1 
RNAi lines were obtained from VDRC Stock Center. UAS UCHL1 KD 
line was crossed with an Act5C-Gal4 driver line to ubiquitously activate 
RNAi of UCHL1. 

Mitochondria were extracted from whole flies by differential 
centrifugation. Each sample was homogenized using a Dounce glass- 
glass potter and a loose-fitting pestle in a mannitol-sucrose buffer 
(225 mM mannitol, 75 mM sucrose, 5 mM Hepes, 0.1 mM EGTA, pH 7.4) 
supplemented with 2% BSA. Samples were then centrifuged at 1500×g 
at 4 ◦C for 6 min. The pellet was discarded by filtering the sample 
through a fine mesh, and the supernatant was centrifuged at 7000×g at 
4 ◦C for 6 min. The resulting pellet was resuspended in mannitol-sucrose 
buffer without BSA before being centrifuged at 7000×g under the same 
conditions as above and resuspended in a small volume of mannitol- 
sucrose buffer. Protein concentration was measured using the Biuret 
test. 

Rates of mitochondrial respiration were measured using the Oxy-
therm system (Hansatech) with magnetic stirring and thermostatic 
control maintained at 25 ◦C. Isolated Drosophila mitochondria (1 mg/ml) 
were incubated in 120 mM KCl, 5 mM Pi-Tris, 3 mM Hepes, 1 mM EGTA, 
1 mM MgCl2, pH 7.2, and additions were made as indicated in the figure 
legends. O2 consumption was calculated according to the slope of the 
registered graph, and plotted as ng atoms O2 x min− 1 x mg− 1. 
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