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ARTICLE INFO ABSTRACT

Article history:

The loss of Surf1 protein leads to a severe COX deficiency manifested as a fatal neurodegenerative disorder, the
Leigh syndrome (LS€°X). Surf1 appears to be involved in the early step of COX assembly but its function re-
mains unknown. The aim of the study was to find out how SURFI gene mutations influence expression of
OXPHOS and other pro-mitochondrial genes and to further characterize the altered COX assembly. Analysis
of fibroblast cell lines from 9 patients with SURFI mutations revealed a 70% decrease of the COX complex con-
tent to be associated with 32-54% upregulation of respiratory chain complexes I, Ill and V and accumulation of
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Mitochondrial disorder Cox5a subunit. Whole genome expression profiling showed a general decrease of transcriptional activity in
SURF1 gene LS®X cells and indicated that the adaptive changes in OXPHOS complexes are due to a posttranscriptional

compensatory mechanism. Electrophoretic and WB analysis showed that in mitochondria of LS“°* cells com-

pared to controls, the assembled COX is present entirely in a supercomplex form, as I-Ill,-IV supercomplex
but not as larger supercomplexes. The lack of COX also caused an accumulation of I-IIl; supercomplex. The ac-
cumulated Cox5a was mainly present as a free subunit. We have found out that the major COX assembly sub-
complexes accumulated due to SURFI mutations range in size between approximately 85-140 kDa. In addition
to the originally proposed S2 intermediate they might also represent Cox1-containing complexes lacking other
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COX subunits. Unlike the assembled COX, subcomplexes are unable to associate with complexes I and III.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The eukaryotic cytochrome c oxidase (COX) (E.C.1.9.3.1), the com-
plex IV (cIV) of the mitochondrial respiratory chain, is a multimeric
enzyme of dual genetic origin, whose assembly is a complicated and
highly regulated process.

The COX monomer of 205 kDa consists of 13 subunits. The three
largest subunits Cox1, Cox2 and Cox3 are highly hydrophobic trans-
membrane proteins encoded by mitochondrial DNA and form the cat-
alytic core. The ten small subunits (Cox4, Cox5a, Cox5b, Cox6a, Cox6b,
Cox6c¢, Cox7a, Cox7b, Cox7c and Cox8) surrounding the core of the
enzyme are encoded in the nuclear genome. They are necessary for
the regulation of the COX functioning [1,2], the assembly/stability of
the holoenzyme and for COX dimerization. Nijtmans et al. proposed
a model showing four assembly intermediates (S1-S4) that accumu-
late during COX assembly [3]. Cox1 represents the first intermediate

Abbreviations: OXPHOS, oxidative phosphorylation; COX, cytochrome ¢ oxidase;
LSCOX Leigh syndrome on the basis of cytochrome ¢ oxidase deficiency; cl, clI, cII,
clV, respiratory chain complexes [-IV; ¢V, mitochondrial ATP synthase
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S1 which proceeds to Cox1-Cox4-Cox5a subassembly by insertion
of Cox4-Cox5a heterodimer. The Cox2 then supposedly joins this S2
intermediate. The process continues by the formation of the third
proposed intermediate S3 by the addition of most of the remaining
subunits. Finally, Cox6a and Cox7a/b are added to complete the holo-
enzyme [3-5]. The incorporation of small, nuclear encoded subunits
in the late stages of COX assembly has been addressed by recent stud-
ies [6,7] that indicate the existence of additional assembly intermedi-
ates as well as possible incorporation of some of these subunits into
already preexisting holoenzyme, similarly as found in complex I bio-
genesis [8].

The COX assembly is a multistep progression through discrete
short-lived intermediates requiring more than 30 diverse assistant
factors. Of them, Surf1 is most likely involved in an early step of as-
sembly during the association of Cox2 subunit with Cox1-Cox4-
Cox5a subassembly. There is also evidence that Surfl may act in the
formation of heme as-Cug center [9]. Other known assembly proteins
such as Sco1, Sco2, Cox11 and Cox17 are necessary for the copper in-
sertion into COX. Proteins encoded by genes COX10 and COX15 are in-
volved in the heme a biosynthesis [5,10].

COX deficiencies are mainly COX assembly defects. There are two
main groups of COX defects that are caused by mutations either in


http://dx.doi.org/10.1016/j.bbadis.2012.03.007
http://dx.doi.org/10.1016/j.bbadis.2012.03.007
http://www.sciencedirect.com/science/journal/09254439

N. Kovdrovad et al. / Biochimica et Biophysica Acta 1822 (2012) 1114-1124 1115

mtDNA genes encoding structural components of the COX or in nucle-
ar genes encoding assembly factors. Recently, the first mutation in a
nuclear-encoded structural subunit Cox6b1l was reported which
causes a mitochondrial encephalomyopathy [11].

Up to now, pathogenic mutations in several assembly factors have
been described. Quite common are mutations in SCO1, SCO2 [12],
COX10 [13] and COX15 [14] but the most frequent are mutations in
SURF1 gene [10]. Human Surf1 is a 30 kDa transmembrane protein lo-
calized in the inner mitochondrial membrane [4,9]. The loss of the
human Surf1 function is associated with Leigh syndrome, a fatal neuro-
degenerative disorder caused by severe COX deficiency (LS°X). Leigh
syndrome is frequent, although genetically heterogeneous, mitochon-
drial disorder [15,16]. It manifests as a progressive encephalopathy,
mainly characterized by bilateral necrotic lesions in the basal ganglia
and brainstem [17,18]. The first symptoms usually appear before two
years of age and consist of optic atrophy, ophthalmoparesis, hypotonia,
ataxia and dystonia. Most patients die a few years after the onset of
symptoms [19,20].

In this work we focused on a further characterization of the isolat-
ed COX deficiency due to mutations in SURF1 gene. The exact function
of this protein is still unknown but it was suggested that human Surf1
promotes the association of Cox2 with the assembly intermediate
composed of Cox1, Cox4 and Cox5a. The aim of the present study
was to find out how mutations in SURF1 gene influence protein and/
or transcript level of OXPHOS and other pro-mitochondrial genes
and to further characterize the altered COX assembly. In the experi-
ments we used fibroblasts from 9 patients carrying different muta-
tions in SURF1 gene (Table 1) and 5 control fibroblast cell lines.

Our results indicate that SURF1 gene mutations induce a pro-
nounced, but variable decrease in the protein content of COX subunits
apparent as relative enrichments in Cox5a subunit, but also a com-
pensatory increase in respiratory complexes I, Il and V, not mirrored
by any changes in transcript levels for subunits of OXPHOS complexes
and related mitochondrial biogenesis factors. A detailed analysis of
COX assembly process shows that the patient fibroblasts accumulate
the Cox5a subunit and assembly intermediates between ~85 and
140 kDa containing dominant portion of Cox1 but only substoichio-
metric amounts of Cox4-1, Cox5a or Cox2, and that assembled COX
in LSO fibroblasts is exclusively present in a supercomplex form.

2. Material and methods
2.1. Patients

Fibroblast cell lines from 9 patients with SURFI mutations and
COX deficiency were used in this study. All the patients showed
major clinical symptoms associated with mitochondrial disease due
to COX specific defect. For relevant clinical, biochemical and molecu-
lar data on individual patients see [20,21] and Table 1. Importantly,
Western blot experiments confirmed the absence of Surf1 protein in

Table 1
SURF1 mutations in LS“°X fibroblasts used in the study.

Patient Exon Mutations Mutation type

P1 9/7 845 del CT/T704>C Frameshift: stop codon 870-872/
Met235>Thr

P2 9/9 845 del CT/845 del CT Frameshift: stop codon 870-872

P3 9/? 845 del CT/? Frameshift: stop codon 870-872/?

P4 9/8 845 del CT/A821>G Frameshift: stop codon 870-872/
Tyr274>Cys

P5 9/9 845 del CT/845 del CT Frameshift: stop codon 870-872

P6 9/? 845 del CT/? Frameshift: stop codon 870-872/?

P7 6/9 C574>T/845 del CT Arg192 > Trp/Frameshift: stop codon
870-872

P8 4/8-9 312 insATdel10/821 del18 Frameshift: stop codon 316-318/exon
8 removal

P9 7/7 C688>T/C688>T Arg230> stop

all patient cell lines used in this study [20,21]. Selected 5 control fi-
broblast cell lines were used repeatedly in previous diagnostic bio-
chemical tests and showed no signs of any mitochondrial or other
metabolic defect.

The project was approved by the ethics committees of all collabo-
rating institutions. Informed consent was obtained from the parents
of the patients according to the Declaration of Helsinki of the World
Medical Association.

2.2. Cell cultures

Human skin fibroblasts were cultured at 37 °C in 5% CO, atmo-
sphere in the DMEM medium (with L-glutamine, sodium pyruvate
and high glucose concentration 4.5 g/l) supplemented with 10%
fetal bovine serum, 20 mM HEPES pH 7.5 and in the presence of pen-
icillin (10 U/ml) and streptomycin (10 pg/ml). Cells were harvested
using 0.05% trypsin and 0.02% EDTA and washed twice in
phosphate-buffered saline (PBS, 140 mM NaCl, 5 mM KCl, 8 mM
Na,HPOy4, 1.5 mM KH,PO,4, pH 7.2).

2.3. Isolation of mitochondria

Isolation utilizing hypotonic disruption of cells was carried out
according to [22] with slight modifications to increase the yield.
Weighed cell pellet was suspended in ten times the amount of
10 mM Tris-buffer supplemented with protease inhibitor cocktail
(PIC, Sigma, 1:500). Cells were homogenized using Teflon/glass ho-
mogenizer (8 strokes, 600 rpm) and immediately 1/5 volume of
1.5 M sucrose was added. Homogenate was centrifuged at 600 g,
10 min at 4 °C and supernatant was saved. The pellet was suspended
in the original volume of SEKTP (250 mM sucrose, 40 mM KCl, 20 mM
Tris, 2 mM EGTA, pH 7.6, PIC 1:500), rehomogenized and centrifuged
again at 600 g. Pooled supernatants were centrifuged at 10000 g,
10 min at 4 °C min and pelleted mitochondria were washed by centri-
fugation and suspended in SEKTP. Protein concentration was mea-
sured by Bradford method (BioRad).

2.4. Isolation of membranes

For native electrophoresis, mitochondria-enriched membrane
fraction was prepared from 20 mg wet weight aliquots of sedimented
cells as described [23]. Briefly, cells were homogenized (30 strokes,
500 rpm) in 0.5 ml of 83 mM sucrose, 6.6 mM Imidazole pH 7, PIC
1:500, and centrifuged at 20000 g, 10 min at 4 °C. Samples were fro-
zen and stored at —80 °C.

2.5. Electrophoretic techniques and immunoblotting

Samples of mitochondria or pelleted cell membranes were solubi-
lized for 15 min at 0 °C using indicated concentrations of dodecyl
maltoside or digitonin and centrifuged for 20 min at 20000 g. Pro-
teins in supernatants were analyzed by BN-PAGE and hrCN3-PAGE
[23,24] on 6-15% separating gel using the Mini-Protean apparatus
(BioRad). For two-dimensional electrophoresis, gel slices from the
1st dimension were incubated in 1% SDS and 1% mercaptoethanol
for 1 h and then subjected to SDS-PAGE on 10% slab gels [25].

Proteins were transferred from gels to PVDF-membranes (Immobilon-
P, Millipore) using semidry electrotransfer. The membranes were
blocked with 10% non-fat dried milk in TBS (150 mM NaCl, 10 mM
Tris, pH 7.5) for 1 h and incubated for 2 h with the specific primary an-
tibodies diluted in TBST (TBS with 0.1% Tween-20). Monoclonal anti-
bodies to NDUFB6, Corel, Rieske protein, Cox1, Cox2, Cox4-isoform 1,
Cox53a, d subunit of cV and Blue Native OXPHOS Complexes Detection
Kit (containing monoclonal antibodies to NDUFA9, SDH 70, Core2,
Cox4, ai-subunit of complex V) were obtained from Mitosciences; goat
polyclonal antibody to Cox3 was from Santa Cruz Biotechnology; rabbit
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polyclonal antibody to subunit F,-a [26], rabbit polyclonal antiserum to
mGPDH was custom prepared against the C-terminal of the protein
[27]; and rabbit antibody to porin (VDAC1) was a kind gift from Prof.
Vito De Pinto, University of Catania. Membranes were then incubated
for 1 h with corresponding secondary fluorescent antibodies — IRDye
680- or 800-conjugated donkey anti-goat IgG or goat anti-mouse IgG
(Molecular Probes) or goat anti-rabbit IgG (Rockland). Detection of pro-
teins was performed using Odyssey fluorescence scanner at the excita-
tion of 680 nm and emission of 700 nm or 800 nm. The quantification of
signals was carried out in Aida Image Analyzer program version 3.21.
For presentation, the data from individual control and patient cell
lines were averaged and subgroups were statistically evaluated using
Student's t-test.

2.6. In-gel activity staining of complex IV

Activity staining of complex IV in native gels was performed
according to a modified protocol originally described in [28]. Gel
slices were stained using solution of 50 mM sodium phosphate buffer
(pH 7.4), 0.5 mM DAB (3,3’-diaminobenzidine tetrahydrochloride)
and 1.1 mM oxidized cytochrome c overnight. For better visibility of
reddish bends indicating complex IV activity in contrast to the Coo-
massie stain background, gels were scanned through blue filter.

2.7. RNA preparation, cDNA labeling and hybridization

Total RNA was isolated from patient and control cultured cells
using the TRIZOL solution (Invitrogen). As a common reference RNA
for gene expression studies, total RNA from cultured HelLa cells was
used. RNA concentration was determined spectrophotometrically at
260 nm by NanoDrop (NanoDrop Technologies) and its quality was
checked on Agilent 2100 bioanalyzer (Agilent Technologies). Aliquots
of isolated RNA were stored at —80 °C until the analysis.

Isolated RNA (500 ng) was reverse transcribed, labeled and
hybridized onto Agilent 44 k human genome microarray using Two-
color Microarray Based Gene Expression Analysis Kit (Agilent Tech-
nologies). All 9 patient and 5 control samples (Cy5-labeled) were hy-
bridized against common reference RNA (Cy3-labeled).

The hybridized slides were scanned with GenePix 4200A scanner
(Axon Instruments) with PMT gains adjusted to obtain unsaturated
images of the highest intensity. Agilent Feature Extraction software
was used for image analysis of the TIFF files, generated by the scanner.

2.8. Experimental setup and microarray data normalization

Comparative analysis was performed according to MIAME guide-
lines [29]. Normalization was performed in R statistical environment
(http://www.r-project.org) using the Limma package [30] which is
part of the Bioconductor project (http://www.bioconductor.org).
Raw data from individual arrays were processed using Loess normal-
ization and normexp background correction. The quantile function
was used for normalization between arrays. Linear model was fitted
for each gene given a series of arrays using ImFit function. The empir-
ical Bayes method was used to rank differential expression of genes
using eBayes function. Multiple testing corrections were performed
using Benjamini and Hochberg method [31].

Data accession — gene expression data reported in this study are
stored and available in Gene Expression Omnibus repository (GEO
ID: GSE26322) and (GEO ID: GPL 4133).

2.9. Statistical analysis

Gene expression was assessed as described previously [32] and
gene expression signals were background corrected, log2 trans-
formed and normalized using the quantile normalization method.
Significant gene expression changes between control and patient

subgroups were identified using t-test in R statistical environment
(http://www.r-project.org/). Applied parameters are provided in cor-
responding result sections.

3. Results
3.1. Compensatory upregulation of OXPHOS complexes

The first aim of the study was to investigate whether the content
of respiratory chain complexes can be modified as a consequence of
SURF1 mutations. Our previous study [21] indicated an increased
content of F;-ATPase o subunit in LS®* patients that pointed to a
compensatory mechanism induced by impaired energy provision.
Therefore, we used the whole cell homogenate and isolated mito-
chondria from fibroblasts of LS®°X patients and controls to quantify
the content of OXPHOS protein complexes by Western blotting of
the proteins separated by SDS-PAGE. For immunodetection we used
the OXPHOS Complexes Detection Kit (Mitosciences) containing spe-
cific monoclonal antibodies to representative subunits of OXPHOS
complexes — NDUFA9 subunit of complex I, 70 kDa subunit of com-
plex II, Core2 subunit of complex IIl, Cox4 subunit of complex IV,
and alpha subunit of complex V. Their signals were related to the sig-
nal of the mitochondrial marker porin. Fig. 1A shows that the low
content of complex IV (cIV) was associated with a slight increase in
the content of complex I (cI), IIl (clll) and V (cV) in LS“°* whole cell
lysates. This was even more apparent and significant when analyzing
isolated mitochondria (Fig. 1B). Specifically, a 70% decrease in cIV
resulted in a 48% increase in the content of cl, 54% increase of cllI
and 32% increase of cV, indicative of compensatory changes triggered
by COX dysfunction and impairment of mitochondrial energy provi-
sion. Similar statistically significant upregulation of OXPHOS complexes
content in LS cells was observed using individual antibodies against
other subunits of complexes I, Ill, and V — NDUFB6 of cl was increased to
147% of control (p<0.05), Corel and Rieske protein of clll were in-
creased to 149% and 170% of control, respectively (p<0.01 and
p<0.05, respectively), d and a subunits of ¢V were upregulated to
118% and 126% of control, respectively (p<0.05 and p<0.01, respective-
ly). In contrast, the amounts of other dehydrogenases of the respiratory
chain, complex II (cll) and mitochondrial glycerol 3-phosphate dehy-
drogenase (mGPDH) were not changed.

3.2. Variable content of COX subunits

As COX deficiency due to the absence of Surfl assembly factor is
characterized by accumulation of incomplete COX assemblies, we
also determined the amount of several COX subunits in LS®* fibro-
blasts in order to uncover putative variations in subunit content
reflecting the impaired assembly. Control and LS“°* samples were an-
alyzed by SDS-PAGE and Western blotting using monoclonal anti-
bodies to three mitochondrial encoded COX subunits — Cox1, Cox2
and Cox3, and to two nuclear encoded COX subunits — Cox4 and
Cox5a, all of which are implicated in early stages of COX assembly.
Their content was again related to the content of porin. Both in ho-
mogenates and isolated mitochondria, all tested COX subunits
showed a pronounced, but variable decrease in LS“°* fibroblasts.
The decrease of individual subunits was 40-78% in cell homogenates
(Fig. 2A) and 39-86% in isolated mitochondria (Fig. 2B). In both cases,
the least decreased of the five tested subunits was the subunit Cox5a,
indicating its relative accumulation compared to other COX subunits.

3.3. Gene expression profile and its correlation with protein content

To find out how the isolated COX deficiency modulates the expres-
sion of genes in LS°X fibroblasts at the transcriptional level, whole
genome transcript levels were determined in LS“°* and control fibro-
blasts using the 44 k human cDNA Agilent microarray.
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Fig. 1. Changes in the content of respiratory chain complexes in LS fibroblasts. Western blot analysis of homogenates (A) and isolated mitochondria (B) from fibroblasts of pa-
tients (P) and controls (C) was performed using antibodies to subunits of cI (NDUFA9), cllI (70 kDa subunit), clll (Core2), cIV (Cox4-1), ¢V (alpha subunit), and mGPDH. Detected
signals were quantified separately for individual control and patient cell line and related to the signal of mitochondrial porin detected from the same blots. All data of controls and
patients were averaged and obtained value for patients was expressed as a percentage of controls value. Values are mean + SE of 3 experiments, p<0.05 (*), p<0.01 (**).

The overall analysis comparing averaged data from control and
patient subgroups indicated upregulation of 18501 genes (42%) and
downregulation of 24832 genes (56%), but significant changes were
shown only in a small number of genes (Table 2). Thus, 507 genes
were differentially expressed at p<0.05 value and 95 genes at
p<0.01. In case of genes encoding OXPHOS structural subunits, 20
were changed at p<0.05 (11 subunits of cI, 1 subunit of cIII, 2 subunit
of cIV and 6 subunits of cV), but all of them were less expressed in
LSOX compared to controls, in contrast with the protein analysis. Of
them, 3 genes have been 1.7-2 fold downregulated at p<0.01, namely
cl subunits NDUFA4 and NDUFB6 and cV inhibitor protein IF;. In addi-
tion, the expression of intramitochondrial superoxide dismutase
(SOD1) was also decreased two-fold at p<0.001.

The increased content of respiratory chain cI, clll and cV observed
at the protein level was thus apparently not due to transcriptional
upregulation of structural subunits genes. It is also important that
no indication could be observed that the increase in these complexes
could be ascribed to a significant upregulation of different regulatory
genes. There was neither a significant change in the expression of
genes encoding specific ancillary or assembly factors of the respirato-
ry chain complexes, nor in mitochondrial biogenesis regulatory
genes, such as PGCIA, NRF1 or TFAM. The compensatory OXPHOS
upregulation in LS“* fibroblasts must therefore arise at later stages
of protein expression.

Only the downregulation of mRNAs for two small, nuclear encoded
COX subunits Cox7a2 and Cox6c¢ (Table 3) seems to correspond to the

decrease of COX complex. However, considering that the content of
COX subunits is decreased due to the stalled assembly, the transcrip-
tional downregulation of these two subunits may only be coincidental
since they are incorporated into the COX complex at the late stage of
the assembly process.

3.4. Modified COX assembly pattern in LSX fibroblasts

While it has long been established that Surf1 deficiency is associ-
ated with a pronounced COX deficiency and accumulation of its as-
sembly intermediates, most studies to date have been using
relatively strong detergent dodecyl maltoside to analyze the assembly
pattern of cytochrome c oxidase by BN-PAGE. In order to identify COX
assemblies under conditions closer to the in-situ state, we solubilized
isolated membrane fractions from LS“°* and control fibroblasts with
the mild detergent digitonin (4 and 8 g/g protein) and separated
them using native electrophoretic techniques BN-PAGE and hrCN3-
PAGE, which allow for detection of native OXPHOS supercomplexes.

In control fibroblasts, the signal from antibodies against Cox1,
Cox4-1 and Cox5a (Fig. 3A-C) was distributed among the i) COX
monomer, ii) COX dimer and heterodimers and iii) supercomplexes
(relative content of i/ii/iii approximately 1:0.25:1 — see quantifica-
tion or distribution profiles in Fig. 3). The supercomplexes' migration
distance and parallel WB detection with antibodies raised against
subunits of cI and clll (NDUFB6 and Corel, respectively) (Fig. 3D), in-
dicated that the detected supercomplexes represent the previously
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Fig. 2. Decreased content of COX subunits in LS fibroblasts. Homogenates (A) and isolated mitochondria (B) from fibroblasts of patients (P) and controls (C) were analyzed by
Western blots using antibodies to COX subunits 1, 2, 3, 4-1 and 5a. Signals were processed as described in Fig. 1. Values are mean + SE of 3 experiment, p<0.01 (**).

characterized assemblies I;-Ill,-1V;, I;-IlI,-1V,, and I;-IlI,-IV3
(supercomplexes consisting of one copy of complex I, dimer of com-
plex III, and 1-3 copies of complex IV), the first one being the most
abundant. Interestingly, the vast majority of the cI and clIl signals
were found in supercomplexes, in contrast with cIV, which seems to
reflect the excess capacity of COX. A strikingly different pattern was
observed in LSX fibroblasts. Here, the signal from anti-COX anti-
bodies was mainly distributed between an assembly intermediate of
about 130 kDa and a single form of supercomplex. Very little of COX
monomer and almost no dimer could be detected in patient cells
(Fig. 3A-C) as apparent from the relative content of these assemblies
(note that the three-fold amount of patient sample relative to control
was used). Based on the comparison with the control lane, the single
supercomplex in LS represents the I,-Ill,-IV; species. The detec-
tion of the I,-III, supercomplex and the dimer of cllI in patient fibro-
blasts (Fig. 3D) indicates that the low content of COX limits the
supercomplex assembly. The absence of larger supercomplexes may

Table 2
Differentially expressed genes in LS°* fibroblasts.
Genes p value Changed Down Up
All 0.05 507 347 160
0.01 95 72 23
OXPHOS 0.05 20 20 0
0.01 3 3 0

indicate that the association of multiple copies of cIV is less stable
than the “core” I;-1ll,-1V; species, and therefore requires more abun-
dant pool of COX than in control fibroblasts. Alternatively, the assem-
bly of COX in the absence of Surfl may yield complexes with slightly
modified structure preventing their multimerization.

An apparently identical migration distance of the I;-Ill,-1V; spe-
cies in control and LS°X cells as well as its detection with all of the
used antibodies suggest that this supercomplex contains the fully as-
sembled COX in patient fibroblasts. This was confirmed by COX in-gel
activity staining, which detected active COX as a monomer and also in
the supercomplex region in both control and patient sample (Fig. 3C).
Indeed, in a parallel BN-PAGE experiment with dodecyl maltoside-
solubilized membrane fractions, we observed dissociation of the
COX-containing supercomplex with a simultaneous increase in the
content of COX holoenzyme in both the control and LS°* fibroblasts
(Fig. 4). To provide further evidence, we performed two-dimensional
BN/BN-PAGE analysis of the supercomplex composition (Fig. 5).
While the BN-PAGE in the first dimension preserves the supercom-
plex associations in digitonin-solubilized samples, the presence of
dodecyl maltoside in the cathode buffers of the second dimension
BN-PAGE results in their dissociation into free complexes. Western
blot detection with Cox1 and Cox4 antibodies revealed a dominant
form of COX dissociating from the supercomplexes in both the control
and patient cells with approximate size of 200 kDa, apparently repre-
senting the fully assembled COX holoenzyme (Fig. 5). The other, less
dominant bands below the monomer recognized by both Cox1 and
Cox4-1 antibodies represented dissociation products of COX likely
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Table 3
Differential expression of OXPHOS genes in LSCX fibroblasts at p<0.05.

Gene Protein M Fold p
change value

—1.03 2.00 0.001
—0.97 2.00 0.002

SoD1 Superoxide dismutase 1
NDUFA4  NADH dehydrogenase, 1 alpha subcomplex,
subunit 4, 9 kDa

NDUFB6  NADH dehydrogenase, 1 beta subcomplex, —0.80 1.70 0.008
subunit 6, 17 kDa, t.v. 2

ATPIF1 ATP synthase, inhibitory factor 1, t.v. 3 —0.73 1.66 0.01

ATP5H ATP synthase, subunit d, t.v. 1 —0.71 1.60 0.02

COX6C Cytochrome c oxidase, subunit 6¢ —0.84 1.80 0.02

NDUFAF2 NADH dehydrogenase, 1 alpha subcomplex,
assembly factor 2

ATP5)2 ATP synthase, subunit F2, t.v. 1

NDUFA12 NADH dehydrogenase, 1 alpha subcomplex,
subunit 12, 13 kDa

—-0.72 1.70 0.02

—0.69 1.60 0.02
—0.81 1.70 0.02

NDUFA1  NADH dehydrogenase, 1 alpha subcomplex, —0.72 1.70 0.03
subunit 1, 7.5 kDa

NDUFA2  NADH dehydrogenase, 1 alpha subcomplex, —0.70 1.60 0.03
subunit 2, 8 kDa

NDUFB3  NADH dehydrogenase, 1 beta subcomplex,  —0.65 1.60 0.03
subunit 3, 12 kDa

ATP5] ATP synthase, subunit F6 —0.70 1.60 0.03

ATP5C1  ATP synthase, gamma subunit, t.v. 2 —0.61 1.50 0.04

NDUFB10 NADH dehydrogenase, 1 beta subcomplex,
subunit 10, 22 kDa

—0.59 1.50 0.04

COX7A2  Cytochrome c oxidase subunit 7a —0.64 1.60 0.04
polypeptide 2 (liver)

NDUFA8 NADH dehydrogenase, 1 alpha subcomplex, —0.63 1.50 0.04
subunit 8, 19 kDa

NDUFA6  NADH dehydrogenase, 1 alpha subcomplex, —0.59 1.50 0.05
subunit 6, 14 kDa

UQCRQ Ubiquinol-cytochrome c reductase, subunit —0.60 1.50 0.05
VII, 9.5 kDa

ATP5E ATP synthase, epsilon subunit —0.66 1.60 0.05

NDUFS7  NADH dehydrogenase, Fe-S protein 7, —0.56 1.50 0.05

20 kDa

t.v. — transcription variant.

appearing due to combination of two detergents during the 2D BN/BN
experiment, as they migrate in direct vertical below the monomer.
3.5. Accumulation of non-canonical assembly intermediate in LSOX
fibroblasts

As expected, the analysis of COX subunits in Fig. 2 revealed a de-
creased content of several detected COX subunits in a LS patient
but it also suggested that Cox5a is much less affected in case of
Surfl defect compared with other subunits. To find out in which
form this subunit accumulates we performed a detailed analysis of
COX assembly intermediates and subcomplexes solubilized from mi-
tochondrial membranes by mild detergent digitonin, using antibodies
to Cox5a, Cox4-1, Cox2 and Cox1 subunits. When a two-dimensional
BN/SDS-PAGE was performed to resolve well the low molecular
weight region, a distinct distribution of COX subunits 1, 2, 4 and 5a
was apparent (Fig. 6A). The second dimension yielded resolution su-
perior to the BN gel that allowed for an easier identification of early
assembly intermediates of subunits 4 and 5a. In the LS cells,
Cox5a was present mainly as a free subunit (band y), less in COX ho-
loenzyme, Cox4-Cox5a complex (band x) or in supercomplexes. The
Cox4 was also present in LS®X cells in free form (band z) and as as-
sembly subcomplexes, but most of Cox4 was detected in holoenzyme
and supercomplexes. The Cox1 was present in LS“°X cells in supercom-
plex, COX monomer and dominantly in the detected subcomplex, to-
gether with Cox4 and Cox5a. This major subcomplex accumulating in
patient fibroblast with SURF1 mutations was repeatedly considered as
the S2 assembly intermediate. However, its size detected in our immu-
nodetection experiments (~130 kDa broad band ranging ~85-140 kDa)
only marginally corresponds to the theoretical mass of the Cox1-Cox4-

Cox5a complex (85 kDa). Although the mass determination may be
misleading due to specific detergent micelles behavior, the migration
range and shape of the band of the anti Cox1 antibody suggests at
least two major entities being present (Fig. 6B), with the smaller align-
ing with a Cox1-containing subassembly present marginally also in the
control cells. Furthermore, from the 2D Western blot images it became
clearly apparent that Cox4 and Cox5a are present in substoichiometric
amounts in this subcomplex (Fig. 6A). When the COX holoenzyme,
with the assumed 1:1:1 ratio of the subunits, was used as a reference
for relative quantification, the proportion of Cox1 appeared to be in pro-
nounced excess over the Cox4 and Cox5a subunits. Parallel quantifica-
tion directly from the first dimension BN gels yielded similar subunit
ratios, although in this case the quantification is less reliable due to pos-
sible problems with antibody reactivity towards native proteins within
detergent micelles. Both systems, however, indicated underrepresenta-
tion of the nuclear-encoded subunits in the putatively stoichiometric
Cox1-Cox4-Cox5a subassembly. Therefore, we hypothesize that the
detected band could represent a so far incompletely characterized com-
plex, or rather comigrating complexes that may include the S2 interme-
diate as well as other protein factors involved in COX assembly. The
signal of Cox2 was present in COX monomer and supercomplex but a
small amount of Cox2 was also in the 130 kDa region, again strongly un-
derrepresented with respect to Cox1.

To provide a comparison of our findings using digitonin solubili-
sates with previous studies where COX assembly was analyzed by
2D BN/SDS PAGE in samples solubilized by dodecyl maltoside, we
performed a parallel experiment using this stronger detergent. As
expected, the majority of signal found in the supercomplexes region
shifted towards the COX monomer (Fig. 6C). The migration of the
subcomplexes shifted towards lower molecular weights, creating pat-
tern similar to studies that identified the S2 and S1 intermediates in
the LSOX cells (Fig. 6C, D). Whether the migration difference of as-
sembly intermediates, solubilized by either digitonin or dodecyl mal-
toside, is solely due to different detergent micelles or rather due to
partial dissociation of Cox1-containing subcomplex using stronger
detergent could not be definitively judged in this experimental
setup. Nevertheless, the underrepresentation of Cox4 and Cox5a ver-
sus Cox1 (relatively as compared to the antibody signal ratios in the
holoenzyme) is retained in experiments using both detergents.

4. Discussion

Mitochondrial disorders due to impaired structure and function of
the OXPHOS system can be associated with upregulation of mito-
chondrial biogenesis and increased mitochondrial content, or subcel-
lular distribution such as in RRFs [33] or in myocardial tissue from
failing heart [34]. The mechanism underlying these changes is, how-
ever, unclear.

In this study we investigated whether the frequent type of COX
deficiency due to SURF1 mutations can also be followed by compensa-
tory changes in the OXPHOS system and found apparent upregulation
of three respiratory chain complexes — cl, clll and cV. Rather than di-
rect consequence of the Surfl protein absence, we hypothesize that
the compensatory upregulation is triggered by secondary effects of
the energy provision impairment due to COX deficiency. One of the
triggers might be decreased mitochondrial membrane potential,
which was previously reported in LS“°X by our group [35] and others
[36]. Other signal towards OXPHOS upregulation might be the in-
creased turnover of unassembled proteins by mitochondrial prote-
ases [37] or the related increased level of mitochondrial autophagy.
The comparison of Western blot data and mRNA expression profiling
further indicated that posttranscriptional events rather than tran-
scriptional upregulation of genes encoding subunits of these com-
plexes are responsible for the changes observed.

To assess possible changes in gene expression we analyzed the
whole genome expression pattern of LS“®* patient and control
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Fig. 3. Digitonin solubilized COX assembly intermediates and COX supercomplexes in LS®* fibroblasts. Mitochondrial membrane proteins from fibroblasts were solubilized using
4 g detergent/g protein, indicated protein aliquots were resolved by BN-PAGE (patient — P7, 30 pg protein, control — C, 10 pg protein). For Western blot detection antibodies to Cox1
(A), Cox4-1 (B), Cox5a (C), Corel and NDUFA9 (D) were used. COX supercomplexes (SC), high molecular complexes (HMC), monomer (M), assembly intermediates (Al), Cox4-5a
heterodimer (X), free Cox5a subunit (Y) and dimer of complex III (cIll) are marked in blots and distribution profiles (detected signals in patient blots were re-counted to 10 pg
protein). The presence of COX subunits in different COX forms as percentage is illustrated by tables inserted under the profiles. In gel activity staining of complex IV in control
(C) and LS“®X patient (P9) mitochondria solubilized using digitonin (4 g detergent/g protein) is depicted in part C of the figure. Active monomer of cIV in control mitochondria
and active cIV in supercomplexes (SC) in both control and LS patient mitochondria were detected after scanning of the gel through blue filter.

fibroblasts using a 44 k human cDNA Agilent microarray to find out,
whether the mutated SURF1 gene caused changes in the expression
of COX and other OXPHOS genes. Clearly, the downregulation of
COX content was not associated with a significant and consistent
change of transcripts for COX subunits, parallel to their low content
or accumulation as in case of Cox5a. This may not be surprising
when assuming that the low content of COX primarily results from
a lack of an assembly factor but not from a lack of COX subunits. On
the other hand, we did not find a transcriptional correlation with
the compensatory increase of three respiratory chain complexes, the
adaptive change that could result from a transcriptional activation
of structural genes or specific assembly factors or pro-mitochondrial
regulatory master genes such as PGCIA, NRF1 and TFAM. None of
those appeared to be the case.

The current view of the respiratory chain organization in the inner
mitochondrial membrane has undergone a major paradigm shift dur-
ing the last decade. The complexes are no longer considered as single
entities with electron transfer occurring through mobile carriers co-
enzyme Q (CoQ) and cytochrome c, but rather as organized into
respiratory supercomplexes, also known as respirasomes [38]. The
supercomplexes are composed of cl, clll, and cIV, and it has been re-
cently demonstrated that they even contain cytochrome ¢ and CoQ
and are therefore capable of transferring electrons all the way from
NADH to oxygen [38,39]. The absence of any of the three complexes
inevitably results in disappearance of the supercomplexes [39]. In
this regard, we were interested how would the selective decrease of
cIV in LS®X fibroblasts influence the supercomplex pattern. Indeed,
we observed pronounced changes in the association of COX into
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Fig. 4. Dodecyl maltoside-solubilized COX forms in LSC°X fibroblasts. Mitochondrial membrane proteins from fibroblasts were solubilized using 2 g detergent/g protein, indicated
protein aliquots were resolved by BN-PAGE (patient — P7, 30 pg protein, control — C, 10 pg protein). For Western blot detection antibodies to Cox1 and Cox4-1 were used. COX in
high molecular complexes (HMC), COX monomer (M) and assembly intermediate (Al) are marked in blots and distribution profiles (with re-counting signals representing patient
to 10 ug protein), inserts give their quantification in percents. An arrow marks free Cox4-1 subunits in LS°°* patient fibroblasts.

supercomplexes between patient and control cells. Surprisingly,
practically all of the fully assembled COX in LS“°* was found in the
[-11I,-1V; supercomplex. In controls, the COX was distributed among
the I-11I,-1V,_3 supercomplexes, but also a significant portion of the
enzyme remained in the form of monomer, dimer and smaller com-
plexes. In control cells, the formation of supercomplexes seemed to
be limited by the cI availability as its whole portion was associated
in supercomplexes. The unassociated portion of COX perhaps repre-
sents the excess enzyme capacity often reported for this complex
[40,41]. In LS®X cells, on the other hand, the limiting component
was COX, as evidenced by accumulation of the I-IIl, supercomplex
or even free clll,. Our results suggest that upon its assembly into
the holoenzyme, COX was preferentially associated with cI and cIII
to form supercomplexes, likely to the advantage of improved efficien-
cy of the electron transfer through substrate channeling [38]. We
could speculate whether the changes of COX distribution might lead
to functional alterations in respiratory chain. In our previous studies
concerning LS®X fibroblasts we reported unexpectedly high oxygen
consumption that was only about 30-50% decreased compared to
controls even though the COX content and activity reached only quar-
ter of control values [10,35]. At the time, we interpreted this finding
as an upregulated electron transport activity of incomplete COX as-
semblies. Looking at the pattern of COX-containing complexes as
revealed by the present study, an alternative explanation comes to
mind. If we assume that only the portion of COX associated in super-
complexes participates in electron transfer from substrates to oxygen,
then this would explain the higher oxygen consumption per unit of
COX in LS®X fibroblasts compared to controls.

Another issue emanating from our BN-PAGE experiments is the
relative underrepresentation of COX dimer and dimer-containing
supercomplexes in LS®°X cells. This is apparently in contrast to a fre-
quent opinion that dimer represents the active form of the complex
[42]. This popular view is mostly based on the fact, that COX has
been repeatedly crystallized in dimeric form [43]. Also, the isolated
COX dimer shows cooperative kinetics in the binding of cytochrome
c [44,45] suggesting a physiological role for the dimer. On the other
hand, the pattern of supercomplexes that are usually present in mul-
tiple forms differing in the number of copies of COX, or indeed the
predominance of the I-1Il,-1V; supercomplex in patient cells strongly
suggests that COX is acquired into supercomplexes in monomeric
form and is able to perform its enzymatic activity as such. Neverthe-
less, we also cannot rule out the possibility that COX assembled in

the absence of Surfl is unable to dimerize. Similarly, HEK293 cells
with subunit Cox5a knockdown presented with COX assembly defect
that also resulted in decreased level of COX dimeric structures [6].
Whether the dimer underrepresentation is a specific result of an in-
complete event during assembly or a mere consequence of generally
decreased COX cannot be resolved at the moment.

Owing to the relatively low protein size resolution of 1D BN-PAGE,
we employed 2D BN/BN-PAGE to precisely identify the COX complex
that was associated in the supercomplex. In fact, the detection on the
blots from one-dimensional gels using antibodies against subunits
Cox1, Cox4, and Cox5a could not rule out the possibility that just
the COX assembly intermediate is recruited into the supercomplexes.
Indeed, studies dealing with COX assembly suggested, that supercom-
plexes could contain, in addition to COX holoenzyme, also some COX
assembly subcomplexes [6,46]. Even more specifically, the study by
Lazarou et al. concerning the assembly of COX nuclear-encoded sub-
units clearly showed that unlike controls, SURF1 patient fibroblasts
are able to efficiently incorporate all tested subunits into the super-
complex, including the early-assembled subunit Cox4 [7]. However,
our experiments including activity staining in the 1D gel, and the sec-
ond native dimension in the presence of dodecyl maltoside which dis-
sociates the superassemblies revealed disintegration of the
supercomplex into full size cI, clll, and cIV, demonstrating that pre-
dominantly the fully assembled and active form of COX rather than
its assembly intermediates interact with other OXPHOS complexes.
Nevertheless, the finding by Lazarou et al. is very intriguing as it indi-
cates a possible mechanism for COX nuclear subunit recycling of the
full-size complex (within the respiratory supercomplex) specific for
cells lacking Surf1 protein. In this way, it could substitute the role of
a Surfl protein-containing complex involved in repair/maintenance
of COX as suggested by Reinhold et al. [47].

The precise identity of the major COX subcomplex accumulated in
LS€OX cells is clearly the most puzzling issue of the present study.
While it is generally agreed that cells harboring SURFI mutations ac-
cumulate the S2 COX assembly intermediate (composed of subunits
1, 4, and 5a) [17,48,49], several lines of evidence suggest that we
may be looking at a different complex. First of all, the size of the
detected subcomplex - 130 kDa - is much larger than the predicted
mass of S2 intermediate of 85 kDa. As the mass calculations from
BN-PAGE may be incorrect, we further examined the composition of
this subcomplex in the second dimension using SDS-PAGE and
found that it contained at least subunits Cox1, 2, 4, and 5a.


image of Fig.�4

1122 N. Kovdrovd et al. / Biochimica et Biophysica Acta 1822 (2012) 1114-1124

A Control
BN-PAGE (digitonin)
kDa S g 2 g
©w 3 (] -
[ 3
SC  HMC M Al
kDa W
s
)
‘ ......................................... sSC B
m
670 . =)
=
440 .........................
230
-
- .
140
Al
67
Cox1
B Control
BN-PAGE (digitonin) >
kDa 2 § B8 g
[{=] - o™ -
SC HMC M
kDa g
“ :
............................................ sc )
670 . )
i =
JF 53 N
230
SR . SSoccceccoeand M
b
140
67
Cox4-1

Patient 7
BN-PAGE (digitonin)
kDa .- 2 S
(=] 3 o~ -
] ) 4
SC HMC M Al
kDa . m
Z
>
@
. .............................. o AP .*.'sc E
670 ° 3]
=
440
230
................. B e
<
140
' _______ )
3 8 ? >
67 5
Cox1
Patient 7
BN-PAGE (digitonin) »
kDa 2 8§ B8 g
w0 =< o~ -
SC HMC M Al
kDa w
z
!
............................................ sc -
670 - 9
=
440

o {8 ..

140

67

Cox4-1

Fig. 5. Two-dimensional BN/BN-PAGE analysis of COX forms in LS“* fibroblasts. Digitonin-solubilized (4 g/g protein) mitochondrial proteins from control (40 ug protein) and pa-
tient 7 (60 pg protein) fibroblasts were resolved by BN-PAGE in the first dimension. In the second dimension 0.02% dodecyl maltoside (DDM) was used in cathode buffers. COX
supercomplexes (SC), dimer (D), monomer (M) and assembly intermediate (Al) were detected using Cox1 (A) and Cox4-1 (B) antibodies. Arrows mark the putative degradation

products of COX.

Importantly, relative quantification revealed that Cox1 was likely pre-
sent in excess over the other two subunits, perhaps by as much as one
order of magnitude. We assume that this finding can only be
explained by the presence of several comigrating complexes with ap-
proximate size close to 130 kDa. One of them might be a canonical
COX assembly intermediate consisting of subunits 1, 2, 4, and 5a in
stoichiometric amount. In addition, Cox1 would be associated in dif-
ferent types of complex(es) lacking any other COX subunit. These as-
semblies could represent not yet described complexes that could
function in maturation of the subunit, insertion of its prosthetic
groups, its posttranslational import into the inner membrane, or
even repair/maintenance of the complex. The precise assignment of
the identity/function of this intermediate would be greatly alleviated
if we knew the function of Surfl. The studies performed in bacteria
suggest that Surf1 serves as a heme-binding chaperone for heme as
insertion into the Cox1 subunit [50,51]. In the eukaryotic yeast
model, Surfl ortholog Shy1 is associated within a COX protein

assembly complex of ~450 kDa along with early-assembled subunits
and other assembly factors such as Coal, Coa3, Cox14, where it func-
tions as a factor coupling Cox1 translational regulation to assembly by
relieving the sequestered Cox1 translational activator Mss51
[46,52-54]. In addition, Shy1 is probably also involved in Cox1 matu-
ration-insertion of heme cofactors similar to bacteria [55,56]. Impor-
tantly, the multiple roles seem to be retained in the mammalian
(human) Surf1, as the protein was found to associate in three distinct
complexes in HEK293 cells [47]. The authors demonstrate that one of
these complexes, of an approximate size of 200 kDa, represents a
bona fide COX assembly intermediate as its formation is dependent
on mitochondrial translation. We can therefore hypothesize, that the ac-
cumulated COX subcomplexes in LS fibroblasts likely represent the en-
tity identical to the Surf1-containing complex identified by Reinhold et al.,
of course smaller by 30 kDa due to Sufl absence. The smaller portion of
the broad ~85-140 kDa band, with dominant Cox1 signal in relation to
other subunits, would represent associations involved in Cox1 maturation
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Fig. 6. Two-dimensional BN/SDS-PAGE analysis of COX forms in LS“°X fibroblasts. For 2D analysis digitonin-solubilized (4 g/g protein) mitochondrial proteins from control and pa-
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(C) were used. Cox subunits 1, 2, 4-1 and 5a were detected after Western blotting with specific antibodies. Signals of these subunits in COX supercomplexes (SC), dimer (D), mono-
mer (M), assembly intermediates (Als, S2, S3), Cox4-5a heterodimer (x), free Cox2 (v), free Cox5a (y) and free Cox4-1 (z) subunits are marked. Differences between separation/
migration of COX assembly intermediates after solubilization of membranes with digitonin (B) and DDM (D) in LS®°* patients are depicted in more detail.

or translation-assembly coupling. Possible interacting partners would re-
cruit from a group of proteins fulfilling roles similar to yeast proteins
Mss51, Coal, Coa2, Coa3, or Cox14. Although mammalian orthologs of
these were not identified, phylogenetically unrelated proteins may have
taken up the vacant niche, such as the recently identified factor
C120rf62 that links Cox1 translation and assembly [57]. The larger portion
of the accumulated subcomplex, on the other hand, would represent COX
assembly intermediate identified as S2, likely stalled in the phase of Cox2
association with the Cox1-Cox4-Cox5a complex, as all of these subunits
were found comigrating in this region. Further understanding could be
achieved by mass-spectroscopic analysis of the accumulated subcom-
plexes, and pulse-chase labeling experiments should indicate the position
of these intermediates within the time frame of COX assembly.
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Mitochondrial protein SURF1 is a specific assembly factor of cytochrome c oxidase (COX), but its function is poorly
understood. SURFI gene mutations cause a severe COX deficiency manifesting as the Leigh syndrome in humans,
whereas in mice SURF1~/~ knockout leads only to a mild COX defect. We used SURF1~/~ mouse model for
detailed analysis of disturbed COX assembly and COX ability to incorporate into respiratory supercomplexes
(SCs) in different tissues and fibroblasts. Furthermore, we compared fibroblasts from SURFI~/~ mouse and
SURF1 patients to reveal interspecies differences in kinetics of COX biogenesis using 2D electrophoresis,

immunodetection, arrest of mitochondrial proteosynthesis and pulse-chase metabolic labeling.
The crucial differences observed are an accumulation of abundant COX1 assembly intermediates, low content of
COX monomer and preferential recruitment of COX into I-1II,-IV,, SCs in SURF1 patient fibroblasts, whereas
SURF1~/~ mouse fibroblasts were characterized by low content of COX1 assembly intermediates and milder
decrease in COX monomer, which appeared more stable. This pattern was even less pronounced in SURF1~/~
mouse liver and brain. Both the control and SURF1~/~ mice revealed only negligible formation of the I-Ill,-IV,,
SCs and marked tissue differences in the contents of COX dimer and Ill,-IV SCs, also less noticeable in liver and
brain than in heart and muscle. Our studies support the view that COX assembly is much more dependent on
SURF1 in humans than in mice. We also demonstrate markedly lower ability of mouse COX to form I-11l,-IV,

supercomplexes, pointing to tissue-specific and species-specific differences in COX biogenesis.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the “plasticity model” of the RC organization, SCs differ in various tissues
and cell types and their composition could be regulated according to

Mammalian oxidative phosphorylation system (OXPHOS) consists
of five multisubunit protein complexes and two mobile electron carriers
— ubiquinone and cytochrome c. Electron transporting complexes -1V
(cI-cIV) form the respiratory chain (RC), where transfer of electrons
from reducing equivalents to molecular oxygen leads to proton pumping
across the inner mitochondrial membrane (IMM), resulting in mitochon-
drial proton gradient formation. ATP synthase, complex V (cV), then uses
electrochemical potential of the proton gradient as a driving force for
ATP synthesis. Organization of RC complexes in the IMM appears to be
rather dynamic and individual RC complexes coexists with respiratory
supercomplexes (SCs) composed of cl, clll and cIV [2]. As proposed by

Abbreviations: COX, Cytochrome ¢ oxidase; OXPHOS, oxidative phosphorylation
system; IMM, inner mitochondrial membrane; RC, respiratory chain; cI-cV, RC complexes
I-V; CL, cardiolipin; SCs, respiratory supercomplexes; LS, Leigh syndrome; mtDNA,
mitochondrial DNA; DOX, doxycycline.

* Corresponding author.
E-mail address: houstek@biomed.cas.cz (]J. Housték).
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actual energetics demands and substrate availabilities [1].

Complex IV - cytochrome c oxidase (COX, cIV), the terminal enzyme
of the RC transfers electrons from reduced cytochrome c to oxygen
molecule embedded in its structure. In mammals, COX can be detected
as a monomer, dimer or as a part of several SCs. COX is formed by 14
different subunits. Three largest subunits COX1, COX2 and COX3 are
coded for by mitochondrial DNA (mtDNA) and represent the catalytic
core of the enzyme. Ten subunits (COX4, COX5a, COX5b, COX6c,
COX7b, COX7c, COX8, COX7a, COX6b, COX6a) encoded by nuclear
genes are involved in COX regulation, assembly, stability and dimeriza-
tion [20,26,58]. Recently, the NDUFA4, formerly described as complex I
subunit was recognized as the 14" nuclear encoded subunit of COX [6].
NDUFAA4 is loosely attached to the assembled COX complex and appears
to be essential for enzyme biogenesis [48]. COX molecules also contain
several metal cofactors in two copper sites (Cu,, Cug) and two heme moi-
eties (heme a and a3). Mammalian COX assembly pathway proceeds via
four/five step-by-step assembly intermediates S1-S2-S3-S4*-S4, where
S4 represents a fully assembled COX monomer [20]. COX biosynthesis

0925-4439/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and assembly of individual subunits is a highly regulated process,
depending on many ancillary/assembly proteins. They are essential
for different steps of COX biogenesis, from regulation of expression of
catalytic core subunits (LRPPRC, TACO1, hCOA3, COX14) [15,64,65,68],
through copper metabolism and insertion (COX17, SCO1, SCO2, COX11,
COX19,COA6,C0X20)[10,22,31-34,43], heme a biosynthesis and inser-
tion (COX10, COX15, FDX2) [3,4,51], to membrane insertion and pro-
cessing of catalytic core subunits (OXA1l, COX18) [60]. A few other
COX assembly proteins have been identified; they participate in early
(SURF1, COA5) [24,60] or intermediate stages (PET100) [36] of COX
biogenesis, but their precise function is as of yet unknown.

SURF1 is a 30 kDa hydrophobic protein localized in the IMM,
encoded by a SURFI nuclear gene, which is part of a highly conserved
housekeeping gene cluster, the surfeit locus [19,60,62,69]. Up to now,
SURF1 is supposed to be involved in a formation of S2 assembly interme-
diate, most likely in association of COX2 subunit with COX1-COX4-
COX5a subassembly [59,66]. However, its function might be more
redundant, because studies on yeast homolog Shy1 indicate, that Shy1/
SURF1 might play a role in heme a transfer/insertion into COX1 subunit
[7,57]. Tissue-dependent copper deficiency was found in patients
harboring SURF1 gene mutations, which points to a possible function
of SURF1 in maintaining of proper cellular copper homeostasis [58].
Moreover, a recently identified MITRAC12 protein [38] was found to in-
teract with SURF1 and COX1 in a mitochondrial translation regulation
assembly intermediate of COX1, which further extends possible roles
of the SURF1 in COX biogenesis.

Mutations in the human SURF1 gene result in a severe reduction of
fully assembled, active COX and accumulation of COX assembly inter-
mediates in patients’ cells and tissues. SURF1 mutations manifest usually
several months after birth as a fatal neurodegenerative mitochondrial
disorder, Leigh syndrome (LS) [52,70]. In recent studies 74 known
SURF1 gene mutations have been summarized and linked to LS and
atypical LS [35], but without genotype-phenotype correlation [5,12,46,
47,61,63]. To better understand SURF1 function, SURF1 knockout
mouse (SURF1~/~ mouse) model was generated [18]. SURFI1 ™/~ mice
were smaller at birth, had mild reduction in motor skills at adult age
and COX activity was found to be mildly reduced in all tissues examined.
Interestingly, SURF1~/~ mice showed prolonged lifespan compared to
wild-type littermates that was later assigned to enhanced insulin sensi-
tivity and increased mitochondrial biogenesis [17,49]. Animals were
also protected from neuronal damage induced by kainic acid accompa-
nied by reduced mitochondrial uptake of calcium ions [18]. In addition,
recent study revealed that loss of SURF1 initiates mitochondrial stress
response pathways, including mitochondrial biogenesis, the UPRMT and
Nrf2 activation [49].

In the present study, we used the SURFI~/~ mouse model for
detailed analysis of disturbed COX assembly and COX ability to incorpo-
rate into respiratory SCs in different tissues and fibroblasts. Further-
more, we examined SURF1~/~ mouse fibroblasts in comparison with
human fibroblasts of patients with SURF1 mutations to reveal interspe-
cies differences in kinetics of COX biogenesis pathway, from assembly
intermediates to SCs. We show an accumulation of abundant COX1 as-
sembly intermediates and preferential recruitment of COX into I-Ill,-
IV, SCs in SURFI patient fibroblasts, whereas SURF1~/~ mouse fibro-
blasts were characterized by much milder decrease in COX monomer,
which was also more stable. Interestingly, murine COX, both in the
wild type and in SURF1 knockout showed only limited preference to-
wards the formation of SCs.

2. Material and methods
2.1. Experimental material
For experiments different tissues were obtained from 3-month-old

SURF1~/~ knockout B6D2F1 mice [18], generated by the insertion of
a loxP sequence in exon 7 of the mouse SURF1 gene, leading to an

aberrant, prematurely truncated and highly unstable protein, and
from control wild type SURF1™/* mice. Immortalized skin fibroblasts
from control and SURF1~/~ mouse [18] were cultured at 37 °C in 5% at-
mosphere of CO, in a DMEM medium supplemented by 10% fetal bovine
serum, 20 mM HEPES (pH 7.5) and geneticin (50 pig/ml). The same con-
ditions were used for cultivation of human patients' skin fibroblasts
lacking the SURF1 protein due to 845 del CT mutations of SURF1 gene
[44] and from controls, except that geneticin was replaced with penicil-
lin (10 pg/ml) and streptomycin (10 pg/ml). The project was approved
by the ethics committees of Institute of Physiology, CAS. Informed
consent was obtained from the parents of the patients according to
the Declaration of Helsinki of the World Medical Association.

2.2. Isolation of mitochondria

Muscle (hind leg) was minced in a K medium (150 mM KCl, 2 mM
EDTA, 50 mM Tris, pH 7.4) supplemented with protease inhibitor
cocktail (1:500, PIC from Sigma) and homogenized by ultra turrax IKA
(2x for 15 s,1level 4) and glass-teflon homogenizer (600 rpm, 5 strokes).
5% (w/v) homogenate was centrifuged 10 min at 600 g and postnuclear
supernatant was centrifuged 10 min at 10,000 g. Pelleted mitochondria
were washed once (10,000 g, 10 min) and resuspended in K medium.

Liver mitochondria were isolated from 10% homogenate prepared in
STE medium (250 mM sucrose, 10 mM Tris, 2 mM EDTA, pH 7.2) supple-
mented with PIC (1:500) using glass-teflon homogenizer (600 rpm, 7
strokes). Postnuclear (800 g, 10 min) supernatant filtered through a
gauze was centrifuged for 15 min at 5200 g, pelleted mitochondria
were washed twice (13,000 g, 10 min) in STE with PIC and then resus-
pended in STE medium.

Heart mitochondria were isolated essentially as liver mitochon-
dria, except that postnuclear supernatant was centrifuged for 10 min
at 13,000 g.

Fibroblast mitochondria were isolated according to Bentlage et al. [9]
with slight modifications. Cells harvested using 0.05% trypsin and 0.02%
EDTA were sedimented (600 g, 5 min) and washed twice in phosphate-
buffered saline (PBS — 140 mM NaCl, 5 mM KCl, 8 mM Na,HPO,, 1.5 mM
KH,PO,4, pH 7.2). Weighed cell pellet was suspended in ten times (w/v)
the amount of 10 mM Tris-buffer with PIC (1:500) and homogenized by
teflon-glass homogenizer (8 strokes, 600 rpm). Immediately afterwards
1/5 volume of 1.5 M sucrose was added. Homogenate was centrifuged at
600 g, 10 min and mitochondria containing supernatant was kept on ice.
Pellet was suspended in original volume of SEKTP (250 mM sucrose,
40 mM KCl, 20 mM Tris, 2 mM EGTA, pH 7.6, PIC 1:500), rehomogenized
(5 strokes, 800 rpm) and centrifuged at 600 g, 10 min. The supernatants
were pooled and centrifuged 10,000 g, 10 min. Sedimented mitochon-
dria were washed with SEKTP (10,000 g, 10 min) and suspended in
SEKTP.

All isolations were performed at 4 °C and mitochondria were stored
at — 80 °C. Protein concentration was measured according to [11].

2.3. Protein analysis by Blue Native PAGE (BNE) and BNE/SDS PAGE

Mitochondrial pellets were suspended in MB2 buffer (1.5 M ¢-
aminocapronic acid, 150 mM Bis-tris, 0.5 mM EDTA, pH 7.0), solubilized
with digitonin (8 g/g protein) for 15 min on ice and centrifuged for
20 min at 20,000 g, 4 °C. Samples for BNE were prepared from superna-
tants by adding 1/20 volume of 5% SBG dye (Serva Blue G 250) in
750 mM g-aminocapronic acid and 1/10 volume of 50% (v/v) glycerol.

Frozen cell pellets were resuspended in sucrose buffer (83 mM
sucrose, 6.6 mM imidazole/HCI, PIC 1:500, pH 7.0) [67] and sonicated
for 10 s to obtain 10% (w/v) suspension. Cell membranes were
sedimented for 30 min at 100,000 g, 4 °C, solubilized with digitonin
(4 g/g protein) in an imidazole buffer (2 mM g-aminocapronic acid,
1 mM EDTA, 50 mM Nacl, 50 mM imidazole, pH 7.0) for 10 min and cen-
trifuged at 30,000 g, 20 min at 4 °C [67]. For BNE analysis supernatants
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were mixed with 1/10 volume of 50% (v/v) glycerol and with 5% SBG
dye in 750 mM g-aminocapronic acid at a dye/digitonin ratio 1:8 (w/w).

Solubilized mitochondria were analyzed by Bis-tris BNE [56] on 5-
12% polyacrylamide gradient gels, cell membranes were analyzed by
imidazole BNE [67] on 5-16% polyacrylamide gradient gels using the
Mini-Protean apparatus (BioRad).

For two-dimensional separation by BNE/SDS PAGE, the stripes
of BNE gel were incubated in 1% SDS and 1% 2-mercaptoethanol for
1 h and then subjected to SDS PAGE on a 10% slab gel [55].

2.4. Western blot analysis

Proteins were transferred from the gels to PVDF membranes
(Immobilon-P, Millipore) using semidry electroblotting. The mem-
branes were blocked with 5% (w/v) non-fat dried milk in TBS (150 mM
NaCl, 10 mM Tris, pH 7.5) for 1 h and incubated 2 h or overnight at
4 °C with primary antibodies diluted in TBS with 0.1% Tween-20. Mono-
clonal primary antibodies to the following enzymes of OXPHOS were
used: SDHA (ab14715, Abcam), CORE1 (ab110252, Abcam), NDUFB6
(ab110244, Abcam), NDUFS3 (ab110246, Abcam), COX1 (ab14705,
Abcam). The detection of the signals was performed with the secondary
Alexa Fluor 680-labeled antibody (Life Technologies) using the Odyssey
fluorescence scanner (LI-COR). Quantification of detected signals from
BNE/SDS PAGE was carried out in Aida Image Analyzer program, version
3.21.

2.5. Spectrophotometric assays

COX, clI (succinate:cytochrome c oxidoreductase (SCCR)) and citrate
synthase (CS) activities were measured as previously [44], cl
(NADH:cytochrome c oxidoreductase (NCCR)) activity was measured
asin [50].

2.6. Doxycycline treatment of the cells

Experiment was performed as described in [41]. Briefly, fibroblasts
(grown to 70% confluence in DMEM medium) were treated with
15 pg/ml doxycycline (DOX) for 7 days and then washed 3 times with
PBS to withdraw DOX. Subsequently, the cells were collected at differ-
ent time points (0, 6, 16, 24, 48, 72 and 96 h) after DOX removal.
Weighed pellets of cells were stored at — 80 °C for analysis of solubilized
cell membranes by 2D BNE/SDS-PAGE. Two independent experiments
of DOX inhibition in human and mouse fibroblasts were performed.
COX1 antibody signals from 2D Western blots were quantified using
Aida Image Analyzer v. 3.21 (Raytest). The relative distribution of signal
between individual COX forms (assembly intermediates, monomer,
dimer, supercomplexes) was determined from 2D blots. The total
COX1 signal for each given time point was calculated from 1D SDS
PAGE (see Fig. 4 E-H in the Data in Brief appendix) and normalized to
SDHA signal. COX1 signal was then divided by the relative quantities ob-
tained in the first step. The resulting datasets from each experiment

Table 1
Changes in COX and CS activities in SURF1~/~ mouse.

were resampled to [0, 100] interval and averaged values from two ex-
periments plotted as comparative 2D maps.

2.7. Metabolic pulse-chase labeling of mtDNA encoded proteins

Proteins encoded by mtDNA were labeled using >°S-Protein Labeling
Mix (Met + Cys; Perkin Elmer NEG072) by procedure described in [37].
Briefly, cells were incubated for 16 h with chloramphenicol (40 pg/ml),
washed twice in PBS, and after 15 min incubation in DMEM medium
without methionine and cysteine (DMEM-Met-Cys) and 15 min incuba-
tion in DMEM-Met-Cys with cycloheximide (CHX; 0.1 mg/ml), 3°S-
Protein Labeling Mix (350 uCi/150 mm dish) was added. Cells were incu-
bated for 2 h, then 250 puM cold Met and Cys was added and after 15 min
cells were washed with PBS + 250 uM cold Met and Cys and finally with
PBS. Cells were grown in standard DMEM medium supplemented with
5% (v/v) fetal bovine serum and harvested at different times (0.5 h, 6 h,
16 h, 24 h). Pellets of labeled cells were mixed with the same w/w of un-
labeled cells, cell membranes were isolated, solubilized with digitonin
and analyzed by 2D BNE/SDS PAGE. Gels were stained in a Coomassie R
250 dye, dried and radioactivity was detected using Pharos FX™ Plus
Molecular Imager (Bio-Rad). COX1 radioactive signals from 2D gels
(Fig. 4 A, B, C, D) were quantified using Aida Image Analyzer v. 3.21
and relative quantities of individual COX forms (assembly intermediates,
monomer, supercomplexes) were used to divide the respective COX1
signal for given chase-time from 1D SDS PAGE, normalized to overall
radioactive signal in each time point. The resulting datasets from each
experiment were resampled to [0, 100] interval and plotted as compara-
tive 2D maps.

3. Results
3.1. Decreased COX activities in SURF1 '~ mouse tissues and fibroblasts

Analysis of RC activities in isolated mitochondria from SURF1~/~
mouse tissues and in fibroblasts whole cell lysates showed that COX
activities related to activity of citrate synthase (CS) were decreased to
37-62% of control (heart 55%, liver 37%, brain 50%, muscle 48%, fibro-
blasts 62%) (Table 1), as previously described in [18]. Activities of
other RC enzymes were not significantly changed in SURF1~/~ mouse
tissues/fibroblasts (not shown). The activity of CS was increased
(22.7%) in SURF1~/~ liver mitochondria but not in other tissues. This
may suggest some compensatory upregulation of mitochondrial
biogenesis, as observed previously in heart and skeletal muscle [49],
or in SURF1 patient cells [28]. In general, the COX defect in SURF1~/~
mouse tissues and fibroblasts is less pronounced than in SURF1 patients'
fibroblasts and tissues, where COX activity was decreased to 10-30% of
control values [44,59]. These results are in agreement with differences
in phenotype severity between SURF1~/~ mice and SURF1 patients:
while patients suffer from fatal Leigh syndrome, SURFI '~ mice show
increased lifespan without considerable mitochondrial dysfunction
[18,49].

SURF1+/* SURF1~/~ SURF1~/~/SURF1*/*

cox cs COX/CS (€0)'¢ cs COX/CS cox COX/CS
Heart 3385.9 + 120.8 2047.9 + 136.7 1.7 2228.5 + 190.7 2433.7 + 218.2 0.9 65.8" 554"
Muscle 2486.7 + 39.5 451.5 + 50.2 55 1110.7 + 121.3 420.5 +27.8 26 4477 479"
Liver 1495.2 + 63.4 253.7 £ 11.5" 5.9 675.9 & 23.0 3113 & 142 22 452" 36.8™
Brain 1527.2 +£ 97.1 627.9 + 28.2 24 744.5 +17.7 609.9 + 24.1 1.2 487" 50.2""
Fibroblasts 459.3 + 33.6 333.7 + 153 14 2483 + 493 2803 + 284 0.9 54.1% 62.3"

COX and CS enzyme activities (nmol/min/mg protein) were measured spectrophotometrically in SURF1*/+ and SURFI~/~ mouse tissues and fibroblasts, ratio between SURF1~/~ and

SURF1*/* values was expressed in %. The values are mean + S.E. (n = 5-7).
* p<0.05.
** p<0.01.
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3.2. Decreased content of assembled COX complexes and accumulation of
COX assembly intermediates in SURF1 '~ mouse tissues and fibroblasts

We performed 2D BNE/SDS PAGE analysis in combination with
Western blot to detect and quantify various COX forms from assembly
intermediates to supercomplexes in examined SURF1™/* and
SURF1~/~ mouse tissues and fibroblasts (Figs. 1, 2; Fig. 3 in the Data
in Brief appendix). Generally, decreased COX activities in various
SURF1~/~ mouse tissues and fibroblasts corresponded to decreased
total COX content on Western blots. The amount of fully assembled
forms of COX (monomer, dimer and COX-containing SCs) was down-
regulated in SURF1~/~ mouse. In heart, liver and brain (Fig. 1 A, C, D;
Fig. 3 in the Data in Brief appendix) it was in good agreement with mea-
sured COX activity (heart 53%, liver 39%, brain 64%), whereas in muscle
it was somewhat higher (82%) and in fibroblasts lower (30%) (Fig. 1 B,
E), than expected from activity measurements, possibly due to semi-
quantitative character of WB immunodetection (antibody reactivity in
different tissues, large differences in amounts of different COX forms).

Relative distribution of individual COX forms varied considerably
between the studied control mouse tissues. Monomer represented the
dominant form in all tissues, with relative amount ranging from 50%
in heart to as much as 85-95% of total COX in brain and liver. Significant
content of COX dimers (18-27%) and Ill,-IV SC (13-15%) was detected
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in heart and muscle (Fig. 1 A, B; Fig. 2 A, B; Fig. 3 in the Data in Brief ap-
pendix), whereas in liver and brain we found only negligible amount of
these COX forms (Fig. 1 C, D; Fig. 2 C, D; Fig. 3 in the Data in Brief appen-
dix). Weak signals of COX were also detected above 1 MDa. These SCs
were larger than I-Ill; SC (detected by strong cI and cllII signals) and
therefore presumably represent the I-1ll,-IV,, SCs.

In SURF1~/~ mouse tissues, the amount of assembled COX forms
was lower compared to SURF1™/*, but the COX monomer was still the
dominant form. COX dimer still represented 10-20% of total COX in
heart and muscle but it almost disappeared in liver and brain (Fig. 1
A-D; Fig. 2 A-D; Fig. 3 in the Data in Brief appendix). IlI,-IV SC was pre-
served in small amount in all tissues, and weak COX signals of higher I-
II,-1V,, SCs were detected only in heart and muscle. In contrast to con-
trols, we detected increased content of COX1 assembly intermediates
(AI) in muscle and heart, representing approximately 10% of total COX
signal. In liver and brain, the accumulation of Al was negligible (Fig. 1
A-D; Fig. 2 A-D).

In SURF1™/* mouse fibroblasts, the COX monomer represented
more than 90% of total COX signal, the remainder being comprised of
small contribution of COX dimer, Ill,-IV and I-III,-1V, SCs (Fig. 1 E;
Fig. 3 in the Data in Brief appendix). In SURF1~/~ mouse fibroblasts,
the COX defect was more accentuated than in other mouse tissues —
we detected reduced signal of COX monomer, negligible content of I-
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Fig. 1. Two-dimensional electrophoretic analysis of different COX forms present in SURF1~/~ mouse tissues and fibroblasts and SURF1 patient fibroblasts. Respiratory complexes and
supercomplexes were solubilized using 8 g digitonin/g protein of isolated mitochondria, separated by BNE in the first dimension and SDS PAGE in the second dimension and detected
by Western blots using specific antibodies to COX1 (cIV), CORE1 (cllI), NDUFB6 (cI) and NDUFS3 (cl). For analysis, heart (A), muscle (B), liver (C), brain (D) and fibroblast (E) of
SURF1*/* and SURF1~/~ mice as well as fibroblasts (F) of human control and SURFI patient were used. COX1 assembly intermediates (COX1 Al), COX monomer (M), COX dimer (D),
MI,-1V SC (1l-1V), I-11I; SC (I-11Iy), I-1I,-1V,, SCs (I-111,-1V,,), complex III dimer (clIl,), complex I (cI).
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Fig. 2. Distribution profiles of the COX1 signal in different COX forms resolved by BNE/SDS PAGE analysis. COX1 signals from two-dimensional electrophoretic analysis in Fig. 1 were
expressed as quantitative distribution profiles. SURF1/* and SURF1~/~ mice heart (A), muscle (B), liver (C), brain (D) and fibroblasts (E) and human control and SURF1 patient
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I,-1V,, SCs and markedly accumulated COX assembly intermediates,
which represented 30% of total COX signal (Fig. 1 E; Fig. 3 in the Data
in Brief appendix).

Other RC complexes (cl and clIl) were not affected by the COX defect
in SURF1~/~ mouse tissues and fibroblasts. As expected, the content of
COX-containing IlI,-IV SC was reduced (Fig. 1 A-E; Figs. 1, 2 in the
Data in Brief appendix).

3.3. SURF1 patient fibroblasts preserve large I-Ill,-1V,, supercomplexes

Given the marked differences in COX activities between SURF1
patient and SURF1~/~ mouse fibroblasts and respective controls, we
also performed 2D BNE/SDS PAGE analysis on human control and
SURF1 patient fibroblasts to obtain interspecies comparison of the COX
assembly defect consequences. In human control fibroblasts, COX was
mainly found as a monomer and I-III,-1V,, SCs (Fig. 1 F). There was
also higher amount of COX dimer and Ill,-IV SC in comparison to
SURF1+/* mouse fibroblasts (Fig. 1E, F; Fig. 3 in the Data in Brief appen-
dix). In SURF1 patient fibroblasts, two dominant COX forms were detect-
ed: the majority of fully assembled COX was detected in the I-III,-1V,,
SCs and as the large amount of COX1 assembly intermediates. In con-
trast the signal of COX monomer represented less than 10% of total
COX, a pattern significantly different to SURF1~/~ mouse fibroblasts
(Fig. 1 E, F; Fig. 3 in the Data in Brief appendix). Taken together, we
show that the COX defect due to lack of SURF1 caused by SURF1 gene
mutations/knockout exerts both tissue and species specificity.

3.4. COX supercomplexes assembly kinetics

Our present experiments indicate significant differences in COX as-
sociation into IlI,-IV and I-Ill,-IV,, SCs between human and mouse,
which can be observed both in control and SURF1-deficient fibroblasts.
To explore the dynamics of COX incorporation into supercomplexes, we
transiently treated cells with doxycycline (DOX), a reversible inhibitor
of mitochondrial translation, to deplete the cells of mtDNA encoded

OXPHOS subunits [41]. Human and mouse control and SURF1-
deficient fibroblasts were cultured for 7 days in the presence of DOX
and, after DOX removal, cells were collected at different time points
(t0, t6, t16, t24, t48, t72, t96 h) to follow the assembly of newly synthe-
sized mitochondrial-encoded subunits into RC complexes and subse-
quently into associated supercomplexes.

First we checked the amount of remaining COX in cell homogenates
after DOX treatment. Using SDS PAGE and Western blot analysis (Fig. 4
in the Data in Brief appendix), we clearly showed lower levels of COX1
subunit in comparison with controls (DOX untreated cells) in all cell
lines studied. COX1 antibody signals normalized to signals of SDHA
were decreased to 30% and 34% in control and SURF1 patient fibroblasts,
and to 20% and 23% in SURF1*/* and SURF1~/~ mouse fibroblasts, re-
spectively. DOX treatment caused also slight decrease of clll and cV
levels, yet the greatest decrease was, unsurprisingly, observed in the
content of cl, with its 7 mitochondrially encoded subunits.

Isolated membranes from fibroblasts were subsequently solubilized
with digitonin (4 g/g protein) and analyzed by 2D BNE/SDS PAGE in
combination with Western blot. In both human fibroblast lines, anti-
body detection of COX1 subunit signals revealed decrease in all COX
forms at time point tO (Fig. 3 A, B, E, F). Apparently, human cells pre-
served the reported stoichiometric distribution of COX (COX1) among
COX assembly intermediates (Al), COX monomer, dimer and COX SCs
(Ill,-1v, I-1lI,-VI,,) throughout the doxycycline treatment. The balance
between COX Al and monomer was also maintained during the time
course after DOX withdrawal. Specifically, in human control cells
(Fig. 3 A, E), the longer the cells were cultured after DOX removal, the
more COX monomer and SCs were synthesized and at time point
t96 h COX1 signal reached the original steady state (DOX untreated
cells). At all time points, the monomer was still the prevalent COX
form. In SURF1 patients' fibroblasts (Fig. 3 B, F) at tO (after DOX remov-
al), COX monomer was the main COX assembled form as its level
decreased less than the content of COX associated into I-III,-1V,, SCs.
At t0 and all successive time points, signals of COX1 assembly interme-
diates represented the dominant form of COX and COX monomer
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Fig. 3. Analysis of COX assembly in SURF1-deficient mouse and human fibroblasts following the release of doxycycline-arrested mitochondrial protein translation. BNE/SDS PAGE
representative Western blot analysis using antibody to COX1 subunit performed in doxycycline treated (A) human control and (B) SURFI patient fibroblasts and (C) SURF1*/* and
(D) SURF1~/~ mouse fibroblasts. For BNE analysis, cell membranes were isolated and solubilized by digitonin (4 g dig/g protein). COX1 assembly intermediates (Al), COX monomer
(M), COX supercomplexes (SC) are marked. Control cells without DOX (C_pox), times t0-t96 represent time points in hours after DOX removal, when the cells were harvested. Two
independent DOX experiments for each cell line were performed to generate 2D maps showing distribution of COX1 forms along the DOX experiments at time points t0-t96 h (0 h-
96 h) in (E) human control and (F) SURF1 patient fibroblasts and (G) SURF1™/* and (H) SURF1~/~ mouse fibroblasts. Relative quantities of individual COX forms (assembly
intermediates, monomer, dimer, supercomplexes) were used to divide the respective COX1 signal for given time point from 1D SDS PAGE (see Fig. 4 E-H in the Data in Brief
appendix), normalized to SDHA signal. The resulting datasets from each experiment representing individual COX forms in human and mice cells were rescaled (minimum = 0,
maximum = 100) and averaged to plot in comparative 2D maps. COX assembly intermediates (Al), COX monomer (M), COX supercomplexes (SC).

further decreased. Compared to control cells, COX1 signal in SURF1
patient did not reach the steady state levels observed in cells without
DOX treatment even at t96 h.

The shift in balance between COX monomer and Al towards the Al
was also clearly observable in SURF1~/~ mouse fibroblasts and was
maintained throughout the time course as in SURF1 patients' cells.
However, in other aspects, mouse and human models differed. First,
the incorporation of newly synthesized COX subunits into higher SCs
was delayed in mouse fibroblasts and only started to appear at t16-
24 h (Fig. 3 C, D, G, H). Also, the COX SCs represented only minor portion
of COX, which was just barely detectable by COX1 antibody in mouse
cells without DOX treatment both on SURF1*/* and SURF1~/~ back-
ground. The COX monomer was the dominant COX form in all mouse
cells; it increased significantly in SURF1™/™ cells from t0 to t96 h, while
in SURF1~/~ cells Al represented up to 50% of COX1 signal, gradually
accumulating at the respective time points.

The interspecies differences between mouse and human fibroblasts
are clearly visualized in 2D maps of COX distribution into individual
forms (Fig. 3 E-H). In human fibroblasts (Fig. 3 E, F), COX incorporation
into SCs was much more prevalent than in mouse cells (Fig. 3 G, H), con-
trol human cells maintained stable proportion between COX monomer
and SCs, whereas SURF1 patient cells preferentially incorporated the as-
sembled COX into SCs rather than into COX monomer. In SURF1/* and

SURF1~/~ mouse cells (Fig. 3 G, H), COX SCs amount was negligible
when compared to COX monomer. DOX experiment thus clearly
showed COX assembly defect due to SURF1 gene mutation/knock out.
SURF1 patients' cells accumulated more COX assembly intermediates
and most of assembled COX incorporated into SCs, whereas SURF1 '~
mouse cells accumulated less COX Al and were characterized by more
stable COX monomer compared to SURFI patient.

3.5. Pulse-chase labeling of mitochondrially encoded COX subunits

As a follow up on the doxycycline experiments aimed at comparison
of control and SURF1 defective human and mouse fibroblasts, we ana-
lyzed the assembly kinetics of COX directly by pulse-chase >°S labeling
of mitochondrial translation products. Fibroblast cell lines pretreated
with chloramphenicol (16 h/overnight) were washed and pulsed with
35S labeled Met-Cys in the presence of cycloheximide (CHX). Cells
were then chased with cold Met-Cys without CHX at time points 0.5 h,
6 h, 16 h, 24 h to follow the time course of newly synthesized COX1,
COX2, and COX3 subunits incorporation into assembly intermediates,
monomer and SCs of COX. Isolated cell membranes were analyzed by
2D BNE/SDS PAGE after solubilization with digitonin (4 g/g protein).

In control human fibroblasts we observed the major portion of COX1
incorporated in assembly intermediates, whereas a small part was
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already present in the COX monomer and I-III,-1V,, SCs at chase time
0.5 h (Fig. 4 A; Fig. 5 A). COX2 and COX3 subunits followed the same
pattern but the migration distance and thus the identity of their respec-
tive assembly intermediates differed from COX1 (Fig. 4 A). At chase time
16 h, COX Al signal considerably decreased, accompanied by the
increase of remaining forms, i.e. COX monomer, COX dimer and COX
SCs. This pattern was consistent for signals from all three mtDNA
encoded COX subunits. At the 24 h chase, COX monomer became the
dominant form, and the COX1 assembly intermediates almost disap-
peared. In the case of SURF1 patient cells (Fig. 4 B; Fig. 5 B), COX1 assem-
bly intermediates clearly dominated at chase 0.5 h. Small portion of COX
monomer and SCs were also present, but they are only distinguishable
from the signals of COX2 and COX3 subunits (Fig. 4 B). At chase 16 h,
COX1 assembly intermediates still represented the dominant COX
form, with small portion of COX1 shifting to the monomer as well as
into COX SCs. At the end of the chase periods at t24 h, the signals of
COX subunits weakened in patient cells, but the amount of COX1 assem-
bly intermediates still prevailed over the fully assembled COX forms.
When we analyzed the COX assembly kinetics in SURFI/™ mouse
fibroblasts (Fig. 4 C; Fig. 5 C), we observed high amount of COX1 assem-
bly intermediates, but also considerable signal of fully assembled new
COX monomer and beginning of SCs formation at chase time 0.5 h. At
longer chase periods COX1 assembly intermediates almost disappeared.
We were able to detect COX monomer together with COX dimer, and
COX-containing SCs, similar to the observation in DOX experiment
using COX1 antibody from time point t24 h onwards. In SURF1~/~
mouse fibroblasts at time points 0.5 h and 6 h, the formation of COX1

Al was prevailing over the signal of monomer (Fig. 4 D; Fig. 5 D), similar
to human SURF1 patient cells. However, at later time points COX1 as-
sembly intermediates rapidly disappeared, whereas newly synthesized
COX monomer appeared stable, and only its content was clearly de-
creased when compared to SURF1*/* mouse cells. As in SURF1+/*
mouse cells, large I-1Il,-IV,, SCs were clearly detected.

In both SURF1~/~ and SURF1 patient fibroblasts the amount of newly
synthesized COX1 subunit during the pulse (t0.5 h) reaches approxi-
mately 70-80% of respective control levels. While an increase in COX1
translation could result in the apparent increase in the amount of COX
monomer in SURF1~/~ cells, this does not seem to be the case in our
model.

Taken together, also when followed by pulse-chase, the COX assem-
bly kinetics in mouse SURF1*/* and SURF1~/~ fibroblasts showed sig-
nificant differences from the respective human cells, particularly
regarding COX assembly intermediates depletion/accumulation and
stability of COX monomer. As can be seen from 2D maps in Fig. 5 A-D,
control human cells became depleted of COX Al at later time point
(chase t24 h) than SURF1™/" mouse cells (chase t16 h), which indicates
possible slower COX1 biogenesis in humans. Also, SURFI1~/~ mouse
fibroblasts coped better with SURF1 protein absence; they accumulated
less COX Al and were able to synthesize more stable COX monomer
when compared to SURF1 patient cells, where the SURF1 seems to be
crucial for effective COX1 biogenesis and its incorporation to COX
monomer.

The assembly kinetics of mtDNA subunits for other OXPHOS com-
plexes, e.g. cytochrome b of clll or ATP6 and 8 of cV, was comparable
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Fig. 4. Pulse-chase metabolic labeling of mitochondrially synthesized proteins in SURF1-deficient mouse and human fibroblasts. (A, B) Human control and SURF1 patient fibroblasts, (C,
D) SURF1*/* and SURF1~/~ mouse fibroblasts. Mitochondrial translation products of mouse and human fibroblasts were labeled with [*>S] methionine + cysteine for 2 h in the
presence of cycloheximide. After indicated time of chase (0.5 h, 6 h, 16 h, 24 h) with cold methionine and cysteine, cell membranes were isolated, solubilized by digitonin (4 g/g
protein) and analyzed by BNE/SDS PAGE. Radioactivity was detected in stained dried gels. On the right side of each gel, individual mtDNA coded subunits are marked and mtDNA
coded COX subunits COX1, COX2, COX3 are highlighted in frames. COX assembly intermediates (Al), COX monomer (M) are marked by dotted lines; COX SCs (SC).
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in human control and patient cells as well as in SURF1+/* and SURF1 ~/~
mouse cells (Fig. 4 A-D), as can be expected for isolated COX defect.

4. Discussion

In the present study we analyzed the COX biogenesis from assembly
intermediates (Al) to supercomplexes (SC) in tissues and fibroblasts
from SURF1~/~ mouse and SURF1 patient fibroblasts to address the
observed tissue and interspecies differences in phenotype severity. To
characterize changes at steady state conditions as well as the dynamics
of COX de novo synthesis, we combined enzyme activity measurements,
2D PAGE/immunodetection on doxycycline arrested cells and °S-
labeling of mtDNA encoded proteins.

Numerous studies indicate that SURF1 protein (SURF1) promotes
early stages of COX biogenesis, from COX1 translation regulation to its
association with other COX subunits into COX Al [20,42,58,62]. Despite
the absence of SURF1, 10-30% of control amount of active COX is assem-
bled in SURF1 patients' fibroblasts [44]. Thus, while improving its effica-
cy, SURF1 is not absolutely essential in the COX assembly process [52].
Decreased levels of COX holoenzyme and reduction of COX activity
were found to be accompanied by decreased levels of COX subunits
[44,69] and accumulation of specific COX Als. In SURF1 patients, COX
subcomplexes were detected in primary fibroblasts, skeletal muscle
and heart, while their amount was very low in liver and brain [59,60,
62]. Likewise, we have also observed tissue variance in COX assembly

process in SURF1~/~ mouse tissues on Western blots, where we detected
markedly variable amount of accumulated COX1-containing sub-
complexes (Fig. 1 A-D). However, the severity of COX assembly defect
in tissues from SURFI™/~ mouse was not as pronounced as in
SURF1~/~ mouse fibroblasts possibly because the assembly defect
better manifests in proliferating cell cultures than in largely post-mitotic
tissues studied (Fig. 1 E, F).

4.1. COX subassemblies and formation of monomer

Observed COX1-containing subcomplexes can either be COX degra-
dation products or more likely represent true Als, as they are predomi-
nantly labeled already at the shortest chase times (t0.5 h, Fig. 4 A-D).
Furthermore, Als labeling gradually decreased during the chase, in con-
trast to the increase in the COX monomer signal. However, Al dynamics
differed between human and murine models of SURF1 deficiency. In
SURF1 patient fibroblasts, COX1-subassemblies persisted throughout
the chase without the progression into COX monomer. Contrariwise,
SURF1~/~ mouse fibroblasts had higher content of COX monomer
from the beginning and its levels remained stable from t6 h onwards,
while COX1 Als gradually disappeared between t16-24 h, arguing for
considerably faster turnover of COX1 Als in mouse cells.

This is in line with our doxycycline (DOX) treatment experiments.
COX1-subassemblies detected in lesser amount also in both types
of control cells most likely reflect significant limiting step of COX
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assembly, which proceeds at slower pace e.g. because of incorporation
of catalytic components of the enzyme (hemes, Cug). Fittingly, in
bacteria [13,23] and yeast the SURF1 homologs were linked with
heme a incorporation into COX1. Shy1 — yeast homolog of SURF1 —
forms early assembly intermediate with COX1 [39]. In this intermediate,
both heme a cofactor sites are most likely formed in a stepwise process
— heme a in a transition to the Shy1-containing complex and heme a3
within Shy1 complex. Cug site was also suggested to be formed at
this stage, since Shyl was found to transiently interact with Cug
metallochaperone COX11. Thus, formation of heterobimetallic Cug-
heme a5 site should occur in the Shy1 complex [27]. In addition, Shy1
was found also in association with COX15, heme a synthase, most likely
cooperating on heme a transfer and insertion into early COX1 assembly
intermediates [7]. While SURF1 can likely function analogously in the
mammalian cells, this has yet to be experimentally proved. As in case
of mammalian SURF1, Shy1 seems not to be absolutely required for
COX1 maturation steps, because yeast strains lacking Shy1 have still
residual fully assembled and active COX.

Interestingly, the assembly process seems to proceed faster in mouse
than in human fibroblasts. Thus, at chase time point 16 h, all COX1 in
mouse cells was assembled in holoenzyme while in human fibroblasts
a significant portion of the subunit was still present in assembly inter-
mediates. This could be due to a higher reservoir of COX1 Als in control
human cells and, along with faster decomposition of stalled Als, may
partially explain the milder phenotype of SURF1 absence in mouse.
Faster assembly and rapid recycling of unincorporated subunits in
mouse system would result in more frequent assembly “attempts”
producing higher steady state COX content than in human patient cells.

On the contrary, translational activation of COX1 specifically in
mouse cells may yield analogous outcome. In this respect, the pheno-
type of yeast Shy1l mutant was partially restored by the suppressor
MSS51 through increased translation of COX1 [8]. Mss51p is primarily
specific translation factor for COX1 mRNA, that acts on the 5’ untranslat-
ed region (UTR) of COX1 mRNA to promote translation initiation [27].
However, mammalian mitochondrial mRNAs do not have significant
5’ UTRs [40] and this may be the reason why functional homolog of
translation activator Mss51p has not been found yet. On the other
hand, human homolog (LRPPRC) of the yeast translational activator
Pet309 has been reported and, in addition, translational activator of
COX1 TACOL1 is necessary for efficient translation of COX1 [64]. These
proteins, or other yet unidentified factor(s), may effectively act as
species-specific suppressors of COX defects in SURF1~/~ mouse cells.
Larger pool of translated COX1 accessible for finishing of COX1 matura-
tion without SURF1 may then lead to synthesis of higher amount of COX
and thus be the cause of the milder COX defect in SURFI~/~ mouse cells.
However, our data do not support such possibility. As already men-
tioned the decrease in the amount of newly synthesized COX1 subunit
was approximately equal in both mouse and human fibroblasts with
SURF1 defect without any indication of compensatory upregulation in
mouse cells.

Impaired COX biogenesis due to SURF1 deficiency is characterized by
accumulation of the S2 intermediate containing COX1-COX4-COX5a
subunits [20,42]. S2 represents an important rate limiting step and can
usually be detected even in control cells/tissues. Recently, MITRAC com-
plexes (mitochondrial translation regulation assembly intermediates of
COX) were described as part of COX biogenesis pathway [38]. Their sug-
gested function lies in regulation of COX1 translation by coordinating
the interaction of COX1 with specific assembly proteins before entering
the further steps of COX assembly. This regulatory cycle should be actu-
ally considered as an alternative mechanism of COX1 biogenesis in
mammals to that in yeast. SURF1 was also found to be part of MITRAC
complexes together with hCOA3 (MITRAC12) [15] and other COX as-
sembly proteins (COX15, COX16, C120rf62). However, it is possible
that the S2 subassemblies merely co-migrate with MITRAC complexes
on native gels. The presence of several types of complexes and/or their
dynamics in recruitment and release of various assembly factors has

been reflected in changes of migration patterns of COX1-containing as-
semblies in 2D gels. We propose that absence of SURF1 does not exclude
formation of MITRAC complexes and their accumulation with S2 subas-
semblies. Indeed, we consistently detect complexes that may represent
such associations in COX defective cells/tissues characterized by im-
paired efficiency of COX1 biogenesis and its delayed interaction with
other COX subunits.

4.2. COX incorporation into supercomplexes

COX holoenzyme is known to interact with other RC complexes and
form supercomplexes (SCs) [21,25,41,54]. However, in all mouse tissues
examined in this study, COX monomer represented the dominant COX
form. We also detected the presence of COX dimer and IIl,-IV SC and
these forms were decreased or even disappeared in SURF1—/~ mouse.
The signal of large I-1lI,-1V,, SCs was quite weak in SURF1 ™/ mouse
heart and muscle despite the fact that these SCs are usually observed
in digitonin solubilizates [53,67]. Interestingly, several recent studies
reported the absence of COX SCs (Ill-IV and I-IIl,-1V,) in liver and
fibroblasts from C57Bl/6 ] mouse strain, which served also as the paren-
tal strain for formation of SURF1~/~ mouse [16,29]. This was associated
with the presence of short isoform of COX7a2l (SCAFI) subunit in this
strain, which may preclude SC formation.

The relative absence of SCs in mouse samples contrasted with our
observations in human fibroblasts, where we found strong signal of
[-1lI,-1V}, SCs. Therefore, we used DOX to analyze species-specific differ-
ences of COX ability to interact into SCs in control and SURF1 deficient
human/mouse fibroblasts. In control human fibroblasts the COX1 signal
increased equally in all detectable COX forms (Al, M, SCs), indicating a
stable balance in distribution of COX forms. Due to decreased amount/
stability of COX monomer, the SURF1-deficient patient fibroblasts pref-
erably incorporated COX into I-IIl,-IV,, SCs for its stabilization [28,30].
On the other hand, in mouse fibroblasts assembly kinetics of COX
proceeded mostly just to the level of COX monomer. COX SCs formation
was delayed, and although their content even exceeded the levels in un-
treated cells, these higher forms of COX represented just a small portion
of the total COX quantity. This is the most important difference between
SURF1~/~ mouse and SURF1 patient fibroblasts we uncovered. The pref-
erence towards SCs incorporation is not unique to SURF1 human pa-
tients. Recent study on cybrid clones carrying the heteroplasmic
cytochrome b m.15579 A > G mutation demonstrated that its deleteri-
ous effects were attenuated when clIl was assembled into I-1II,-IV,
SCs [14].

There is only limited amount of information available about COX as-
sembly kinetics after DOX mediated inhibition. The most comprehen-
sive study was performed in control cybrids (143B cells) and DOX
caused strong decrease of overall COX signal and disappearance of
COX SCs. Gradual incorporation of the COX into SCs was observed at
6 h after DOX removal and COX1 appeared in SCs even later [41]. In
our human fibroblasts, about 30% of various COX assemblies remained
after DOX treatment and also COX SCs were partially preserved. Similar-
ly, mouse fibroblasts started to synthesize COX SCs a few hours after
DOX removal, but in the end favored COX monomer as a main function-
al COX form. Control human and mouse fibroblasts resembled
cybrid cells [41,45] as the amount of COX totally recovered 96 h after
DOX treatment. Milder COX defect in SURF1~/~ mouse fibroblasts also
allowed the cells to reach the steady state after 96 h period, but SURF1
patient cells were delayed in COX recovery, again pointing towards
slower and more affected COX biogenesis.

In conclusion, our present study shows that COX in tissues or cells
from the SURF1*/* and SURF1~/~ mice exerts lower preference to be
incorporated into SCs. On the other hand, I-IIl,-1V,, SCs represented
an important functional forms of COX in human cells, and even more
so in SURF1 patient fibroblasts. Another reason why the defect caused
by SURF1 absence in mice is less dramatic when compared to SURF1 pa-
tients is that COX monomer seems to be more stable in SURF1~/~ mice
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and at the same time the turnover of accumulated COX assembly inter-
mediates is faster.
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Abstract

This paper describes data related to a research article entitled “Tissue- and species-
specific differences in cytochrome ¢ oxidase assembly induced by SURF1 defects” [1]. This
paper includes data of the quantitative analysis of individual forms of respiratory chain
complexes I, 111 and IV present in SURF1 knockout (SURF17) and control (SURF1**) mouse
fibroblasts and tissues and in fibroblasts of human control and patients with SURF1 gene
mutation. It also includes data demonstrating response of complex 1V, cytochrome ¢ oxidase
(COX), to reversible inhibition of mitochondrial translation in SURF1” mouse and SURF1
patient fibroblast cell lines.

Specifications Table

Subject area ] ]
Biochemistry

More specific subject | Mitochondria, COX assembly, SURF1 protein

area

Type of data Figures

How data was acquired | Western blots of SDS and BNE/SDS PAGE, antibody signals
quantification, values expressed in percent of controls.

Data format Analyzed, presented in text

Experimental factors SURF1 mouse knockout, human SURF1 mutations, doxycycline

inhibition of mitochondrial DNA translation

Experimental features Digitonin solubilisation of mitochondrial proteins, immunodetection

of respiratory chain complexes

Data source location Department of Bioenergetics, Institute of Physiology, Czech

Academy of Sciences, Czech Republic, Prague

Data accessibility Data are provided in this article




Value of the data

e Different proportions and native forms of respiratory chain complexes detected by 2D
PAGE and WB in mammalian tissues or cells.

e Tissue- and species-specificity of COX biogenesis at normal and pathological
conditions.

e Reversible mitochondrial translation arrest for analysis of newly synthesized COX in
mouse/human fibroblasts.

e Approach to study different assembly defects of respiratory chain complexes containing
mtDNA-encoded subunits.

1. Data
In the present work, we show differences in amounts of individual forms of respiratory
chain complexes I, 1l and IV quantified from western blots of 2D BNE/SDS PAGE analysis, as

+/+

determined in mitochondria of SURF1** and SURF1” mouse fibroblasts and tissues (heart,
muscle, brain, liver) and also in mitochondria of human control and SURF1 deficient
fibroblasts (Fig. 1, 2, 3).

Then we show data (Fig. 4) from analysis of fibroblast cell lines from SURF1” mouse,
SURF1 patient and controls, in which translation of mitochondrial DNA encoded proteins was
reversibly inhibited with doxycycline (DOX). After DOX removal, the formation of newly

synthetized COX in time (0-96 hours) was assessed by SDS PAGE and western blot analysis.

2. Experimental Design, Materials and Methods
See research article “Tissue- and species-specific differences in cytochrome ¢ oxidase
assembly induced by SURF1 defects”.
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Figure 1. Complex 1 (cl) forms present in SURF1” mouse tissues and fibroblasts and
SURF1 patient fibroblasts. For analysis, SURF1** mouse (+/+), SURF1” mouse (-/-), human
control (C) and SURF1 patient (SURF1 P) data from BNE/SDS PAGE western blots (see Fig. 1
in [1]) were used. Signals of NDUFB6 (NDUFS3 in muscle) subunit were quantified and

expressed as percentage of overall NDUFB6 (NDUFS3) signal of each tissue/cell western blot.

cl assembly intermediates (cl Al); supercomplexes I-111; and 1-11-1V,, (11115, 1-11-1V}).
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Figure 2. Complex 111 (cll1) forms present in SURF1” mouse tissues and fibroblasts and
SURF1 patient fibroblasts. For analysis, SURF1** mouse (+/+), SURF1” mouse (-/-), human
control (C) and SURF1 patient (SURF1 P) data from BNE/SDS PAGE western blots (see Fig. 1



in [1]) were used. Signals of CORE1 subunit were quantified and expressed as percentage of
overall COREL signal of each tissue/cell western blot. clll dimer (clll;); supercomplexes Il1,-
IV, I-11; and I-1H- 1V, (HH2-1V, -1, 1-HH-1V)).
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Figure 3. COX forms present in SURF1” mouse tissues and fibroblasts and SURF1
*™* mouse (+/+), SURF1” mouse (-/-), human control
(C) and SURF1 patient (SURF1 P) data from BNE/SDS PAGE western blots (see Fig. 1 in [1])

were used. Signals of COX1 were quantified and expressed as percentage of overall COX1

patient fibroblasts. For analysis, SURF1

signal in each tissue/cell western blot. COX assembly intermediates (Al), COX monomer (M),
COX dimer (D), supercomplexes H1-1V and I-1-1Vy, (1H2-1V, 1-115-1V).
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Figure 4. Decreased COX1 amount after DOX treatment. Homogenates from DOX treated
human control and SURF1 patient fibroblasts (A, B), SURF1** and SURF1” mouse
fibroblasts (C, D) and digitonin solubilizates from DOX treated human control and SURF1
patient fibroblasts (E, F), SURF1*"* and SURF1”" mouse fibroblasts (G, H) were analyzed on
SDS PAGE in combination with western blot to obtain overall COX1 signal at different time
points (t0 - t96 hours) after DOX treatment. Signal of SDHA was used as reference. Control
cells without DOX treatment (C_pox).
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Alteration of structure and function of ATP synthase and cytochrome ¢
oxidase by lack of F,-a and Cox3 subunits caused by mitochondrial DNA

9205delTA mutation
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Sara Senecat and Josef Hougtgk*

*Institute of Physiology Academy of Sciences of the Czech Republic v.v.i., Videriska 1083, 14220 Prague 4, Czech Republic
‘+Center for Medical Genetics, UZ Brussel, Vrije Universiteit Brussel, Laarbeeklaan 101, 1090 Brussels, Belgium

Mutations in the MT-ATP6 gene are frequent causes of severe
mitochondrial disorders. Typically, these are missense mutations,
but another type is represented by the 9205delTA microdeletion,
which removes the stop codon of the MT-ATP6 gene and
affects the cleavage site in the MT-ATPS/MT-ATP6/MT-CO3
polycistronic transcript. This interferes with the processing of
mRNAs for the Atp6 (F,-a) subunit of ATP synthase and the Cox3
subunit of cytochrome ¢ oxidase (COX). Two cases described
so far presented with strikingly different clinical phenotypes
— mild transient lactic acidosis or fatal encephalopathy. To
gain more insight into the pathogenic mechanism, we prepared
9205delTA cybrids with mutation load ranging between 52 and
99% and investigated changes in the structure and function
of ATP synthase and the COX. We found that 9205delTA
mutation strongly reduces the levels of both F,-a and Cox3
proteins. Lack of F,-a alters the structure but not the content
of ATP synthase, which assembles into a labile, ~60kDa

smaller, complex retaining ATP hydrolytic activity but which
is unable to synthesize ATP. In contrast, lack of Cox3 limits
the biosynthesis of COX but does not alter the structure
of the enzyme. Consequently, the diminished mitochondrial
content of COX and non-functional ATP synthase prevent most
mitochondrial ATP production. The biochemical effects caused by
the 9205delTA microdeletion displayed a pronounced threshold
effect above ~90 % mutation heteroplasmy. We observed a linear
relationship between the decrease in subunit F,-a or Cox3 content
and the functional presentation of the defect. Therefore we
conclude that the threshold effect originated from a gene—protein
level.

Key words: ATP synthase, cytochrome ¢ oxidase, mitochondrial
diseases, mtDNA MT-ATP6 mutation, oxidative phosphorylation,
threshold effect.

INTRODUCTION

Mitochondrial diseases due to disorders of the oxidative
phosphorylation system (OXPHOS) are frequently caused by
mitochondrial DNA (mtDNA) point mutations in protein-coding
genes [1]. They alter the amino acid composition or (less
frequently) lead to the formation of truncated protein if a
premature stop codon has been formed. Up to now, over 200 point
mutations of mtDNA have been reported. By their nature, they can
be either homoplasmic and/or heteroplasmic and affect different
mitochondrially synthesized subunits (www.mitomap.org [2]).
In 1996, Seneca et al. [3] found a new type of mtDNA
mutation that affects the MT-ATP6 and MT-CO3 genes by
microdeletion of two bases, TA, in mtDNA at positions 9205-
9206 (9205delTA). This mutation removes the stop codon of
the MT-ATP6 gene and alters the splicing site for processing
of the polycistronic MT-ATPS/MT-ATP6/MT-CO3 transcript. The
9205delTA mutation can be expected to alter the levels of
MT-ATP6 and MT-CO3 transcripts and thus the synthesis of
the F,-a (Atp6) subunit of ATP synthase and the Cox3 subunit
of cytochrome c oxidase (COX), which could limit the biogenesis
of these two respiratory chain complexes.

The first case with the 9205delTA mutation presented with
a relatively mild phenotype — seizures with several episodes of
transient lactic acidosis [3]. Analysis of patient fibroblasts with
the reported homoplasmic mutation revealed no changes in M7-
ATP6 and MT-CO3 mRNA processing, a significant increase in
deadenylation of MT-ATPS/MT-ATP6 bicistron [4], and relatively
insignificant biochemical changes [5]. The second case of the
9205delTA mutation was a child with severe encephalopathy and
hyperlactacidaemia [6]. In correspondence with the fatal clinical
course, the patient fibroblasts showed a pronounced alteration of
ATP synthase structure and a low activity and protein content
of COX resulting in a ~70% decrease in mitochondrial ATP
synthesis [7]. There was a marked and specific decrease in
MT-ATPSIMT-ATP6/MT-CO3 primary transcript processing. F,-a
subunit content and its de novo synthesis were reduced 10-fold
when compared with the other ATP synthase subunits. Both cases
were reported to be homoplasmic and therefore we speculated
that an additional nuclear-encoded mitochondrial factor might
be involved in processing of the MT-ATPS/MT-ATP6/MT-CO3
transcript and modulate the deleterious effects of the 9205delTA
mutation [7]. It was of interest to compare the cells from
both cases. While both cases were supposedly homoplasmic,

Abbreviations: BNE, blue native electrophoresis; COX, cytochrome ¢ oxidase; DDM, n-dodecyl-g-db-maltoside; DMEM, Dulbecco’s modified Eagle’s
medium; FCCP, carbony! cyanide p-trifluoromethoxyphenylhydrazone; hrCNE1, high-resolution clear native electrophoresis; LLS, Leigh-like syndrome;
LS, Leigh syndrome; MILS, maternally inherited LS; NARP, neurogenic muscle weakness, ataxia and retinitis pigmentosa; OSCP, oligomycin-sensitivity
conferral protein; OXPHOS, oxidative phosphorylation system; TMPD, N,N,N',N -tetramethyl-p-phenylenediamine; TPP*, tetraphenylphosphonium; WB,

Western blot.

" To whom correspondence should be addressed (email houstek@biomed.cas.cz).

© The Authors Journal compilation © 2015 Biochemical Society


http://getutopia.com/documents
file:www.mitomap.org
mailto:houstek@biomed.cas.cz).

602 K. Hejzlarova and others

methodological limitations mean that they can only be claimed to
have a mutation load >98 %. Later we identified heteroplasmy
of the 9205delTA mutation in the fibroblasts of high passage
from the first patient, indicating that negative segregation of the
mutation occurred during the prolonged cultivation and unmasked
the mutation heteroplasmy. The phenotypic differences between
the two patients may therefore be caused by a threshold effect
with a very steep dependence close to homoplasmy [8] and tissue-
specific differences in heteroplasmy.

To gain more insight into the pathogenic mechanism of the
9205del TA mutation, we prepared cybrid cell lines with a varying
load of the mtDNA 9205delTA mutation and investigated changes
in the structure and function of ATP synthase and COX. We
found that the 9205delTA mutation strongly reduces the levels
of both F,-a and Cox3 proteins, alters the structure of ATP
synthase, decreases the content of COX, and prevents most of
the mitochondrial ATP synthesis. All of the biochemical effects
exerted a pronounced threshold effect above 90 % heteroplasmy.
In addition, we found that a slightly smaller ATP synthase
complex devoid of the F,-a subunit is formed but it is rather
labile and unable to synthesize ATP.

MATERIALS AND METHODS
Chemicals

Unless otherwise indicated, chemicals of the highest purity were
obtained from Sigma—Aldrich.

Preparation of cybrids and isolation of mitochondria

Transmitochondrial cybrids were prepared according to [9].
Fibroblasts from the two patients P1 [3] and P2 [7] harbouring
the 9205delTA mutation and from controls were enucleated by
centrifugation in Dulbecco’s modified Eagle’s medium (DMEM,
BioTech) containing 10 pg/ml cytochalasin B and then fused with
mtDNA-less (0%) 143B TK~ osteosarcoma cells by adding a
50 % (w/v) solution of PEG with 10 % (v/v) DMSO. Cells were
selected for 3 weeks in DMEM containing 5 % (v/v) fetal bovine
serum, 0.1 mg/ml 5-bromodeoxyuridine and lacking uridine. The
ring-cloned and subcloned cybrid cells were grown to ~90 %
confluence, harvested using 0.05% (w/v) trypsin and 0.02 %
(w/v) EDTA, and washed twice in PBS before use.

Mitochondria from cybrid or fibroblast cells were isolated at
4°C by a hypo-osmotic shock method [10]. The freshly harvested
cells were disrupted in 10 mM Tris/HCI, pH 7.4, homogenized
in a Teflon/glass homogenizer (10 % homogenate, w/v) and
then sucrose was added to a final concentration of 0.25 M.
Mitochondria were sedimented from the 600g postnuclear
supernatant by 10 min centrifugation at 10000 g, washed, and
resuspended in 0.25 M sucrose, 2 mM EGTA, 40 mM KCI and
20 mM Tris/HCI, pH 7.4.

In some experiments we also used the membrane fraction
obtained by 10 min centrifugation of cell homogenate (10 % (w/v)
in 83 mM sucrose and 6.6 mM imidazole, pH 7.0) at 15000 g [11].
Samples were stored at — 80°C.

PCR and restriction analysis

To determine the amount of 9205delTA mtDNA, the isolated DNA
was amplified by PCR using mismatch primers (bold) 5-CCT
CTA CCT GCA CGA CAATGC A-3' (forward) and 5'-CGT TAT
GCA TTG GAA GTG AAA TCA C-3' (reverse), corresponding
to nt 9183-9329 (147 bp) [5]. Mismatch primers generated two
Niil restriction sites in the case of wild-type mtDNA (fragments

© The Authors Journal compilation © 2015 Biochemical Society

116 +22+49bp) and one Nsil restriction site in the case of
mutated mtDNA (138 49 bp). PCR products were digested with
Nsil (Roche) for 3 h at 37°C, the enzyme was inactivated for
15 min at 65°C, and DNA fragments were separated on 1.5 %
(w/v) agarose in TBE buffer (0.09 M Tris/HCI, 0.09 M H;BO;
and 2 mM sodium EDTA, pH 8.0). Ethidium bromide-stained
gels were visualized on the transiluminator BioDocAnalyze
(Biometra) and the signal was quantified using Aida 3.21 Image
Analyzer. Heteroplasmy was expressed as a percentage of mutated
mtDNA relative to the total signal of amplified mtDNA.

Electrophoresis, Western blot analysis, in-gel ATPase activity

SDS-PAGE [12] was performed on 10 % (w/v) polyacrylamide
slab minigels (MiniProtean System, Bio-Rad Laboratories)
at room temperature. Samples of whole cells or isolated
mitochondria were heated for 20 min at 40°C in a sample lysis
buffer (2% (v/v) 2-mercaptoethanol (Fluka), 4 % (w/v) SDS
(Serva), 50 mM Tris/HCI (pH 7.0) and 10 % (v/v) glycerol).

Separation of native OXPHOS complexes by blue native (BNE)
[11,13] or high-resolution clear native electrophoresis (hrCNE1
system) [14] was performed on polyacrylamide gradient (6—15 %
for COX analysis, 4-13 % for ATP synthase analysis) minigels
at 7°C. Mitochondrial or membrane fraction proteins were
solubilized with n-dodecyl-B-D-maltoside (DDM) or digitonin
at the indicated detergent/protein ratio for 15 min on ice. The
samples were centrifuged for 20 min at 4°C and 30000 g, and
either Coomassie Brilliant Blue G dye (Serva Blue G-250,
0.125 g/g detergent) or Ponceau Red dye (0.005%) and 5 %
glycerol were added to the supernatants before electrophoresis.
For two-dimensional (2D) analysis, strips of the first dimension
native gels were incubated for 1 hin 1 % (w/v) SDS and 1 % (v/v)
2-mercaptoethanol at room temperature, washed in water and
subjected to SDS-PAGE for separation in the second dimension.

Gels were blotted onto PVDF membrane (Millipore) by semi-
dry electrotransfer (I h at 0.8 mA/cm?) and the membrane
was blocked in 5% defatted milk (Promil) in TBS (150 mM
NaCl and 10 mM Tris/HCI, pH7.5). The membranes were
washed twice in TBST (TBS with 0.1 % (v/v) Tween-20) and
immunodecorated with the following primary antibodies diluted
in TBST: rabbit polyclonal antibodies to subunits F,-c (1:1000)
and F;-a (1:500) [7], mouse monoclonal antibodies from Abcam
to subunits F;-o (1:1000, ab110273), F,-g (1:2000, ab14730),
F,-d (1:700, ab110275), OSCP (oligomycin-sensitivity conferral
protein) (1:250, ab110276), Cox1 (1:1000, ab14705), Cox2
(1:1000, ab110258), Cox4 (1:1000, ab110261), Cox5a (1:500,
ab110262), Cox6¢ (1:500, ab110267), Core2 subunit (1:1000,
ab14745) and pyruvate dehydrogenase (PDH, 1:1000, ab110334).
Goat polyclonal antibody to Cox3 (1:200 in TBST with 3 % (w/v)
BSA) was from Santa Cruz Biotechnology (sc-23986), rabbit
polyclonal antibody to porin (1:1000) was a gift from Professor
Vito de Pinto (Dipartimento di Scienze Chimiche - Universita di
Catania, Catania, Italy). For a quantitative detection, the following
infra-red fluorescent secondary antibodies (Alexa Fluor 680, Life
Technologies; IRDye 800, Rockland Immunochemicals) diluted
in TBST were used: goat anti-mouse IgG (1:3000, A21058),
goat anti-rabbit IgG (1:3000, A21109), donkey anti-rabbit IgG
(1:3000, 611-732-127), and donkey anti-goat IgG (1:3000,
A21084). The fluorescence was detected using ODYSSEY infra-
red imaging system (LI-COR Biosciences) and the signal was
quantified using Aida 3.21 Image Analyzer software.

ATPase hydrolytic activity was detected on native gels
immediately after electrophoresis according to [15]. Briefly, gels
were incubated for 1h in 35 mM Tris/HCl, 270 mM glycine,
14 mM MgSO,, 0.2 % (w/v) Pb(NO;), and 8 mM ATP, pH 8.3,
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and white lead phosphate precipitates were documented by
scanning.

High-resolution oxygraphy

Oxygen consumption by cybrid cells (0.75 mg protein/ml) was
determined at 30°C in a KCl medium (80 mM KCI, 10 mM
Tris/HCI, 3mM MgCl,, 1 mM EDTA and 5 mM potassium
phosphate, pH 7.4) as described previously [16], using Oxygraph-
2k (Oroboros). Cells were permeabilized by 0.05 g of digitonin/g
of protein. Respiration was measured with 10 mM succinate
in the presence of 2.5 uM rotenone and 25 uM Ap5A (P',P°-
di(adenosine-5")pentaphosphate), then 1.25 mM ADP was added.
ADP-stimulated respiration was inhibited after 6 min with 1 uM
oligomycin and after 2 min, 0.1 uM FCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone) was added. Activity of COX
was measured with 5 mM ascorbate and 1 mM TMPD (N,N,N',N'-
tetramethyl-p-phenylenediamine) in the presence of 1 mg/ml
antimycin A and was corrected for substrate autoxidation
insensitive to 0.33 mM KCN. Oxygen consumption was expressed
in pmol of oxygen/s/mg of protein.

Mitochondrial membrane potential Ay, measurements

Avr,, was measured with TPP* (tetraphenylphosphonium)-
selective electrode in 1 ml of KCI medium as described in [16].
Cells (2 mg of protein/ml) were permeabilized with digitonin
(0.04 g/g of protein) and the following substrates and inhibitors
were used: 10 mM succinate, 10 mM glutamate, 3 mM malate,
1.5 mM ADP, 1 uM oligomycin and 1 uM FCCP. The membrane
potential was plotted as pTPP, i.e. negative decimal logarithm of
TPP* concentration.

ATP synthesis

During respiration measurements, 10 1l samples were collected
from the oxygraphic chamber (before and 6 min after ADP
addition) and immediately mixed with the same volume of 100 %
DMSO. ATP content was then determined in DMSO-quenched
samples by a luciferin—luciferase reaction [17]. Bioluminescence
was measured in the medium containing 25 mM tricine, 5 mM
MgSO,, 0.1 mM EDTA, 1 mM dithiothreitol, 0.6 mM luciferin
(Promega) and 6x 107 luciferase units/ml luciferase (Promega),
pH 7.8, using 1250 Luminometer (BioOrbit). Calibration curve
was measured in the range 0-10 pmol of ATP. ATP production
was expressed in nmol of ATP/min/mg of protein.

Ethics

The present study was carried out in accordance with the
Declaration of Helsinki of the World Medical Association and
was approved by the Committee of Medical Ethics of Institute
of Physiology Academy of Sciences of the Czech Republic.
Informed consent from the parents of the patients was obtained.

RESULTS
Cybrids with mtDNA 9205delTA mutation

The cybrid cell lines used in the present study were derived from
the fibroblasts of two patients (P1 and P2) with the 9205delTA
mutation (Figure 1A) and included cybrid clones of varying
mutation heteroplasmy. To estimate the relationship between
biochemical consequences and the 9205delTA mutation load we
used wild-type mtDNA homoplasmic control cybrids, several
clones of 9205delTA heteroplasmic cybrids with the content of
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Figure 1  Cybrid cell lines used in the study

(A) Fibroblasts from two patients with the mtDNA 9205delTA microdeletion and from a control
were enucleated and then fused with mtDNA-less (0°) 143B TK~ osteosarcoma cells to
produce transmitochondrial cybrid cell lines. (B) Mutation load in cybrid clones and subclones
was analysed by restriction analysis with Nsil of nt 9183—-9329 mtDNA PCR products and was
calculated from the amounts of 138 bp and 116 bp fragments corresponding to the mutated and
wild-type mtDNA, respectively.

9205delTA mtDNA ranging between 52 and 92 % (derived from
P1 fibroblasts) and 9205delTA cybrids with >99 % of mutated
mtDNA (derived from P2 fibroblasts).

Throughout the course of the studies, individual cybrid cell
lines maintained a stable heteroplasmy level, which was routinely
checked by restriction analysis of PCR products and was
expressed as a percentage of the mutated mtDNA relative to the
total mtDNA (Figure 1B).

Changes in mitochondrial content and composition of ATP synthase
and cytochrome ¢ oxidase subunits in 9205delTA homoplasmic
cells

Previous analysis of fibroblasts from the P2 patient demonstrated
a very strong reduction in subunit F,-a content [7]. The reduced
content of COX subunits Cox1, Cox4 and Cox6c as well as altered
maturation of Cox3 mRNA further indicated that the 9205delTA
mutation may also disrupt the synthesis of subunit Cox3. To
verify this assumption, we analysed cell homogenates and
isolated mitochondria from control and 9205delTA homoplasmic
cybrids by SDS-PAGE and Western blot (WB) (Figure 2A) using
antibodies against several subunits of ATP synthase and COX. To
quantify their specific content, the signals of individual subunits
were normalized to those of porin and expressed as a percentage
of control (Figure 2B).

The subunit F,-a content was strongly reduced in 9205delTA
homoplasmic cybrid cells; only a very low amount of F,-a could
be detected in isolated mitochondria. In contrast, F,-« and F,-8
subunits of the catalytic part were present in near-normal levels
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Figure 2 Specific content of ATP synthase and cytochrome ¢ oxidase
subunits in control and 9205delTA cybrid cells and isolated mitochondria

(R) Protein aliquots of cell homogenate (Cells, 15 1) and isolated mitochondria (Mito, 10 1)
from control (Ctrl) and 9205delTA homoplasmic (ATA) cybrids were analysed by SDS-PAGE
and WB with antibodies against indicated subunits. (B) Specific content of each subunit in
9205delTA samples was normalized for the signal of porin and expressed as a percentage of
the content in the control. Data are the means + S.E.M. for five experiments. ***P < 0.001,
**P < 0.01 (Student’s ¢ test).

in both cell homogenates and isolated mitochondria. Similarly, a
normal or even increased content was found in the case of several
subunits of F, membrane part (F,-d, OSCP and F,-c; Figure 2B).
Thus, with the exception of subunit F,-a which was reduced to
less than 20 %, all other ATP synthase subunits were present in
normal or increased levels in homoplasmic 9205delTA cybrids
when compared with the control cybrids.

The analysis of Cox3 clearly showed that the content of this
subunit was strongly reduced due to the 9205delTA mutation.
Interestingly, all mitochondrially encoded COX subunits (Cox1,
Cox2 and Cox3) were similarly decreased in whole cells and
isolated mitochondria (Figure 2A) and their respective content
in 9205delTA homoplasmic cybrids was 8-20 % of the control
(Figure 2B). Nuclear-encoded subunits were less affected and
their content varied — Cox4 was almost normal in whole cells and
isolated mitochondria, Cox6c was decreased to ~40 % of control
in both samples, and Cox5a was decreased in the whole cells but
not in isolated mitochondria (Figure 2A).

Changes in the assembled complexes of ATP synthase and
cytochrome ¢ oxidase in 9205delTA homoplasmic cells

Further, we were interested how the primary lack of F,-a and Cox3
alters the properties of the assembled ATP synthase and COX.
Mitochondria from the control and homoplasmic 9205delTA
cybrids were solubilized by DDM or digitonin, resolved by BNE
and visualized by WB using subunit-specific antibodies.

As shown in Figures 3A and 3B, in DDM-solubilized
mitochondrial proteins of control cells, practically all F,-8
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was recovered in ATP synthase monomer (complex V, cV)
of approximately 600kDa and a small amount, less than
10%, was present in subcomplexes of 460 and 350 kDa. In
9205delTA cybrids, the pattern detected by anti-F,-f antibody
was completely different and revealed a strongly reduced amount
of ATP synthase monomer (cV) but a high content of smaller
sub-assemblies. The largest one, cV*, was approximately 60 kDa
smaller than the ¢V monomer. Judging from the presence of
subunits F,-c and F,-a, this could represent an almost complete
¢V without subunit F,-a and possibly some other small subunit(s)
(Figure 3A). This cV* was present in a similar amount as cV
in 9205delTA cybrids but was completely absent from control
cells. The majority of F,-8 was present in the three other, smaller,
subcomplexes with the largest one being also the most abundant.
None of those subcomplexes contained the F,-a subunit. As
similar subcomplexes were repeatedly described in MT-ATP6
patients and p° cells [18-21], one may predict their composition.
The 460 kDa subcomplex is thus expected to contain F, with
the ring of F,-c subunits (c-ring) and the inhibitory factor IF,
(F,IF,c); the 380 kDa subcomplex corresponds to F,IF,, and the
350 kDa subcomplex represents F, alone. Judging from the F,-
B signal the relative content of these forms was 16:23:46:8:7 %
for F,:F|IF,:F,IF,c:cV*:cV, respectively. Importantly, the total
amount of DDM-solubilized F,-8 signal, and thus of various cV
assembly intermediates, in 9205delTA cybrids was the same or
even higher than in control cells. The increase in DDM concen-
tration from 2 g/g of protein to 4 g/g of protein did not affect the
observed pattern of ATP synthase assembly forms (Figure 3A).
While it was previously proposed that ATP synthase
subcomplexes observed in cells with MT-ATP6 mutations do
represent the breakdown products of assembled ATP synthase
with mutated F,-a [19], their formation may also be an artefact of
the stringent conditions during BNE separation as was observed
in p° cells [22]. Therefore, we used hrCNEI to analyse ATP
synthase assembly in 9205delTA cells. As shown in Figure 3C,
when the DDM-solubilized proteins were resolved by hrCNEI,
predominantly a single form of 9205delTA ATP synthase was
present with a molecular mass of about 540 kDa that corresponded
to the cV* detected on BNE. In-gel ATPase activity and WB
analysis showed that this complex contains F, subunits F,-c and
F,-d butnot F,-a. A similar incomplete ATP synthase complex was
described in p° cells, lacking both subunits F,-a and A6L, with
the mass around 550 kDa [22]. When the dye Coomassie Blue G
was added to the 9205delTA sample before hrCNE1 (Figure 3C),
the complex cV* broke down to the same 460 kDa and 350 kDa
subcomplexes demonstrated in Figure 3A. Their composition
detected by 2D analysis is shown in detail in Figure 3D. These
experiments thus provide clear evidence supporting the view that
mammalian ATP synthase can assemble even without the F,-a
subunit, but that the complex is unstable and dissociates easily.
When COX was analysed by BNE (Figures 4A and 4B) in
control mitochondria solubilized by DDM (1 g/g protein), Cox1-
and Cox4-specific antibodies detected most of the signal in the
form of COX monomer (respiratory chain complex 1V, cIV). A
small amount was also present in higher structures — as COX
dimer (cIV,) and a supercomplex of two copies of complexes III
and one copy of COX (clIL,cIV), which was also detected by the
antibody against cIII subunit Core2 (not shown). A small amount
of both a 180 kDa subcomplex, which appears to represent the
COX assembly intermediate S3, and free Cox1 subunit was also
present. At a higher DDM concentration (4 g/g of protein), less
supercomplex and cIV, but more S3 could be seen. In 9205delTA
cybrid mitochondria (Figures 4A and 4B), we found no clV,
and strong reduction in other forms of COX compared with the
control — cIIl,cIV, cIV and S3 were similarly decreased to 14 %,



Biochemistry of the 9205delTA mutation 605
A DDM/protein DDM/protein
29/g 4glg 2glg 4glg 2glg 4glg 1.59lg
rtd g€ 4 & L < = < e A T A eod g4 <«
3535 385858538 % s 85358585 L&
CBG - = = == = = = = = -+
kDa
cV !
~ — 670 vV - - .
LTS @8 8 e i it < ™ Sla o
JIF.c— T - - . F,IF.c—» —» > —
FIF,— = : — 440 . F
F e — 230
1
— 140
— 67 . — -
Activity F-p F-c Fi-a F-d Activity
antiF -3 antiF -c antiF -a
B D cV cVV
c %
x10° a2 Res2 —Ctrl F,IF,c
x © neTmm :
— Ctrl Ctrl F-p ATA ATA | 'F F.-
450 || ||| RS o ‘:B i : i
400 —_ - 4| — ke 4| F-p
. o | -cBG [=— | = F.-a
2 300 - | :
2 250 1 | | (| -~ Foc
S il
200 >
2 ( |||: — i o || — e s F-p
2 150 1 | \|,'-| _ :
100 J L} V +CBG | = - F-a
50 Y '
0 e LAL____F — - F,-c

Figure 3 BNE analysis of ATP synthase complex in control and 9205delTA cybrid mitochondria

(A) Isolated mitochondria from control (Ctrl) and 9205deITA homoplasmic (ATA) cybrids were solubilized with indicated concentrations of n-dodecyl-B-b-maltoside (DDM) and analysed by BNE
and WB using antibodies against indicated ATP synthase subunits. ¢V — ATP synthase complex; cV* — ATP synthase complex lacking subunit Fy-a; F1IF4 — subcomplex of Fy with ¢-ring and IF4
inhibitory factor; F1IFy — subcomplex Fy with IF;; Fy — Fy alone. In (B) quantitative distribution of F1-8 subunit in samples solubilized at 4 g of DDM/g of protein is shown. (G and D) Mitochondrial
membranes were solubilised with 1.5 g of DDM and samples with or without Coomassie Blue G dye (CBG) were analysed by hrCNE1 and 2D hrCNE1/SDS-PAGE. (C) ATPase activity staining and
WB analysis of the hrCNET first dimension. (D) WB analysis of the hrCNE1/SDS PAGE second dimension. Aliquots of 15 «g of DDM-solubilized proteins were used.

20 % and 37 %, respectively. In contrast, the amount of free Cox 1
subunit was comparable between 9205delTA and control cybrids
suggesting that the early biogenesis of COX is not affected. Given
the decrease in assembled enzyme, free Cox1 represented 55 %
of the total Cox1 signal in 9205delTA cybrids and only 17 % in
controls. Digitonin solubilization and subsequent BNE analysis
achieves better resolution of supramolecular COX forms such
as S2 intermediate of ~100-140 kDa. While S2 is specifically
increased in cells with COX deficiency due to SURFI mutations
[23], Figure 4B clearly shows that this is not the case with
9205delTA cybrids.

9205deITA heteroplasmy-dependent variation in the subunit F,-a
and Cox3 content

It can be expected that the primary effect of the 9205delTA
mutation is impaired synthesis of subunits F,-a and Cox3, which
leads to the formation of defective and unstable ATP synthase
complex and decreased content of the fully assembled COX. To
estimate how the subunit F,-a content varies with the mutation
load, we analysed several cybrid cell lines for the content of F,-a

(Figure 5A). The protein level of subunit F,-a in 9205delTA cybrid
cells did not change, until the heteroplasmy reached ~90 %.
When the mutation load exceeded this threshold, the F,-a content
progressively declined towards homoplasmy.

When we performed analogous analyses of the effect of
9205delTA mutation on the amount of Cox3 subunit (Figure 5B),
again a pronounced threshold dependence could be observed.
The normal amount of Cox3 subunit was present up to ~90 %
heteroplasmy, followed by a steep decrease in Cox3 content
afterwards. Altogether, the contents of F,-a and Cox3 were
decreased 5 times and 10 times, respectively, in the homoplasmic
cybrid cell line.

9205deITA heteroplasmy-dependent changes in the mitochondrial
energetic function

9205delTA mutation affects both ATP synthase and COX, yet
the functional outcome seems to be different. As shown in
Figure 6, the mutation strongly affects both the generation of
mitochondrial membrane potential by substrate oxidation and its
utilization for ATP synthesis. In homoplasmic 9205delTA cybrids,
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Figure 4 BNE analysis of cytochrome ¢ oxidase complex in control and
9205delTA cybrid mitochondria

Isolated mitochondria of control (Ctrl) and 9205del TA homoplasmic (ATA) cybrids and of control
(Ctrl f) and SURF1 patient (P3 and P4) fibroblasts were solubilized with given concentrations
of (A) n-dodecyl-B-p-maltoside (DDM) or (C) digitonin, and analysed by BNE and WB using
antibodies to indicated subunits of cytochrome ¢ oxidase. SC's — COX supercomplexes, SC —
clil,clV supercomplex of COX with two complexes Il ¢V, — COX dimer, ¢IV — COX monomer,
S3 and S2 — COX assembly intermediates. In (B) quantitative distribution of Cox1 subunit in
samples solubilized at 4 g of DDM/g of protein is shown. Aliguots of 20 1.g of DDM-solubilized
proteins were used in (A). In (C) digitonin-solubilized proteins were loaded as follows: 20 g
of control cybrids and 30 g of ATA cybrids, 10 g of control fibroblasts and 30 g of the
SURF1 patient fibroblasts (P3 and P4).

the mitochondrial membrane potential Ay, expressed relatively
to state 3-FCCP, was very low at state 2 and state 4 (3.1-times
and 3.6-times lower in 9205delTA compared with the control
cybrids, respectively). This clearly shows that the low content of
COX drastically decreases the overall H* -pumping activity of
the respiratory chain. Only a minor decrease in state 2 Ay, was
observed after the addition of ADP (state 3-ADP), the effect of
which was oligomycin-sensitive. In accordance, the respiration
in 9205delTA cybrids was only negligibly stimulated by ADP
and the rate of respiration at state 3-ADP as well as at state 3-
FCCP was very low. The both types of measurements excluded
the possibility that alterations in ATP synthase structure would
induce an enhanced proton leak.

In further experiments, we used cybrid cell lines with a
varying 9205delTA mutation load and investigated how the
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mutation load affects the function of mitochondrial OXPHOS.
We performed combined analysis of respiration by oxygraphic
measurements of digitonin-permeabilized cells and of ATP
production by estimating the ATP content in the course of
coupled respiration with succinate as substrate. The rate of
ADP-stimulated oxygen consumption was determined as the
oligomycin-sensitive respiration in the presence of an excess
of ADP (1.25 mM). Samples were collected during respiration
measurements and content of the generated ATP was analysed
by a coupled luciferase assay. In the same experiment, we also
determined the activity of COX as the KCN-sensitive respiration
induced by ascorbate + TMPD in the presence of antimycin A.
In 9205delTA cybrid cell lines, both the oligomycin-sensitive
ADP-stimulated respiration (Figure 7A) and ATP production
(Figure 7B) were maintained at the control levels up to circa
90 % heteroplasmy. Both parameters decreased rapidly beyond
this threshold. As shown in Figure 7C, COX activity displayed
an analogous dependence on the mutation load. In 9205delTA
homoplasmic cell line, the ADP-stimulated oligomycin-sensitive
respiration, ATP production and COX activity were reduced to
10 %, 27 % and 16 % of the control values, respectively.
Altogether, these attempts to correlate the OXPHOS function,
COX and ATP synthase activities as well as the primary changes
in the F,-a and Cox3 subunits with the 9205delTA mutation load
revealed a highly similar threshold dependence. This implies that
the energetic function of the mitochondrial OXPHOS could be
proportionally related to the available quantity of these subunits.
Figure 8 demonstrates that this was indeed the case as a near-
linear relationship was observed between the content of the F,-a
and Cox3 subunits and the measured functional parameters: ADP-
stimulated respiration, ATP synthesis and COX activity.

DISCUSSION

In the present study, we investigated a unique model of
mitochondrial dysfunction based on selective down-regulation of
biosynthesis of two OXPHOS subunits encoded by the mtDNA
MT-ATP6 and MT-CO3 genes due to the altered processing and
maturation of their mRNAs, caused by the mtDNA 9205delTA
microdeletion.

The 9205delTA mutation has so far been found in only two cases
that differed markedly in biochemical and clinical phenotypes,
although both showed a nearly homoplasmic mutation load [3,7].
This could suggest the involvement of a nuclear-encoded factor
that would take part in posttranscriptional regulation of F,-a/Atp6
biosynthesis and thus modulate the presentation of homoplasmic
mutation [7]. However, it is relatively difficult to rule out that
in the “homoplasmic” cases, there are not trace amounts of
wild-type mtDNA present. Indeed, after extended cultivation
and numerous passages of fibroblasts from P1 (with a milder
presentation) the presence of increased and detectable level of
wild-type mtDNA became apparent. This suggests that at least P1
was not 100 % homoplasmic for the 9205delTA mutation. The
distinct phenotypic presentation of the two cases thus could results
from differences in the mutation load with a critical threshold
for disease manifestation present at a very high heteroplasmy
level. To unravel the biochemical consequences of the mtDNA
9205delTA microdeletion, we prepared a panel of cybrid cell
lines with variable heteroplasmy ranging from 52 % to 100 %
and investigated the structure and function of ATP synthase and
COX at different heteroplasmy levels.

The first important finding of these studies was that the
homoplasmic mtDNA 9205delTA microdeletion leads to down-
regulation of the content of both F,-a and Cox3 subunits to less
than 20 % and 10 %, respectively, relative to the control. The
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Figure 5 Dependence of subunit F,-a and Cox3 content on the 9205delTA mutation load

Specific content of (A) F,-a and (B) Cox3 subunits was determined in mitochondria of control and 9205delTA cybrid clones by SDS-PAGE and WB, normalized to the content of porin and plotted
against the 9205delTA mutation load expressed as a percentage. Data are the means + S.E.M. for three experiments.
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Figure 6 Respiration and mitochondrial membrane potential analysis in control and 9205delTA homoplasmic cybrid mitochondria

(A) Respiration and (B) TPP+ measurement of A+, were performed in control (Ctrl) and 9205deITA homoplasmic (ATA) cybrids permeabilized with digitonin (Dig) using glutamate (G), malate

(M), succinate (Suc, S), ADP, oligomycin (Oligo), FCCP and antimycin A (AA) as indicated.

previously observed insufficient maturation of the MT-ATP6 and
MT-CO3 mRNAs originating from the polycistronic primary tran-
script (MT-ATPSIMT-ATP6/MT-CO3) [7] thus decreases the effi-
cacy of their translation to a very low level. Here we show that all
the successive changes in the biogenesis and function of OXPHOS
complexes cIV and cV are caused by the lack of these two proteins.

The manifestation of the 9205delTA microdeletion in the cybrid
cell lines displayed a non-linear dependence on the mutation
load and exerted a threshold effect at about 90 % heteroplasmy.
This dependence was observed at several levels — the content
of subunits F,-a and Cox3, the content and activity of COX, as

well as OXPHOS function measured as coupled respiration and
ATP synthesis. Apparently, the non-linear threshold character
of the dependence of structural-functional consequences of the
9205delTA mutation originates at the gene—protein level, due
to post-transcriptional events affecting the amount of translated
subunits F,-a and Cox3. The 9205delTA microdeletion thus
behaves similarly to missense mutations of MT-ATP6 although
the underlying mechanism is mRNA processing and maturation.

From the bioenergetics point of view, it is difficult to
conclude which enzyme deficiency is more critical for the disease
progression. There was no real difference in threshold effects

© The Authors Journal compilation © 2015 Biochemical Society



608 K. Hejzlarova and others

>
w

60

pmol O,/s/img prot
nmol ATP/min/mg prot

0 T T T T . 0

o

200 4
180
160
140
120
100 -
80
60
40
20
0 T T T T

pmol O,/s/mg prot

0 20 40 60 80 100 0 20

% of heteroplasmy

40

% of heteroplasmy

100 0 20 40 60 80 100

% of heteroplasmy

60 80

Figure 7 Dependence of ADP-stimulated respiration and ATP synthase and cytochrome ¢ oxidase activities on the 9205delTA mutation load

In cybrid cells permeabilized with digitonin, (A) ADP-stimulated, oligomycin-sensitive respiration with succinate was measured by oxygraphy, (B) ATP production was measured by luciferase assay
and (C) cytochrome ¢ oxidase activity was measured as antimycin A + TMPD + ascorbate oxygen consumption sensitive to KCN. All three parameters were expressed per mg of protein and plotted
against the 9205delTA mutation load expressed as a percentage. Data are the means + S.E.M. for three experiments.
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ADP-stimulated respiration, ATP synthesis and cytochrome ¢ oxidase activity were plotted against the content of (A) Fy-a or (B) Cox3 subunits, as indicated, using data from Figures 5 and 7. All

values are expressed as a percentage of control.

of COX activity, ADP-stimulated respiration and ATP synthesis.
However, the measurements of mitochondrial membrane potential
indicated that respiration-dependent proton translocation is
severely affected by 9205delTA homoplasmy despite the fact
that about 15-20 % of assembled COX and COX activity was
preserved. This would imply that the deficiency of COX might
be primary and more critical for the overall mitochondrial energy
provision.

Our analysis of subunits and assembly forms of cIV and cV
revealed, in accordance with our previous studies [7], that for
COX, the lack of Cox3 limits the amount of the matured enzyme,
but not its structure, while in the case of ATP synthase it is the
quality of the enzyme, which is changed — lack of F,-a results in
the production of incomplete, labile and non-functional enzyme.

COX consists of 13 subunits. The three largest mtDNA-encoded
Cox1, Cox2 and Cox3 form the catalytic core, the ten small
regulatory subunits (Cox4, Cox5a, Cox5b, Cox6a, Cox6b, Coxbe,
Cox7a, Cox7b, Cox7c and Cox8) are encoded in the nuclear
genome. COX assembly is a stepwise process, which proceeds
through several intermediates (S1-S4) [24]. Cox1 represents the
first intermediate S1 which progresses to Cox1-Cox4—Cox5a sub-
assembly. Subsequently, Cox2 joins this intermediate S2. The
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process continues with the formation of intermediate S3 after
the addition of Cox3 and most of the other remaining subunits.
The COX holoenzyme formation (S4) is then completed by the
addition of Cox7a/b and Cox6a to S3 [24-27].

At least 14 different heteroplasmic and/or homoplasmic
mutations in the M7-CO3 gene have been reported
(www.mitomap.org); and in most cases the decrease in
COX activity associates with the defect in COX biogenesis.
The clinical outcomes are variable, from optic neuropathies,
through Alzheimer’s disease, rhabdomyolysis, mitochondrial
encephalopathies and myopathies with lactic acidosis, to Leigh
or Leigh-like syndromes (LS, LLS). Analysis of affected families
in accordance with the studies of the cybrid cell lines revealed
that the severity of several M7T-CO3 mutations is heteroplasmy-
dependent [28-31]. Interestingly, an improvement in clinical
presentation in the case of the 9379G> A mutation was connected
with a pronounced decrease in the mutation load [32].

As with many other mtDNA-encoded proteins, most of the
MT-CO3 mutations are single base pair transitions that change
highly conserved amino acid residues. Predominantly, they are
proposed to affect the interaction of Cox3 with Cox1, or they
create a premature stop codon [33,34]. Another type of mutation
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is a single base pair insertion or deletion [35,36] leading to the
synthesis of truncated Cox3 protein. In addition, a 15-bp deletion,
9480dell5, that removes five amino acids (two of them highly
conserved) in the third transmembrane region of Cox3 protein
was described [29]. This caused pronounced down-regulation
of Cox3 steady state levels, similar to the frameshift mutation
9537insC leading to the incomplete Cox3 protein of only 110
amino acids [36]. In 9480dell5 cells, Cox3 was translated but
was highly unstable. In 9537insC cybrids, the mature MT-CO3
mRNA was present but was not translated, while in our case of
9205delTA, the low Cox3 content was due to the altered splicing
and maturation of the M7-CO3 transcript. These Cox3-lacking
cell lines displayed a pronounced decrease in the content of Cox1
and Cox2 but not of Cox4. No change in Cox5a was found in
9537insC and our 9205delTA cybrids (Figure 2) or in 9952G>A
muscle [33] while Cox6c subunit content was significantly
reduced in 9205delTA cybrids (Figure 2) and 9952G> A muscle.
When Tiranti et al. [36] investigated COX assembly intermediates
in 9537insC cybrids, they found the majority of Cox1 in S1 (free
Cox1), but significant amounts of Coxl were also associated
with Cox2-containing intermediates depicted as S3 and S2a, both
larger than canonical S2. In 9205delTA assembly intermediates
(Figure 4), we also found most Cox1 as S1 and little as S3, but
there was no indication of S2a, which appears to be specific for
9537insC cells and may reflect the presence of low levels of
truncated Cox3. However, we have not observed any accumulated
S2 in 9205delTA cells either (Figure 4), which may indicate that
these intermediates are quickly degraded, if the COX biogenesis
is stalled between S2 and S3. The relative accumulation of free
small subunits Cox4 and Cox5a which we observed in our model
(Figure 2) was repeatedly described also in other types of COX
deficiencies, e.g. SURFI or SCOI mutations [37], and stems
from their relative resistance to degradation.

ATP synthase complex is composed of 16 different subunits
organized into membrane-extrinsic F, catalytic part (F,-«, F;-8,
F,-y, F|-6 and F,-¢ subunits) and membrane-embedded F, part
(F,-a, F,-c, F,-e, F.,-f, F,-g, A6L, F,-b, F,-d, Fs and OSCP) that
are connected by two stalks [38]. Small regulatory subunit IF,
binds to F, at low pH and prevents the enzyme from undergoing a
switch to hydrolytic mode and ATP hydrolysis. The formation of
ATP synthase from individual subunits is a stepwise procedure,
expected to proceed via assembly of several modules, starting
with an independent formation of F, and oligomer of F, -c subunits
[39,40]. Afterwards the F, is attached to the membrane-embedded
c-ring and the subunits of peripheral arm and of the membranous
subcomplex are added. In the last stage the enzyme structure is
completed by incorporation of the two mtDNA-encoded subunits,
F,-a and A6L [22].

Over 20 mutations in the mtDNA MT-ATP6 gene have been
reported, all of them single base pair missense mutations.
They have been associated with variable brain, heart and
muscle disorders, but also with autism, multiple sclerosis, optic
neuropathy and diabetes in combination with other mtDNA
mutations (www.mitomap.org). The most common are 8993
T>G and T>C mutations manifesting as early-onset maternally
inherited Leigh syndrome (MILS) or milder neurogenic muscle
weakness, ataxia, and retinitis pigmentosa (NARP) [41-43]. T>G
mutations are clinically and biochemically more deleterious,
T>C transitions are less frequent and rather late-onset. Similar
features were described for the second most common transitions
at nt 9176, T>G and T>C associated with LS or familial
bilateral striatal necrosis [44,45]. The 9176T>C mutation was
also found in the patients with Charcot-Marie-Tooth hereditary
neuropathy [46] or the late-onset hereditary spastic paraplegia
[47]. Other rare MT-ATP6 mutations (9185T>C, 9191T>C,

8851T>C, 8989G>C, 8839G>C, 8597T>C) presentas LS, LLS,
NARP or cardiomyopathy [48-54].

Distinct phenotypes of different MT-ATP6 mutations are related
to the mutation load, but with variable relationships between
heteroplasmy and phenotypic presentation. The asymptomatic
family members often have a mutation load lower than the affected
patients; however, the implicated threshold mutation level for the
disease manifestation varies. The best example of phenotypic
dependence on the mutation load represents 8993T>G transition
— the severity of the disease increases with the mutation load
and a milder NARP manifests at lower heteroplasmy (around
70 %) than early-onset devastating MILS (around 90 %). In some
cases the severity of symptoms in 8993 patients was found to be
heteroplasmy-dependent but without a distinct threshold level for
the disease manifestation [55-57] or even with a linear correlation
between the mutation load and biochemical parameters [58]. As
discussed above, the biochemical defects and the severity of the
9205delTA disease appear to be also heteroplasmy-dependent and
point to a steep decline in mitochondrial energy provision above
the threshold close to mutation homoplasmy. Interestingly, the
healthy mother of the second patient had 85 % heteroplasmy in
the blood and 92 % heteroplasmy in fibroblasts [7]. Considering
the results obtained in the cybrid cells, the threshold of 9205delTA
mutation occurs above 90 % heteroplasmy.

The pathogenicity of MT-ATP6 mutations is usually given
by decreased synthesis of ATP due to defective translocation
of the protons across the membrane in 9176T>G mutation
[59], or by inefficient coupling between proton translocation
and synthesis of ATP in the 8993T>G, 8993T>C, 9035T>C,
9176T>C and 8839G>C mutations [53,57-61]. In the 8993T>C,
9035T>C and 9176T>C mutations, the ATP synthesis is not
that severely affected and increased production of ROS (reactive
oxygen species) can also contribute to the proposed pathogenic
mechanism [47,57,60]. In the 9205delTA mutation, severe
reduction in the production of ATP is given by the lack of subunit
F,-a, making the F, proton channel unable to translocate protons
as the reduction in ATP synthesis is accompanied with decreased
ADP-stimulated respiration and almost no effect of ADP on
mitochondrial membrane potential.

From the structural point of view, the insufficient production
of F,-a subunit resulted in the formation of several BNE-
resolved F,-containing complexes which were smaller than ATP
synthase monomer. On the other hand the total amount of various
intermediates from F, up was normal or even increased. The
size of these subcomplexes (460, 380 and 350 kDa), their relative
abundance and involvement of F, subunits closely resembled such
complexes found in cells with MT-ATP6 mutations, p° cells, cells
upon mtDNA depletion or inhibition of mitochondrial protein
synthesis [18,19,21,62-65], where they represent breakdown
products of fully assembled ATP synthase complex rather
than assembly intermediates. As demonstrated by our hrCNEI
analysis, ATP synthase devoid of subunit F,-a had a size only
~60 kDa smaller than the control enzyme and was detected as
the only form of the 9205delTA enzyme when Coomassie Blue
G was omitted. Our data thus provide clear evidence that, in the
absence of F,-a, the almost complete F,F,-ATP synthase complex
can be quantitatively formed.

F,-a-deficient cells represent a valuable model for a better
understanding of the assembly of mitochondrial ATP synthase
structure as well as its function. F,-a/Atp6 has been implicated
as the last subunit incorporating into the enzyme complex during
biosynthesis of both the eukaryotic and the prokaryotic enzyme.
Our data suggest that ATP synthase lacking F,-a is assembled and
incorporated into the membrane. This is evident from the hrCNE1
experiments, where we could resolve fully assembled (albeit
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without F,-a) enzyme. However, this complex becomes unstable
and dissociates when exposed to Coomassie Blue G. After the
dye binds to the proteins, it introduces negative charge which
apparently breaks down some fragile inter-subunit interactions
which keep the F,c rotor structure connected with the external
stalk of the enzyme in the absence of F,-a. After Coomassie Blue
G binding, the major form of F,-a-deficient enzyme had molecular
mass of approximately 460 kDa and contained F, subunits and
subunit F,-c, but not subunits F,-d and OSCP.

The F,-a-deficient ATP synthase was unable to synthesize
ATP but did not leak the protons as both the respiration and
mitochondrial membrane potential were affected by FCCP. When
an analogous model of bacterial ATP synthase lacking subunit F,-a
was investigated [66], the enzyme complex was found to be rather
stable. It could be isolated upon solubilization with Triton X-100
and deoxycholate, incorporated into liposomes and the isolated F,
lacking F,-a could be reconstituted with F,. The bacterial enzyme
lacking F,-a was also not proton leaky and, as expected, unable to
synthesize ATP as the proton channel was inactive. The absence
of F,-a in the bacterial enzyme further decreased/prevented
ATP-hydrolytic activity, indicating that altered F, structure,
possibly the anomalous interaction between c-ring subunits and
subunits F,-b, prevented the rotor rotation. In contrast, the F,-a-
deficient 9205delTA enzyme retained its hydrolytic activity [7],
suggesting that c-ring rotation was possible and not hampered,
possibly reflecting differences in structure between bacterial and
mammalian mitochondrial F,.
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Abstract

Mitochondrial respiratory chain is organised into supramolecular structures that can be preserved in mild detergent
solubilisates and resolved by native electrophoretic systems. Supercomplexes of respiratory complexes I, lll and IV
as well as multimeric forms of ATP synthase are well established. However, the involvement of complex I, linking
respiratory chain with tricarboxylic acid cycle, in mitochondrial supercomplexes is questionable. Here we show that
digitonin-solubilised complex Il quantitatively forms high molecular weight structures (Cll;,.,) that can be resolved by
clear native electrophoresis. Cll,,,, structures are enzymatically active and differ in electrophoretic mobility between
tissues (500 — over 1000 kDa) and cultured cells (400670 kDa). While their formation is unaffected by isolated
defects in other respiratory chain complexes, they are destabilised in mtDNA-depleted, rhoO cells. Molecular
interactions responsible for the assembly of Cll, ., are rather weak with the complexes being more stable in tissues
than in cultured cells. While electrophoretic studies and immunoprecipitation experiments of Cll, ., do not indicate
specific interactions with the respiratory chain complexes I, Ill or IV or enzymes of the tricarboxylic acid cycle, they
point out to a specific interaction between CIl and ATP synthase.
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Introduction

The mitochondrial oxidative phosphorylation system
(OXPHOS) is the main source of energy in mammals. This
metabolic pathway is localised in the inner mitochondrial
membrane (IMM) and includes the respiratory chain complexes
I, 1, 1l and IV (CI, ClI, Clil, CIV), ATP synthase (complex V,
CV), plus the mobile electron transporters coenzyme Q (CoQ)
and cytochrome c. Energy released by oxidation of NADH and
FADH, is utilised for proton transport across the membrane to
establish proton gradient. The resulting electrochemical
potential (Apy*) is then utilised as a driving force for
phosphorylation of ADP by ATP synthase.

Cll (succinate: ubiquinone oxidoreductase; EC 1.3.5.1),
catalyses electron transfer from succinate (via FADH,) to CoQ
and thus represents important crossroads of cellular
metabolism, interconnecting the tricarboxylic acid (TCA) cycle
and the respiratory chain [1]. It consists of 4 nuclear encoded

PLOS ONE | www.plosone.org

subunits. The hydrophilic head of Cll is formed by the SDHA
subunit with covalently bound FAD and the SDHB subunit,
which contains three Fe-S centres. The SDHC and SDHD
subunits form the hydrophobic membrane anchor and are the
site of cytochrome b binding [2].

Mutations in genes coding for any of the Cll subunits are
associated with severe neuroendocrine tumours such as
paraganglioma and phaeochromocytoma [3-5] as well as other
tumour types, including gastrointestinal stromal tumours [6] or
renal tumours [7]. Conversely, the ClI subunits also function as
tumour suppressors and represent one of the potential
molecular targets of anti-cancer drugs [8], whose mechanisms
of action could lead to apoptosis of cancer cells through the
inhibition of Cll and a consequent metabolic collapse.

In comparison with other respiratory chain complexes, the
assembly of CIlI has not yet been fully characterised. Up to
now, two evolutionarily conserved assembly factors for CII
have been described; SDHAF1 was discovered as disease-
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causing gene in a case of infantile leukoencephalopathy
presenting with a decrease in the Cll content and activity [9].
The LYR motif in the protein structure suggests its role in the
metabolism of the Fe—S centres [10]. The second assembly
factor, SDH5, is a soluble mitochondrial matrix protein, which is
most likely required for insertion of FAD into the SDHA subunit
[11].

Recent studies indicate that the organisation of the OXPHOS
complexes in the inner mitochondrial membrane (IMM) is
characterised by non-stochastic protein—protein interactions.
Individual complexes specifically interact with each other to
create  supramolecular  structures referred  to as
supercomplexes (SCs). SCs behave as individual functional
units, enabling substrate channelling [12]; more effective
electron transport should prevent electron leak and reactive
oxygen species generation [13]. Besides the kinetic advantage,
SCs stabilise OXPHOS complexes and help to establish the
IMM ultrastructure [14].

To date, the presence of Cll in SCs is still a matter of debate.
In yeast and mammalian mitochondria, the interaction of ClI, I,
IV and V within different types of SCs has been proven using
native electrophoretic techniques in combination with mild
detergents and/or the Coomassie Blue G (CBG) dye [15,16].
However, the presence of Cll in such structures has only been
reported by Acin-Peréz et al. [17], who described the existence
of a large respirasome comprising all OXPHOS complexes
including Cll in mammalian cells. On the other hand, Cll has
been detected as a structural component of the mitochondrial
ATP-sensitive K* channel (mitoK,p) [18]. Such structures do
indeed represent higher molecular forms of CII, but their
structural and physiological importance remains to be
investigated.

Cll as the only membrane bound component of the TCA
cycle could also form complexes with other TCA cycle proteins,
e.g. with its functional neighbours fumarase and succinyl CoA
lyase. Different studies indicate the existence of a TCA cycle
metabolon and possible supramolecular organisation of various
parts of the TCA cycle [19,20], but these may be significantly
more labile than the well described respiratory chain SCs.

In the present study we demonstrate the existence of high
molecular weight forms of CIlI (Cll,,,), i.e. SCs containing ClII,
using mitochondrial membrane solubilisation with mild non-
ionic detergents followed by electrophoretic analysis. These
complexes are rather labile, and the presence of n-dodecyl-3-
D-maltoside or CBG during the electrophoretic separation
causes their dissociation to individual units. Cll,,, structures
differ in their electrophoretic migration between mammalian
cells and tissues, and their formation depends on the presence
of the functional respiratory chain. Our experiments also clearly
indicate the association of Cll with CV.

Materials and Methods

Cell lines

The following cell lines were used in experiments: control
human fibroblasts and fibroblasts from patients with isolated
deficiency of Cl (an unknown mutation), CIV (the SURF1
mutation, described in [21,22]), CV (the TMEM70 mutation
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described in [23]), human rhoO (p°) cells (mtDNA-depleted
143B TK" osteosarcoma cells [24]), human embryonic kidney
cells HEK293, primary mouse (derived from the C57/BI6 strain)
and rat (derived from the SHR strain) fibroblasts. All cell lines
were grown in the high-glucose DMEM medium (Lonza)
supplemented with 10% (v/v) foetal bovine serum (Sigma) at
37 °C in 5% CO, atmosphere. Cells were harvested using
0.05% trypsin and 0.02% EDTA and stored as pellets at -80 °C.

Isolation of cell membranes and mitochondria from
cells and tissues

Mitochondria from cultured cells were isolated after cell
disruption by hypotonic shock as described [25]. In some
experiments, membrane fractions from fibroblasts were
prepared as described [26]. Human heart mitochondria and
mitochondria from rat heart, liver and brown adipose tissues
were isolated according to established procedures [27]. The
protein concentration was measured by the Bradford method
(BioRad).

Ethical aspects

All work involving human samples was carried out in
accordance with the Declaration of Helsinki of the World
Medical Association and was approved by the Ethics
Committee of the Institute of Physiology, Academy of Sciences
of the Czech Republic v.v.i. The written informed consent was
obtained from patients or patients’ parents.

All animal tissues were obtained on the basis of approval by
the Expert Committee for Work with Animals of the Institute of
Physiology, Academy of Sciences of the Czech Republic v.v.i.
(Permit Number: 165/2010) and animal work was in
accordance with the EU Directive 2010/63/EU for animal
experiments.

Electrophoresis and western blot analysis

Isolated membranes or mitochondria were solubilised with
digitonin (Sigma, 4 g/g protein) in an imidazole buffer (2 mM
aminohexanoic acid, 1 mM EDTA, 50 mM NaCl, 50 mM
imidazole, pH 7.0) for 15 min at 0 °C and centrifuged for 20 min
at 20 000 g [26]. Samples were prepared by adding 5% (v/v)
glycerol and 0.005% (v/v) Ponceau S dye for clear native and
high resolution clear native electrophoresis (CNE, hrCNE3), or
5% (v/v) glycerol and CBG dye (Serva Blue G 250, 1:8 ratio
(w/w) to digitonin) for blue native electrophoresis (BNE).
Separation of mitochondrial proteins was performed using
CNE, BNE [26] and hrCNES3 [28] on 6-15% polyacrylamide
gradient gels using the Mini-Protean apparatus (BioRad). For
2D separation by CNE/SDS PAGE, the gel after CNE was cut
into stripes that were incubated in 1% SDS and 1% 2-
mercaptoethanol for 1 h and then subjected to SDS PAGE on a
10% slab gel [29]. In case of 2D separation by CNE/CNE g,
gel stripes after CNE were incubated in 3% CBG in the CNE
cathode buffer for 1 h and then subjected to CNE on 6-15%
gradient gels.

For western blot immunodetection, the separated proteins
were transferred to a PVDF membrane (Immobilon-P, Millipore)
by semi-dry electrotransfer. The membranes were blocked with
5% (w/v) non-fat dried milk in TBS (150 mM NaCl, 10 mM Tris,
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pH 7.5) for 1 h and incubated overnight at 4 °C with specific
primary antibodies diluted in TBST (TBS with 0.1% Tween-20).
Monoclonal or polyclonal primary antibodies to the following
enzymes of OXPHOS or TCA cycle were used: SDHA
(ab14715, Abcam), SDHB (ab14714, Abcam), Core1
(ab110252, Abcam), NDUFA9 (ab14713, Abcam), Cox4
(ab14744, ab110261, Abcam), citrate synthase (ab129095,
Abcam), isocitrate dehydrogenase (a subunit, ab58641,
Abcam), aconitase 2 (ab110321, Abcam), a subunit of CV [30],
fumarase (M01, Abnova), succinyl-CoA synthetase (a subunit,
5557, Cell Signaling Technology) and malate dehydrogenase
(8610, Cell Signaling Technology). The detection of the signals
was performed with the secondary Alexa Fluor 680-labelled
antibody (Life Technologies) using the Odyssey fluorescence
scanner (LI-COR).

Enzyme in-gel activity staining

In-gel activity assays were performed after separation of the
respiratory complexes using CNE. For CIV in-gel activity
staining, we used a recently described protocol [21]. The in-gel
activity assay of the CV ATP hydrolytic activity was performed
as described [28]. The activity of Cll was detected using the
modified succinate: nitroblue tetrazolium reductase assay [28].
Briefly, gel slices from CNE were incubated for 1 h (for tissues)
or overnight (for cells) at room temperature in the dark in the
staining solution (200 mM Tris, pH 7.4), 10 mM EDTA, 1
mg/mL nitroblue tetrazolium, 80 uM phenazine methosulfate, 2
mM KCN, 1.5 yg/mL rotenone and 30 mM succinate).

Immunoprecipitation

For co-immunoprecipitation analysis we used a rabbit
polyclonal antibody against the F, part of ATP synthase
(reacting with the ATP synthase subunits a, y, and
predominantly B, generated in our laboratory) or a mouse
monoclonal antibody against the SDHA subunit of CII
(ab14715, Abcam). The antibodies were immobilised on CNBr-
activated agarose matrix (Sigma). Agarose beads with the
bound antibody were equilibrated in PBS (140 mM NaCl, 5 mM
KCl, 8 mM Na,HPO,, 1.5 mM KH ,PO,, pH 7.2 -7.3)
supplemented with 0.2% protease inhibitor cocktail (PIC,
Sigma). For storage at 4 °C, they were dissolved in PBS+PIC
supplemented with 0.025% thimerosal (Sigma). Solubilisation
of rat heart mitochondria and human fibroblasts was performed
with digitonin (2 g/g protein) in PBS+PIC. The solubilisates
were mixed with the antibody-conjugated agarose beads and
diluted with PBS+PIC supplemented with the same digitonin
concentration as for sample solubilisation. The mixture was
incubated overnight at 4 °C on a rotating mixer. The beads
were then washed three times with PBS+PIC+digitonin (the
same concentration as for sample solubilisation), PBS+PIC
+digitonin (ten times diluted), and finally with PBS+PIC. All the
washing steps included incubation for 5 min at 4 °C on a
rotating mixer and centrifugation at 1000 g for 1 min at room
temperature. The pelleted beads were combined with a small
volume of the 2x SDS sample lysis buffer and incubated at 65
°C for 15 min. After a brief centrifugation, the supernatant with
the released co-immunoprecipitated proteins was subjected to
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SDS PAGE and western blot analysis using specific antibodies
(described in section 2.4.).

Results

High molecular weight forms of ClI

The mammalian Cll consists of four subunits, SDHA, SDHB,
SDHC and SDHD, with the approximate molecular weight
(MW) of 70, 30, 18 and 17 kDa, respectively. Digitonin-
solubilised CII from mitochondria of human fibroblasts was
resolved by BNE (in the presence of CBG) or hrCNE3 (in the
presence of n-dodecyl-B-D-maltoside and deoxycholic acid in
the cathode buffer) as a Cll monomer of the expected mass of
approximately 140 kDa (Figure 1A, B) which represented most
of the CIlI signal. In addition, weaker bands smaller than 140
kDa and at approximately 200 kDa were also present; these
could be CII sub-complexes and CIl hetero-oligomers. When
milder conditions of separation were applied using CNE, a
completely different pattern of the CII signal was obtained,
indicating the presence of its higher molecular weight forms
(Cllimw)- As revealed by immunodetection with the SDHA
antibody, the signal of CIl was almost completely localised
within the region of 400-670 kDa (Figure 1A). Similarly, the
SDHB antibody (Figure 1B) or in-gel staining of Cll (SDH)
activity (Figure 1C) confirmed the presence of Cll in the 400—
670 kDa region. This was further demonstrated by 2D
CNE/SDS PAGE analysis of the cells (Figure 2A), where the
distributions of SDHA and SDHB in the second dimension gel
indicate that the Cll,,,, forms represent a complete and active
Cll, in accord with the profiles of Cll activity in CNE. For
comparison, we also analysed the CIl profile in mitochondria
isolated from rat heart and obtained similar results, except for
the size of tissue Cll,,.,, on CNE gels, which increased to 500 —
over 1000 kDa when detected either with the SDHA or SDHB
antibodies (Figure 1D, E) or by the in-gel SDH activity staining
(Figure 1F). This was also confirmed by 2D analysis (Figure
2B).

Further, we analysed the distribution profiles of other
OXPHOS complexes on 2D blots with subunit-specific
antibodies in an attempt to determine potential CII interaction
partners within Cll,,. As expected, a substantially different
migration pattern was found in the case of Cl (NDUFA9) while
some ClII (Core1) signal overlapped with Cll in heart, but not in
fibroblasts (Figure 2A, B). The signal of CIV (Cox4) partially
overlapped with that of Cll,,, (SDHA, SDHB), as shown by the
distribution profiles below the western blot images. A similar
overlap with the Cll,,,, signal was found for CV (the a subunit),
in particular in the case of fibroblasts (Figure 2A). This may
reflect a coincidental co-migration of respective complexes
because of the imprecise electrophoretic mobility inherent to
the CNE system in the first dimension [31], but it can also
indicate a possibility that Cll,,,, include SCs of Cll with CllI, CIV
or CV.

Cli,,, differ between tissues and cells

When CNE analysis of digitonin-solubilised proteins was
performed using fibroblasts and different immortalised/
malignant human or rodent cell lines (Figure 3A), an analogous
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Figure 1. Higher molecular weight forms of complex Il. Mitochondrial membrane proteins from control fibroblasts and rat heart
were solubilised with digitonin (4 g/g protein), and 20 ug protein aliquots were separated using BNE, hrCNE3 and CNE. CIl was
immunodetected with the SDHA antibody (A, D) and SDHB antibody (B, E). In-gel activity staining of Cll was performed in CNE gels
(C, F). Migrations of higher molecular weight forms of ClIlI (Cll,.,,), Cll monomer (Cll,,), SDHA and SDHB subunits of Cll are marked.
The images are representative of three independent experiments.

doi: 10.1371/journal.pone.0071869.g001

Cll,, pattern was obtained in all human, mouse and rat cells, was found as a predominant form of CIl in mitochondria of
indicating that most of Cll is present as Cll, .. Similarly, Cll,,, different human and rodent tissues (Figure 3B), suggesting that
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high molecular forms of CIl are a universal property of
mammalian respiratory chain. Nevertheless, the mobility of
Cllymw in tissues was considerably different in comparison with
cell lines. As shown in Figure 3B the main signal of the SDHA
antibody in tissues was detected above 670 kDa, in the MW
range of larger respiratory SCs (SDHB displayed an analogous
distribution pattern, not shown). This was also observed on 2D
CNE/SDS PAGE western blots (Figure 2B), where the signal of
the Cll SDHA and SDHB subunits was shifted to a higher MW.
In contrast, other OXPHOS complexes were distributed
comparably with the cultured cells (Figure 2A). Therefore, we
performed in-gel activity staining of Cll in CNE gels to confirm
the detected antibody signals in the cells and tissues. Figure
3C, D reveals that Cll,,, complexes were catalytically active
and, indeed, differed between cells and tissues. In parallel, we
performed in-gel CIV and CV activity staining to further analyse
a possible co-migration or interaction with CIl. In the case of
cells, the dominant CIV activity signal could be ascribed to the
CIV dimer (CIVp) (Figure 3C), in the position corresponding to
some of Cll,.,. The higher active CIV SCs did not co-migrate
with the CII signal. Thus, the size of Cll,, in the cells more
likely points to a mere co-migration of CIll homo-/hetero-
oligomers with CIV,, rather than to a genuine specific
interaction between the OXPHOS complexes.

PLOS ONE | www.plosone.org

Interestingly, the CIV activity signals were shifted to the
higher MW in tissues and overlapped with the activity signal of
Cll, (see Figure 3D). The interaction of Cll with CIV or other
OXPHOS complexes in the MW range > 1 MDa thus cannot be
excluded. The differences in the size of Cll, ., when comparing
cells and tissues could suggest the existence of two major
functional forms of CIl SCs. In cells, they may be present
largely as CIl homo-oligomers, while in tissues, CIl may
possibly form SCs with other OXPHOS complexes. In-gel
activity of monomeric and homo-oligomeric CV did indicate co-
migration or interaction with Cll,,, in tissues but not in cells
(Figure 3C, D).

Cll,., formation depends on other respiratory chain
complexes

To learn more about possible interactions with other
OXPHOS complexes, we performed CNE analysis of digitonin-
solubilised mitochondria of human fibroblasts harbouring
different types of OXPHOS defects that affect one or more
respiratory chain complexes. We found that the selective
deficiency of CIV (due to a SURF1 mutation, Figure 4B) or CV
(due to a TMEM70 mutation, Figure 4C) did not affect the
presence of Cll,,, (Figure 4A). Similarly, the selective
deficiency of Cl (an unknown mutation) was without any effect
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on the Cll,,, pattern. However, we obtained a different pattern
in p° cells with depletion of mtDNA and thus lack of functional
complexes |, lll, IV and V [24]. Here, most of the ClI,,, signal
disappeared and Cll was present as unassembled subunits or
monomer. This demonstrates the requirement of fully
assembled Cll monomer for subsequent ClI,,, formation, and
also its dependence on the preserved integrity of a fully
functional respiratory chain (Figure 4A).

Cll,,.., stability depends on very weak protein—protein
interactions

The fact that Cll,,, are retained in CNE gels but dissociate in
BNE gels (Figure 1) points to their rather labile nature. To
analyse these interactions in more detail, we used CNE as
before but with the CBG dye added to the sample (Figure 5A).
In this experiment, Cll, .., dissociated into monomeric CIl due to
the presence of CBG, while other respiratory chain SCs (CIV
shown as an example) remained unaffected, apart from the fact
that they were better focused due to the negative charge
introduced by CBG. We therefore performed 2D CNE/CNEgg
electrophoresis using CBG to treat the gel slice after the CNE
separation in the first dimension (Figure 5 B-F). As shown by
western blots with the antibodies to SDHA and SDHB, all Cll,,,,
dissociated into Cll monomers after exposure to CBG, that can
bind to proteins due to its negative charge and thus interfered
with weak non-covalent interactions. The main signal of ClII

PLOS ONE | www.plosone.org

from the first dimension can again be observed within the MW
range of 400-670 kDa. On the contrary, the SCs of CI+llI+IV
were practically unaffected by CBG treatment (Figure 5E).
Interestingly, the addition of CBG also partially affected
oligomers of CV, which dissociated to lower molecular weight
forms corresponding to the CV monomer and the F; sub-
complex (Figure 5F).

To follow the potential differences between cultured cells and
tissues, we examined the stability of Cll,,,, from rat heart
mitochondria in the presence of CBG. While we detected a
complete breakdown of Cll,,.,, in the CNE gel after the addition
of CBG to the sample (Figure 6A), most of the Cll,,, was
unaffected under 2D CNE/CNE.g; conditions. Based on good
reproducibility of the experiments, we can conclude that Cll,,,
do have higher MW and are more stable in tissues than in
cultured cells. This may indicate that CIl has different
interaction partners in tissues and cultured cells, and Cll,,,
thus ultimately represents several structurally and functionally
different SCs. As in cultured cells, CIV and its SCs were
unaffected (Figure 6A, 6D), while CV partially dissociated from
its higher forms to the monomeric and the F, sub-complex
forms (Figure 6E). The sensitivity of CIl and CV to CBG
indicates a similar type of mild interactions responsible for the
formation of their respective higher molecular weight
complexes.
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Cll co-immunoprecipitates with CV

To investigate possible interactions between Cll and CV by a
different approach, we immunoprecipitated CV from rat heart
mitochondria (Figure 7A) using a highly specific rabbit
polyclonal antibody (CV-F,) to CV subunits a, 8 and y. The
antibody immobilised to agarose beads immunoprecipitated
whole CV, as evidenced by the presence of both F, (a and y)
and F, (a) subunits. The immunoprecipitate was free of Cl, CllI
and CIV subunits, but it contained a significant amount of the

SDHA subunit of CIl. Similarly, SDHA was co-
immunoprecipitated using CV-F, antibody and solubilised
fibroblasts (Figure 7B). In a cross-experiment, we

immunoprecipitated Cll from heart mitochondria using a highly
specific monoclonal antibody against SDHA. The resulting
immunoprecipitate contained CIl as well as the whole CV as
revealed by the presence of subunits from F, and F, parts of
CV (Figure 7A). In contrast, it was free of Cl, ClIl and CIV.
Again, CV was also co-immunoprecipitated using SDHA
antibody and solubilised fibroblasts (Figure 7B). As none of the
commercially available antibodies against SDHC and SDHD
we tested were reasonably specific, we cannot confirm the
presence of fully assembled Cll in the precipitate. In principle, it
is possible that only the two hydrophilic subunits SDHA and
SDHB are present in the SC with CV. Notwithstanding, this

PLOS ONE | www.plosone.org

result is compatible with recent data showing the presence of
Cll as well as CV in the mitoK,r» channel complex, whose size
was found to be approximately 940 kDa, similarly to Cll .,
forms observed in tissues.

Cll does not form SC with TCA cycle enzymes

Cll can also potentially interact with components of the TCA
cycle. We therefore used CNE to separate digitonin-solubilised
(4 g/g) rat heart mitochondria and subsequently analysed the
lysate by western blotting for the presence and distribution
pattern of individual TCA cycle enzymes, which were then
compared with the distribution of CIl. We observed high
molecular weight form complexes of fumarase and succinyl-
CoA synthetase in the region above 670 kDa (Figure 8A).
Although they dissociated into lower molecular forms after the
addition of CBG, as was the case for Cll (Figure 8B), the CNE
migration pattern for both fumarase and succinyl-CoA
synthetase was slightly different from that of Cll, which does
not support the existence of their direct interaction. Other
digitonin-solubilised TCA cycle enzymes did not show any co-
migration with Cll on the CNE gels (not shown).

To check for the potential associations between CIlI and
other TCA cycle enzymes, we immunoprecipitated Cll from rat
heart mitochondria using the monoclonal antibody against the
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doi: 10.1371/journal.pone.0071869.g005

SDHA subunit as above. The resulting immunoprecipitated ClI
contained no other TCA cycle enzymes, namely a-
ketoglutarate  dehydrogenase (subunit E1), aconitase,
fumarase, citrate synthase, isocitrate dehydrogenase (subunit
a), succinyl-CoA synthetase (subunit a) or malate
dehydrogenase (Figure 8B).

Discussion

The key finding of this study is the discovery of CII
propensity to form higher molecular structures (Cll,,) in the
IMM. We demonstrated that under sufficiently mild conditions,
Cll associates into Cll,,,, forms in both mammalian cultured
cells and tissues. As the representative cell line/tissue we used
human fibroblasts and rat heart, and we have clearly shown
that Cll,,,, are present regardless of the species (rat, mouse,
human), tissue type (heart, liver, brown adipose tissue) or the
origin of the cell line (fibroblasts, kidney cells). As such, Cll,
can be found in mitochondria with a wide range of content of
the respiratory chain complexes. The interactions responsible

PLOS ONE | www.plosone.org

for Cll,,., formation must be rather weak as the supramolecular
structures are not retained under the conditions of the
commonly used native electrophoretic techniques, such as
BNE or hrCNE [26,28], where either negatively charged CBG
or additional detergents are present and, presumably, disrupt
the weak interactions responsible for Cll,, formation. Thus,
these complexes can only be visualised using the CNE
electrophoretic system, where proteins migrate according to
their intrinsic charge routinely lost by the charged dyes or
detergents used to introduce the net charge to the protein
micelles formed during the solubilisation of the membrane.
Despite the lower resolution of CNE in comparison with other
native electrophoretic systems [31], we have shown that Cll,,,
forms differ in their apparent molecular mass between tissues
(500 — over 1000 kDa) and cultured cells (400-670 kDa). The
reasons for this difference are not immediately obvious.
Possibly, this may be the effect of detergent (i.e. digitonin) and
its concentrations used for solubilisation of proteins from the
IMM. Apart from the critical micellar concentration [32], the ratio
of the detergent and the protein can also dictate the outcome of
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doi: 10.1371/journal.pone.0071869.g006

the solubilisation process. As tissues display higher density of biological properties of complex Il and do not represent an
mitochondria than cultured cells, the use of the same artefact of CNE electrophoresis.

detergent/protein ratio for both may yield different results when When assessing the stability of ClIl,,, complexes, we
resolving the mitochondrial SCs. Another possible reason for detected the Cll,,, as the dominant structural form of CIlI in
the different mobility of ClI,,, from the two sources could be a digitonin solubilisates under the CNE separation conditions.
different phospholipid composition of the IMM between cells The presence of either detergents (n-dodecyl-B-D-maltoside,
and tissues, although the recent work indicates similarities in deoxycholic acid) or CBG in the running buffer, i.e. conditions
the relative abundance of mitochondrial phospholipids in usually used to achieve better separation and resolution in the
tissues and cultured cells [33,34]. Ultimately, this difference hrCNE and BNE electrophoretic systems, readily dissociated
may simply reflect a higher number of OXPHOS complexes in Cll, in both cells and tissues to Cll monomers and individual
the IMM [33,35] and different energetic demands of tissues subunits. Even the very low CBG concentration added to the
when compared with cells that lead to a higher probability of ClI sample (0.02%, 50-fold less than used in BNE samples) was
uptake into larger structures in the tissue mitochondria. sufficient for the complete ClIl,,, dissociation. Similarly,
Importantly, the observed differences between cells and incubation of the CNE gel slice with separated ClI,,,, in a CBG
tissues in Cll,,, size and stability as well as their dependence solution also caused a partial dissociation of the Cll,,,
on mtDNA depletion, support the view that they reflect structures, mainly in cultured cells. The addition of CBG to the
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sample/solution induces a dissociation effect by binding of the

A B dye to proteins surface and introduction of a negative charge
Rat Heart Fibroblasts that can affect intermolecular interactions. Apparently, this
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,,§” ,,,«"” q}&. q,& interaction partners in Cll,.,. The most obvious candidates
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Figure 7. Cll and CV co-immunoprecipitates. After digitonin
solubilisation of mitochondria from the rat heart (A) and human
fibroblasts (B), CV was immunoprecipitated with antibodies to
its F, part and CIl with anti-SDHA. Proteins in the
immunoprecipitate (IP) and solubilisate (S) were separated by
SDS PAGE and individual subunits of OXPHOS complexes
detected as indicated with antibodies to CI, NDUFA9; CII,
SDHA,; CllI, Core2; CIV, Cox4; CV, a, y, a.

doi: 10.1371/journal.pone.0071869.g007
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detection limit of these techniques. Similarly, studies of the
assembly kinetics of the CI+CIII+CIV SC did not reveal any
participation of CII in this process [38]. On the other hand, at
least some immunocapture and electrophoretic experiments
demonstrated the existence of a large respirasome comprising
respiratory chain complexes, including Cll, as well as mobile
electron carriers [17]. We therefore attempted to find any
indication of the interaction between Cll and other OXPHOS
complexes. CNE analysis and in-gel activity staining in CNE
gels pointed to a possible interaction with CIV or CV, but due to
the low resolution of protein bands in the CNE gels it is hard to
interpret this as genuine interactions. In the MW range 400-
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670 kDa where Cll,,,, are found in the cells, many other protein
complexes and small SCs migrate. It is more likely that Cll, .,
represents ClI oligomers co-migrating with CV or CIV,, as
incorporation of Cll into other complexes migrating in this range
would require a shift in the electrophoretic mobility of the
resulting SCs towards MW greater by at least 140 kDa, i.e. the
molecular weight of the Cll monomer. On the other hand, Cll,,,
in the tissues with size over 1 MDa may represent Cll as a part
of OXPHOS SCs.

In another attempt to detect specific OXPHOS interacting
partner(s) for Cll, we studied cell lines with both isolated and
combined deficiencies of OXPHOS complexes. With one of the
interaction partners missing, the CIl,,, signal would be
decreased or undetectable in the respective cell line. Such
interdependency is well described for canonical OXPHOS SCs
[12,17,38]. However, in our experiments, the levels and
position of Cll,,,, appear to be unchanged in cells with isolated
defects of Cl, CIV or CV, presenting additional evidence that no
stable interaction is formed between CII and other OXPHOS
complexes. On the other hand, when we analysed p° cells
lacking mtDNA, unassembled subunits predominated over the
ClIl monomer, and the Cll,,, structures were almost absent.
The absence of the mtDNA-encoded subunits impedes the
assembly and function of OXPHOS in p° cells [39]. Because ClI
is entirely encoded by the nuclear DNA, it was considered to be
unchanged, but a recent study by Mueller et al. [40] reports a
decreased level of CIl with its activity reduced to 12%.
Although the synthesis of the nuclear encoded subunits is
unaffected in p° cells, mitochondrial protein import is disturbed
as a consequence of decreased levels of ATP and the Tim44
protein, an essential effector of mitochondrial protein import
[41]. Our experiments suggest that the Cll and ClIl,,, assembly
depends on fully active mitochondria and the OXPHOS
complexes of the IMM.

Immunoprecipitation was another independent approach we
used to detect possible CIl interaction partners. Here we
identified CV as a plausible interaction partner of Cll both in
cultured cells and tissues. Generally, immunoprecipitation is
more sensitive and selective than electrophoresis and can
reveal rather weak interactions. Based on our experiments, we
can conclude that ClI, at least partially, co-immunoprecipitates
with CV, constituting possibly a part of the mitoK,;» channel
described in recent studies. Although the role for CIl in mitoK,p
remains elusive, it was shown that SDH inhibitors modulate the
channel activity and subsequently the process of ischemic
preconditioning [18,42]. Only 0.4% of the CIl present in
mitochondria is necessary to activate the mitoK,» and the
inhibition of such a small portion of ClIl has no effect on the
overall Cll activity in OXPHOS [43]. The interaction of Cll with
CV is also not in conflict with our results with p° cells, as CV is
assembled in p° cells, except for the two mtDNA-encoded
subunits, ATP6 and ATP8 [44]. Such form of CV (lacking the
two subunits) is sufficient for the survival of p° cells as it can
hydrolyse ATP produced by glycolysis and allow for the
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maintenance of the transmembrane H* gradient by the
electrogenic exchange of ATP for ADP by adenine nucleotide
translocator [45,46].

An attractive proposal may be that CIl may interact with other
proteins from the TCA cycle, forming an organised multi-
enzyme cluster. As the only membrane bound component of
the TCA metabolism, CIl would represent an anchor for the
docking of TCA metabolism to the IMM into the spatial
proximity of OXPHOS, in accordance with the known
association of soluble TCA cycle enzymes with the
mitochondrial membrane [47]. The existence of the metabolon
composed of at least several TCA cycle proteins has been
suggested [47,48]. However, most of the evidence points to the
interactions of malate dehydrogenase, citrate synthase and,
potentially, aconitase [19,20]. To date, no interaction involving
Cll has been demonstrated. Native electrophoretic systems
represent a plausible model to study such interactions;
although they involve solubilisation of membrane proteins by
detergents, the solubilisates of whole mitochondria contain also
matrix proteins. Naturally, any such interactions may be
disrupted during the analysis. Here, crosslinking may help to
capture such interactions in the future studies. Despite the fact
that we did not identify any interacting partners for Cll among
the tested TCA cycle proteins, this deserves additional work as
such interactions would appear functionally plausible.

It is possible that interactions of CIl other than the one
detected with CV do exist, and that such interactions may not
even necessarily involve the whole of Cll. For example, Gebert
et al. [49] have published that the Sdh3 subunit of yeast CII
(SDHC in mammals) has a dual function in mitochondria. It
acts as a structural and functional subunit of Cll and also plays
a role in the biogenesis and assembly of the TIM22 complex
via a direct interaction between Sdh3 and Tim18. Therefore,
we cannot exclude that other Cll subunits would have specific
functions outside of the OXPHOS system. Notwithstanding
these potential interactions of CIl, our data lead to the
conclusion that CIll does form high molecular weight
assemblies, but these structures are unlikely to represent
traditional respiratory supercomplexes with Cl, Clll and CIV as
proposed previously by Acin-Perez et al. [17]. At least, some of
these interactions are complexes with CV where CIl plays a
role as a regulatory component of mitoK,, channel [42]. To
summarise, our findings are consistent with the emerging
notion that the individual OXPHOS complexes, or they
subunits, have a role that may go beyond direct involvement in
the mitochondrial bioenergetics.
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Overproduction of reactive oxygen species (ROS) has been implicated in a range of pathologies. Mitochondrial
flavin dehydrogenases glycerol-3-phosphate dehydrogenase (mGPDH) and succinate dehydrogenase (SDH) rep-
resent important ROS source, but the mechanism of electron leak is still poorly understood. To investigate the
ROS production by the isolated dehydrogenases, we used brown adipose tissue mitochondria solubilized by dig-
itonin as a model. Enzyme activity measurements and hydrogen peroxide production studies by Amplex Red
fluorescence, and luminol luminescence in combination with oxygraphy revealed flavin as the most likely source

Ilf:i);wmz;:g;arial glycerol-3-phosphate of electron leak in SDH under in vivo conditions, while we propose coenzyme Q as the site of ROS production in
dehydrogenase the case of mGPDH. Distinct mechanism of ROS production by the two dehydrogenases is also apparent from
EC.1.153 induction of ROS generation by ferricyanide which is unique for mGPDH. Furthermore, using native electropho-
ROS production retic systems, we demonstrated that mGPDH associates into homooligomers as well as high molecular weight
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supercomplexes, which represent native forms of mGPDH in the membrane. By this approach, we also directly
demonstrated that isolated mGPDH itself as well as its supramolecular assemblies are all capable of ROS

production.
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1. Introduction

Reactive oxygen species (ROS) are produced by all eukaryotic cells
and the predominant source in most of them is mitochondrial respira-
tion [1]. ROS have been implicated to be instrumental in many patho-
logical processes, ranging from oxidative phosphorylation (OXPHOS)
dysfunction to chronic neurodegenerative diseases and cancer. In addi-
tion and partially in contrary to this detrimental role, ROS have also
been proposed to function as signaling and regulatory factors in various
metabolic processes [2].

Mitochondrial respiratory chain contains many components that
may leak electrons. Since the pivotal experiments of Britton Chance
[3,4], two major superoxide producing sites in mitochondria have been
established: respiratory chain complex I (NADH:ubiquinone oxidoreduc-
tase) [5] and complex Ill (ubiquinol:cytochrome c oxidoreductase) [6]. In
addition, several other components of mitochondrial respiratory chain
have been proposed as potential sources of ROS. To date, at least four

Abbreviations: AA, antimycin A; BAT, brown adipose tissue; CoQ, coenzyme Q; DCPIP,
2,6-dichlorophenolindophenol; FeCN, ferricyanide, potassium hexacyanoferrate(Ill); GP,
sn-glycerol-3-phosphate; mGPDH, mitochondrial FAD-dependent glycerol-3-phosphate
dehydrogenase; HAR, hexaammineruthenium(Ill) chloride; HQNO, 2-n-heptyl-4-
hydroxyquinoline N-oxide; HRP, horseradish peroxidase; MXT, myxothiazol; OXPHOS, ox-
idative phosphorylation; ROS, reactive oxygen species; SDH, succinate dehydrogenase
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additional sites of superoxide production in mammalian mitochondria
have been described. These sites include dihydrolipoamide dehydroge-
nase (component of o-ketoglutarate dehydrogenase and pyruvate
dehydrogenase) [7,8], electron transferring flavoprotein (ETF):Q oxido-
reductase [9,10], succinate dehydrogenase (SDH, complex II) [11], and
mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH) [12,13].

All of these enzymes are flavin dependent dehydrogenases function-
ing either in tricarboxylic acid metabolism or supplying electrons to co-
enzyme Q (CoQ) in the respiratory chain. mGPDH and SDH seem to play
prominent roles in ROS production. Several studies have shown mGPDH
to be a potent ROS producer both in mammalian and insect mitochon-
dria [12,14]. Levels of ROS production from mGPDH can be very high,
even comparable with the levels of ROS from Q, site of complex III
when inhibited with antimycin A (AA), i.e. the most potent ROS source
in mitochondria [15]. Furthermore, a significant glycerol-3-phosphate
(GP)-dependent ROS production has been found even in mitochondria
from tissues with low mGPDH content. Here the amount of ROS pro-
duced per unit of mGPDH enzyme activity tends to be extremely high
[16], although a significant portion of these ROS originates from flavin
site of complex II [17]. mGPDH can therefore be a potentially important
ROS source even in typically aerobic tissues with negligible enzyme con-
tent such as the heart [16].

On the contrary, SDH was considered to be well protected against
electron leak and SDH associated ROS production was only linked
to pathologies, where mutations in SDH subunits lead to defective
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coordination of prosthetic groups and subsequent leak of electrons [18].
However, it has been demonstrated very recently, that also SDH can
produce significant amounts of ROS when levels of available succinate
are low. Here flavin was implicated as the ROS source — under low suc-
cinate concentrations, flavin site is not fully occupied by the substrate
and may therefore be accessible to oxygen, allowing electron leak and
superoxide formation [11]. In vivo steady state concentrations of succi-
nate have been reported to be approximately 0.5 mM in the tissues [19]
or even in the micromolar range for cells in tissue culture [20,21]. Such
mode of ROS production by SDH may therefore be a significant contrib-
utor to the overall cellular ROS levels.

Despite these recent advances in understanding of flavin dehydroge-
nases dependent ROS production, detailed molecular mechanism of
electron leak is still missing and may differ between individual en-
zymes. For example the mechanism of ROS production by mGPDH has
been shown to be in many respects different from ROS production at
other sites of the respiratory chain: (i) mGPDH has a simple structure
and is localized on the outer side of the inner mitochondrial membrane
but despite that, ROS are produced equally to both sides of the mem-
brane [14]; (ii) it displays unique and specific activation of electron
leak by ferricyanide [12,15,22]; (iii) its expression is highly tissue de-
pendent and mGPDH may be a significant contributor to overall ROS
production in glycolytic tissues [ 13]. All this stresses out the importance
to further characterize pathways leading to electron leak in flavin
dehydrogenases.

Over the last couple of years our understanding of inner mitochon-
drial membrane organization changed significantly as theory of respira-
tory chain supercomplexes gained traction. OXPHOS supercomplexes
were proposed to play several roles — apart from facilitation of their bio-
genesis, supercomplex organization should improve substrate channel-
ing between individual complexes and thus reduce the chance of
electron leak and ROS production. So far, such type of association has
clearly been documented only for complex I, but given the potential
for electron leak from SDH and mGPDH their protection by streamlining
the electron transport by association into supercomplex would make
thermodynamic sense. However, so far there are only limited data on
supramolecular organization of these enzymes. For example, in bacteria
it is documented that SDH forms trimers, which are the active confor-
mation [23] but no data on association with other OXPHOS complexes
are available. In case of mGPDH, in yeast it has been shown that several
mitochondrial dehydrogenases including mGPDH analog Gut2p associ-
ate into supramolecular complex but again without clear further associ-
ation with downstream OXPHOS complexes [24].

In this study we focused on mGPDH and SDH and their ability to sup-
port ROS formation at different sites of respiratory chain. We used mild
detergent digitonin to solubilize mitochondrial membranes into indi-
vidual complexes and supercomplexes of respiratory chain enzymes
as a tool for elucidating their role in ROS production. Mild detergent sol-
ubilization also allowed us to study native organization of these dehy-
drogenases in the inner mitochondrial membrane and formation of
higher molecular weight complexes.

2. Material and methods
2.1. Isolation of mitochondria and solubilization

For experiments we used interscapular brown adipose tissue (BAT)
of one to three weeks old Wistar rats kept at room temperature and
12 h/12 h light/dark cycle on a standard diet and water supply ad
libitum. All animal works were approved by the institutional ethics com-
mittee and were in accordance with the EU Directive 2010/63/EU for an-
imal experiments. Mitochondria were isolated in STE medium (250 mM
sucrose, 10 mM Tris-HCl, 1 mM EDTA, pH 7.4) supplemented with BSA
(10 mg.mL™ ") by differential centrifugation [25] and frozen at —80 °C.
Subsequently frozen-thawed mitochondria were used in experiments.
Membrane proteins were solubilized in KCl based medium (120 mM

KCl, 3 mM HEPES, 5 mM KH,PO,4, 3 mM MgSO,4, 1 mM EGTA, pH 7.2)
with varying amount of digitonin (1 to 8 w/w ratio detergent/protein)
for 10 min on ice and separated into supernatant and sediment fraction
by centrifugation 20 min at 20,000 g.

2.2. Enzyme activity assays

Activities of SDH and mGPDH were determined spectrophotometri-
cally either as CoQ; (monitored at 275 nm, €75 = 13.6 mM~L.cm™1),
2,6-dichlorophenolindophenol (DCPIP, monitored at 610 nm, €g;0 =
20.1 mM~'.cm™!) or cytochrome c oxidoreductases (monitored at
550 nm, €559 = 19.6 mM_1.cm_1). The assay medium contained
50 mM KCl, 10 mM Tris-HCl, 1 mM EDTA, 1 mg.mL_l BSA, 1T mM KCN,
pH 7.4 and 25 pM CoQq, 10 mM 2,6-dichlorophenolindophenol (DCPIP)
or 50 UM cytochrome c respectively. The reaction was started by adding
10 mM sn-glycerol -3-phosphate (GP) or succinate and changes of absor-
bance were monitored at 30 °C. Enzyme activities were expressed as
nmol.min~".mg ™" protein.

2.3. Fluorometric detection of hydrogen peroxide production

Hydrogen peroxide production was determined fluorometrically by
measuring oxidation of Amplex Red coupled to the enzymatic reduction
of H,0, by horseradish peroxidase (HRP). Fluorescence of the Amplex
Red oxidation product was measured at 37 °C using Tecan Infinite
M200 multiwell fluorometer. Excitation/emission wavelengths were
544 nm (bandwidth 15 nm)/590 nm (bandwidth 30 nm). The assay
was performed with 15 pg of mitochondrial protein per mL in KCI
based medium (120 mM KCl, 3 mM HEPES, 5 mM KH,PO,4, 3 mM
MgSO,4, 1 mM EGTA, pH 7.2) supplemented either with 10 mM succi-
nate or 10 mM GP. Amplex Red was used at the final concentration of
50 uM with HRP at 1 U.mL™ . Where indicated, 1 pg.mL~" antimycin
A (AA) or 12 uM CoQ; was added. Fluorescence signal from the well
containing all substrates and inhibitors, but not mitochondria, was
subtracted as background for every experimental condition used. Thus
any non-enzymatic effect of inhibitors on apparent ROS production
was eliminated. Signal was calibrated using H,0, at the final concentra-
tion of 0-5 uM and H,0, stock concentration was routinely checked by
measuring its absorption at 240 nm.

24. ROS production in gel slices

Proteins in solubilizates were separated by hrCN3-PAGE [26] on
4-13% gradient gels. Individual lanes were excised and washed
3 x 10 min in KCI based medium (120 mM KCl, 3 mM HEPES, 5 mM
KH,PO4, 3 mM MgS0O,4, 1 mM EGTA, pH 7.2) to remove salts used in
electrophoresis buffers. Subsequently, each lane was cut to 1 mm long
slices by custom made cutter. Individual slices (circa 1 x 1 x 6 mm)
were transferred into separate wells of 96 well plate and ROS produc-
tion was detected by Amplex Red dye using the same conditions as for
solubilized mitochondria (see above). Four measurements were done
for each well (Tecan reader always uses only part of the well area for
fluorescence detection) to ensure that presence of gel slice did not
cause inhomogeneity and average was used in calculations. In-well
SD was within 10%, which was the same as with mitochondria or
solubilizates. As we do not know exact protein content in each slice,

values were only expressed as pmol H,0,.min~ .

2.5. Luminescence detection of hydrogen peroxide production

ROS production was also measured as luminescence, principally as
described earlier [27]. Tecan Infinite M200 in luminescence mode was
used to detect signal. Measurements were performed at 37 °C in 0.1 mL
of KCl based medium, as in Amplex Red assay (120 mM KCl, 3 mM
HEPES, 5 mM KH,PO,4, 3 mM MgSO,4, 1 mM EGTA, pH 7.2) containing
1 uM myxothiazol (MXT), 1 mM luminol (5-amino-2,3-dihydro-1,4-
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phtalazionedione) and 2.5 U.mL™" HRP. 10 pg of solubilizate (digitonin
2 g/g) protein was used per well. Assay was performed on per well
basis — the reaction was started by 10 mM GP or succinate, after 60 s
500 uM ferricyanide (potassium hexacyanoferrate(Ill); FeCN) was
added. Other conditions are specified in Results and Legends to figures.
Luminescence was recorded in 0.5 s intervals for further 60 s. The lumi-
nescence peak reached maximum values in the first second after FeCN in-
jection and declined subsequently. For evaluation of peroxide production
the maximum value (peak) was used. This value was proportional to in-
tegral luminescence intensity over the whole 60 second period. Each
trace represents average value of quadruplicate measurement done in se-
ries. A calibration with hydrogen peroxide was routinely performed to
check for the linearity of response.

2.6. Western blotting

Proteins in solubilizates were analyzed by BN-PAGE and hrCN3-
PAGE [26,28] on 4-13% separating gels using the Mini-Protean IIl appa-
ratus (BioRad). For two-dimensional electrophoresis, gel slices from the
1t dimension were incubated in 1% SDS and 1% mercaptoethanol for 1 h
and then subjected to SDS-PAGE on 10% gels [29]. Proteins were trans-
ferred from gels to PVDF-membranes (Immobilon-P, Millipore) using
semidry electrotransfer (BioRad). The membranes were blocked with
5% non-fat dried milk in TBST (150 mM NaCl, 10 mM Tris, 0.1%
Tween-20, pH 7.5) for 1 h and incubated for 2 h with the specific pri-
mary antibodies diluted in TBST. Monoclonal antibodies to SDHA and
Blue Native OXPHOS Complexes Detection Kit (containing monoclonal
antibodies to NDUFA9, SDHA, Core2, Cox4, ai-subunit of complex V)
were obtained from Abcam; rabbit polyclonal antibody to mGPDH was
custom prepared [30]. Membranes were then incubated for 1 h with
corresponding secondary fluorescent antibodies — IRDye 680- or 800-
conjugated goat anti-mouse IgG (Invitrogen) or goat anti-rabbit IgG
(Rockland). Detection of proteins was performed using Odyssey fluores-
cence scanner. The quantification of signals was carried out in Aida
Image Analyzer program version 3.21.

2.7. In-gel activity staining of mGPDH

Activity staining of mGPDH in native gels was performed according
to a modified protocol originally described in [31]. Gel slices were
stained using solution of 5 mM Tris-HCl (pH 7.4), 3 mM MgCl,,
0.88 mM menadione, 1.2 mM NitroBlue Tetrazolium, 1.5 pM rotenone,
2 M KCN and 10 mM glycerol-3-phosphate for 1 h. Subsequently
gels were denatured in 50% methanol/10% acetic acid for 15 min, fixed
in 10% acetic acid for 10 min and scanned on flatbed scanner.

2.8. Polarographic detection of oxygen consumption

Oxygen consumption was measured at 30 °C as described before
[12] using Oxygraph-2k (Oroboros, Austria). Measurements were
performed in 2 mL of KCl medium (80 mM KCl, 10 mM Tris-HCl,
3mM MgCl,, 1 mM EDTA, 5 mM K-Pi, pH 7.4) using 50-100 pg
protein.mL ™! of digitonin solubilized mitochondria. For measurements,
10 mM GP, 125uM hexaammineruthenium(Ill)chloride (HAR),
62.5 pM FeCN, 16 pM CoQy, and 1 pM MXT were used. The oxygen con-
sumption was expressed in pmol oxygen.s~ .mg~ ! protein.

3. Results

3.1. Solubilization of mitochondrial membrane with digitonin affects
mGPDH and SDH enzyme activities by CoQ depletion

Solubilization of mitochondrial membrane using mild nonionic de-
tergents represents established approach to obtain respiratory chain en-
zymes in a range of different forms, from monomers to supercomplexes
depending on the type and concentration of the detergent used. To

study mGPDH and SDH in a soluble state, BAT mitochondria were solu-
bilized with increasing concentrations of digitonin (1-8 g/g protein)
and the solubilized (supernatant) and the residual non-soluble
(sediment) fractions were separated by the centrifugation (20,000 g,
20 min). The average amounts of the protein recovered in supernatants
after solubilization were 51.5, 70.4, 82.8, 81.9 and 64.5% of the original
mitochondrial protein at 1, 2, 4, 6 and 8 g digitonin/g protein, respec-
tively. The composition of the fractions was analyzed by SDS-PAGE
and WB. As shown in Supplementary Fig. 1, specific content of respira-
tory chain complexes was quantified using subunit specific antibodies.
Within the range of detergent concentrations used, the relative content
of respiratory chain complexes, including SDH and mGPDH was
maintained at levels similar to the original mitochondria. To assess the
effect of solubilization on these dehydrogenases, we compared the spe-
cific activities (activities expressed per mg of protein in each sample) of
mGPDH and SDH in the whole, frozen thawed mitochondria and in de-
tergent solubilized mitochondrial proteins, i.e. at conditions when the
dehydrogenases as well as the whole OXPHOS are assembled in the
membrane versus the conditions when the membrane structure and in-
teraction with mobile carriers and other respiratory chain complexes
are disrupted by membrane solubilization. We followed the sole activity
of mGPDH and SDH using DCPIP or CoQ (DH:DCPIP, DH:Q) as the accep-
tor as well as the combined activity of dehydrogenase and complex III
(GCCR, SCCR). Solubilization of mitochondria by digitonin caused pro-
nounced decline of GCCR and SCCR activity with increasing detergent
concentration (Fig. 1). However, samples solubilized with digitonin
1 g/g protein still retained up to 10 and 27% of GCCR and SCCR activity
in the soluble fraction respectively i.e. indicating presence of functional
respiratory patches composed of at least dehydrogenase and complex Il
under these mild conditions, while electron transport to cytochrome ¢
was completely abolished at higher digitonin concentrations.

Observed decrease in the sole activities of both solubilized dehydro-
genases (acceptors DCPIP or CoQ) that declined with increasing deter-
gent concentration, was much less pronounced and occurred at higher
detergent/protein ratios than was the case for GCCR or SCCR. When
comparing two acceptors for isolated dehydrogenase activity, we ob-
served faster decline of DH:DCPIP than DH:Q activity, which was even
more pronounced in SDH than in mGPDH. As DCPIP does not take elec-
trons directly from the dehydrogenases, but takes them preferentially
via CoQ pool [32], this suggested that CoQq is effectively depleted from
the dehydrogenase containing micelles during digitonin solubilization.
Therefore, we tested effect of exogenous CoQ; supplementation. Addi-
tion of exogenous CoQ; to digitonin 2 g/g protein solubilizates sig-
nificantly increased measured activities for both dehydrogenases.
The activating effect was much more pronounced in SDH (>20-fold
increase) than in mGPDH (2-fold increase) (Fig. 2), in accordance
with much higher decline and almost complete loss of succinate:
DCPIP activities in the digitonin solubilizates. This translated to approx-
imately 5-fold higher specific activity of SDH compared to that of
mGPDH. On the one hand, this difference points to a significant inactiva-
tion of mGPDH during solubilization by nonionic detergents, a general
problem previously observed in mGPDH isolation and purification
[33]. On the other hand, it indicates that bound CoQ is more easily and
efficiently lost from SDH than mGPDH, in accordance with minute con-
tent of CoQ observed in isolated SDH [34].

3.2. ROS production by digitonin solubilized mGPDH and SDH responds
differently to external CoQ

To characterize ROS production by solubilized mGPDH and SDH,
we measured GP- and succinate-induced hydrogen peroxide produc-
tion at 10 mM substrate concentration following oxidation of 50 pM
Amplex Red in the presence of added peroxidase (1 U.mL™'). When
dehydrogenase-dependent ROS production was analyzed as succinate-
induced ROS production in mitochondria (Fig. 3B, “0” digitonin values),
it showed very low basal levels (50 pmol H,0,.min~'.mg~"' protein)
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Fig. 1. Enzyme activities in digitonin-solubilized BAT mitochondria. Mitochondria were solubilized with increasing amounts of digitonin (1, 2,4, 6,8 g/g protein). SDH and mGPDH enzyme
activities were detected both in supernatants and sediments (20,000 g) after solubilization. Activities were determined as CoQ; reductase (GP:Q, succinate:Q) or DCPIP reductase (GP:
DCPIP, succinate:DCPIP), i.e. isolated dehydrogenase activity or as cytochrome c reductase (GP:cyt ¢, succinate:cyt c), i.e. combined activity of dehydrogenase and complex III, referring
about intactness of electron transport chain in respective sample. Activities are expressed per mg protein of solubilizates (digitonin 1-8 g/g protein) or mitochondria (digitonin 0). Results

are mean + SD from 2 to 4 replicates.

but strong, more than 5-fold activation by myxothiazol (MXT). This ef-
fect of MXT on SDH-dependent ROS generation rapidly declined in sol-
ubilized enzyme with increasing digitonin concentration, analogically
to SCCR and succinate:DCPIP activity (Fig. 1). In the case of mGPDH-
dependent ROS production, the basal mitochondrial ROS production
was higher (140 pmol H,0,.min~'.mg~"' protein) (Fig. 3A) and MXT
displayed similar activation in whole mitochondria. But, in a sharp con-
trast to SDH, solubilization of the inner mitochondrial membrane led to
the pronounced increase in basal mGPDH-dependent ROS production at
increasing digitonin concentrations. Despite higher SCCR than GCCR ac-
tivities in isolated mitochondria (see “0” digitonin values for superna-
tants in Fig. 1), mGPDH-dependent ROS production in fully solubilized
mitochondrial membranes (digitonin 4-8 g/g protein) was >15 fold
higher than SDH-dependent ROS production.

It has been recently reported, that SDH may be a significant ROS
producer under low succinate concentrations [11]. We therefore deter-
mined the levels of ROS production with 0.4 mM succinate as well.
As seen in Fig. 3C, the pattern of SDH-dependent ROS generation was
rather different under these conditions. As in the case of 10 mM succi-
nate, basal ROS production in mitochondria was low with 0.4 mM
succinate and it was strongly increased by blockade of complex III by

MXT. To the contrary, basal ROS production with 0.4 mM succinate con-
centration was strongly stimulated by detergent solubilization, steadily
increasing up to the highest digitonin concentration used, similarly
as was the case for mGPDH-dependent ROS production. With
all substrates used, no activation effect of MXT was observed in
solubilizates with digitonin 4-8 g/g protein respectively, indicating
that at these detergent concentrations dehydrogenases do not commu-
nicate directly with complex IIl and the observed ROS production orig-
inates solely from the respective dehydrogenases. These data are in
general agreement with dehydrogenase:cyt ¢ enzyme activities mea-
sured in Fig. 1. It should also be noted that the actual absolute levels of
ROS production with 0.4 mM succinate are underestimated, as SDH is
known to be inhibited by oxaloacetate [35,36] and 0.4 mM succinate
is not sufficient to displace oxaloacetate from the active site of the en-
zyme. As can be seen from Supplementary Fig. 2, approximately 50-
60% of SDH in our preparations was in inactive state. While with
10 mM succinate, this inhibition is released and whole bulk of the en-
zyme contributes to the ROS production, for 0.4 mM succinate the
inactivated portion of SDH does not contribute to the measured ROS
production. However, this does not have effect on the relative changes
in ROS production due to solubilization or inhibitor action.
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Fig. 2. Activation of digitonin-solubilized dehydrogenases by CoQ. Effect of CoQ; addition
on mGPDH (A) and SDH (B) enzyme activities measured as dehydrogenase:DCPIP reduc-
tases was studied in BAT mitochondria solubilized with digitonin (2 g/g protein 20,000 g
supernatants). 0 to 50 pM CoQ was added to the cuvette and enzyme activity was mea-
sured. Results are mean 4+ SEM from 3 to 5 measurements.

Recent work of Brand's group [11] suggested significant portion of
mGPDH-dependent ROS to originate from SDH due to reverse flow of
electrons. This is possibly of lower importance in frozen thawed mito-
chondria used in our experiments, but as shown in Supplementary
Fig. 3, in frozen mitochondria supplied with GP, there is still significant
SDH-dependent portion of ROS under the conditions with MXT present
(compare values with MXT vs. MXT + atpenin A5). However, this part
of ROS production is completely abolished in solubilized mitochondria,
where dehydrogenases cannot communicate directly via CoQ pool
(Supplementary Fig. 3).

As mGPDH and SDH are supposed to differ in their ability to bind
CoQ, we decided to analyze effect of exogenous CoQ; on the measured
ROS production (data in Fig. 3D-F and in the redrawn form in Fig. 4 to
emphasize differences between membrane-bound and solubilized
dehydrogenases). Addition of oxidized CoQ; to isolated mitochondria
had prooxidant effect for all three substrates tested: GP (Fig. 4A), succi-
nate 10 mM (Fig. 4B) and succinate 0.4 mM (Fig. 4C). This prooxidant
behavior of CoQ; was fully retained after addition of complex III
inhibitor — MXT, while the absolute values of ROS production after
MXT addition rose as in the absence of CoQ; (Fig. 4A-C). The effects of
CoQ; and MXT were thus simply additive, probably reflecting the in-
crease in available CoQ pool size. This behavior changed, when fully sol-
ubilized complexes (digitonin 6 g/g protein) were studied. Here CoQ,
had strong antioxidant effect on ROS production with GP (Fig. 4D) and
0.4 mM succinate (Fig. 4F), while it still acted as prooxidant in case of
10 mM succinate (Fig. 4E). Addition of MXT alone to solubilized mito-
chondria did not influence basal ROS production, but it abolished anti-
oxidant effect of CoQ; on GP and 0.4 mM succinate (Fig. 4D-F). In the

case of 0.4 mM succinate, CoQ; and MXT led to even more pronounced
ROS production than observed at basal levels (726 + 31 vs. 266 +
22 pmol.min~.mg~ "), representing the highest ROS production ob-
served in solubilized mitochondria (Fig. 4E). Thus the ability to
reoxidate soluble CoQ; on complex Il (which is still present in the
solubilizate, albeit not in the same respiratory supercomplex as flavin
dehydrogenases) seems to be essential for its antioxidant effect on
ROS production supported by GP and 0.4 mM succinate. Overall picture
of pro-/anti-oxidant effects was the same when AA was used as complex
III inhibitor. However, absolute ROS production with AA was higher
given the fact, that ROS are under these conditions produced at the
level of complex Il as well (data not shown). Presumably loss of endog-
enous CoQq facilitates electron leak from mGPDH, supporting the view
that Q-binding site is the locus of electron leak. In case of SDH analogous
mechanism seems to operate at low substrate concentration, probably
reflecting the direct effect of CoQ on SDH activity [37], even though
the substrate binding site was proposed to generate ROS at these
conditions [11].

3.3. Electron leak induction by single electron acceptors

In further experiments we followed ROS production induced by sin-
gle electron acceptor potassium ferricyanide (FeCN). Here, ROS produc-
tion can be detected as a burst of oxygen consumption due to the
formation of hydrogen peroxide under the conditions, when respiratory
chain is blocked at the level of complex Il (with AA or MXT) or complex
IV (with KCN). This phenomenon has been demonstrated in mitochon-
dria with GP but not with succinate used as a substrate [12]. Presum-
ably, FeCN accepts one electron from mGPDH and the second electron
leaks to oxygen, forming superoxide (05 ) which is subsequently
dismutated to hydrogen peroxide. The net effect manifests as oxygen
consumption, which can be abolished by the presence of catalase that
induces decomposition of hydrogen peroxide to water and oxygen
(not shown and [12]).

As shown in Fig. 5A, the FeCN-induced oxygen consumption by
mGPDH is fully retained after solubilization with digitonin (2 g/g pro-
tein). Similarly to whole mitochondria [12], it is completely prevented
by addition of CoQ, (Fig. 5A) or by addition of another one-electron ac-
ceptor, hexaammineruthenium(Ill) chloride (HAR) (Fig. 5B). Electron
leak due to one electron transfer to FeCN can therefore be disturbed
by other electron acceptors interacting with mGPDH, presumably
downstream of the flavin site. Complex II inhibitor atpenin A5 did not
influence GP-dependent, FeCN-induced electron leak (Fig. 5C), indicat-
ing that the leak occurs directly on mGPDH and not indirectly via elec-
tron backflow towards SDH. As in mitochondria, no FeCN-induced ROS
production can be observed in digitonin (2 g/g protein) solubilizates
with 10 mM succinate (not shown). However, as SDH was shown to
produce ROS at much higher rate with low succinate concentrations,
we tested FeCN effect with 0.4 mM succinate. Nevertheless, neither
here there was any observable induction by FeCN of oxygen consump-
tion due to electron leak (Fig. 5D). Leak of electrons from flavin in
SDH may also be facilitated by blockade of CoQ binding site by atpenin
A5. Here FeCN would allow for the electrons to be channeled away im-
mediately upstream of atpenin binding site but neither the addition of
atpenin induced FeCN-mediated leak with 0.4 mM succinate (Fig. 5D).
To make sure that atpenin A5 acts as a specific SDH inhibitor even for
solubilized enzymes, we followed the effect of atpenin A5 on mGPDH
and SDH activities (Supplementary Fig. 4A-C). As can be seen, atpenin
A5 did not inhibit mGPDH when measured either as Q, DCPIP or FeCN
reductase, but fully inhibited succinate:Q and succinate:DCPIP activity
and only partially abrogated succinate:FeCN activity, which is in agree-
ment with atpenin A5's role as specific SDH inhibitor acting at CoQ bind-
ing site. This points to a major difference between mGPDH and SDH in
the mechanism of electron leak and ROS generation.

Broad absorption spectrum of FeCN interferes with the fluorescent
detection of oxidized Amplex Red, but FeCN-induced ROS production
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Fig. 3. Reactive oxygen species production in digitonin-solubilized BAT mitochondria. Mitochondria were solubilized with increasing amounts of digitonin (1, 2, 4, 6, 8 g/g protein) and
ROS were detected as hydrogen peroxide production measured fluorometrically following oxidation of Amplex Red (50 uM) in the presence of HRP (1 U.mL™") in mitochondria (0 dig-
itonin values) and 20,000 g supernatants after digitonin solubilization. 10 mM glycerol-3-phosphate (GP), 10 mM succinate (SUC 10 mM) or 0.4 mM succinate (SUC 0.4 mM) was used as
substrate respectively. Titration curves are for basal ROS production without inhibitor (Basal), in the presence of 1 uM myxothiazol (MXT), 12 uM CoQ; (CoQ,) or 12 uM CoQ; plus 1 pM
myxothiazol (CoQ1 + MXT). Note that effect of myxothiazol, inhibitor of complex III, on ROS production can only be observed in mitochondria and at low digitonin/protein ratios, when
intact electron transfer pathway between dehydrogenase and complex Il exists. Results are mean 4= SD from 3 to 6 replicates.

can also be detected by luminometry [12]. Here, HRP mediated luminol
oxidation causes luminescence flash and is detected. As can be seen
in Fig. 6A, FeCN can induce GP-dependent electron leak in digitonin
2 g/g protein solubilizates, while there is no observable electron leak
with HAR under the same conditions. HAR also partially inhibits FeCN-
induced electron leak (Fig. 6B and D), both when added after the FeCN
(Fig. 6B) or when prior present in the medium (Fig. 6D). These data
are in accordance with the analogous measurements of oxygen con-
sumption (Fig. 5B). We cannot confirm that HAR accepts electron di-
rectly from the dehydrogenase, as HAR redox state cannot be detected
spectrophotometrically. Nevertheless, from Supplementary Fig. 4D it is
obvious, that HAR can positively influence apparent rate of FeCN reduc-
tion in spectrophotometric activity assay, indicating that HAR can facil-
itate electron transfer to FeCN, possibly as an intermediate electron
carrier. Further, we wanted to confirm that mGPDH electron leak really
occurs on the dehydrogenase itself. Fig. 6C demonstrates significant
FeCN-induced ROS production in digitonin 2 g/g protein solubilizates
with GP as a substrate in the presence of 1 uM rotenone, 1 UM MXT,
1 mg.mL™" AA, 1 uM atpenin A5 and 10 mM malonate, it is at condi-
tions when all other possible sites of electron leak have been blocked
by their respective inhibitors. Maximum luminescence peak in the pres-
ence of all inhibitors was only marginally changed compared to basal
conditions, thus demonstrating that in overall ROS production the pri-
mary source of FeCN-mediated electron leak has to be mGPDH. There
was also no significant ROS production when sn-glycerol-2-phosphate,
a glycerol-3-phosphate stereoisomer that is not oxidized by mGPDH
was used as a substrate (Fig. 6C, dashed line), further confirming that

FeCN-induced electron leak only occurs when GP is oxidized on
mGPDH and electrons are supplied into the enzyme.

All these experiments point towards CoQ binding site of mGPDH as
the most likely source of the electron leak. To our knowledge, there is
no specific inhibitor of CoQ site on mGPDH. We therefore tested effect
of 2-n-heptyl-4-hydroxyquinoline N-oxide (HQNO), generalized com-
petitive inhibitor, which binds to CoQ sites of various enzymes [38]. As
shown in Fig. 7, in fully solubilized mitochondria (digitonin 6 g/g pro-
tein) blockade of mGPDH with 10 uM HQNO significantly decreases
GP-dependent ROS production, while it has no effect on succinate-
dependent ROS production, further implying that CoQ binding site is
the source of electron leak on mGPDH.

3.4. mGPDH supercomplexes

Previous studies on isolation of mammalian mGPDH repeatedly ob-
served a “holoenzyme” of 250-300 kDa consisting of only 75 kDa
mGPDH protein suggesting oligomerization of this rather hydrophobic
dehydrogenase. To search for different forms of the two dehydroge-
nases we analyzed digitonin solubilizates of mitochondrial membranes
by means of native BN-PAGE and hrCN3-PAGE [26,28]. For detection we
used WB with specific antibodies and in-gel activity staining (Fig. 8). We
found mGPDH to be present in several homooligomeric forms, presum-
ably as dimer, trimer and tetramer, as well as in high molecular mass
supercomplex (SC) of more than 1000 kDa of yet unknown composi-
tion. The SC quantity was higher in hrCN3-PAGE judged both by WB
(Fig. 8B) and in-gel activity (Fig. 8C), than in BN-PAGE (Fig. 8A) where
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Fig. 4. Intactness of respiratory chain and CoQ influence ROS production. Data from Fig. 3 were redrawn to better document effect of decoupling dehydrogenase from complex IIl by sol-
ubilization on ROS production and its influence by CoQ;. ROS production was detected in BAT mitochondria or 20,000 g digitonin solubilizates (6 g/g protein) with 10 mM glycerol-3-
phosphate (GP), 10 mM succinate (SUC 10 mM) or 0.4 mM succinate (SUC 0.4 mM) respectively. Where indicated 1 uM myxothiazol (MXT) or 12 uM CoQ; (CoQ,) was added into

the assay. Results are mean + SD from 3 to 6 replicates.

SC appeared as significantly fainter band and where monomer of
mGPDH was observed as well. This indicates that this complex is labile
and dissociates by the change of electrostatic interactions caused by the
addition of Coomassie Blue dye. The content of mGPDH SC apparently
declined with increasing concentration of digitonin and in turn, the con-
tents of dimer and trimer increased correspondingly (Fig. 8C). In terms
of the relative contribution of individual forms, dimer seems to be the
most prominent form of mGPDH. Quantification of western signal
gave the following relative values (dimer content set as 100%) for
supercomplex:tetramer:trimer:dimer:monomer 50:14:40:100:5
using hrCN3-PAGE and 25:17:51:100:42 using BN-PAGE and digitonin
2 g/g solubilizates. In the case of SDH only a 140 kDa monomer was
found (not shown specifically but see western signal in Fig. 10).

To find out possible cross-reactions with other respiratory chain
complexes we performed 2D electrophoretic analysis with the digitonin
(2 g/g protein) solubilizates resolved by hrCN3-PAGE in the first

dimension and by SDS-PAGE in the second. As seen in Fig. 9, individual
forms of mGPDH were well resolved and even two distinct spots
of mGPDH SC of >1 MDa could be seen (Fig. 9A), but none of them
associated with signal of complex I, complex Il or complex IV (Fig. 9B)
i.e. OXPHOS complexes, which may share common electron transfer
pathway with mGPDH and would therefore make kinetic sense. The
putative mGPDH supercomplexes were smaller/larger than canonical
respiratory chain SCs as can clearly be seen from the overlay of densito-
metric traces in Fig. 9C. As for the low molecular weight forms of
mGPDH and their co-migration with the signal of other RC complexes,
the patterns observed did not indicate association of mGPDH with as-
sembled monomeric forms of respiratory chain complexes. Overlapping
signals of mGPDH and SDH at 140 kDa apparently represent separate
SDH monomers and mGPDH dimers because putative SDH-mGPDH
heterodimer would have to have molecular weight of at least 210 kDa.
With the antibody to Core2 subunit a significant signal was observed
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HAR (B) completely abrogated FeCN-induced ROS production peak. Dotted line in (A) represents control trace with two subsequent additions of FeCN. (C) Addition of atpenin A5, inhibitor
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independent FeCN-induced ROS production if 0.4 mM succinate is used as substrate, and neither it is induced by the addition of atpenin A5. In each case representative measurement

obtained independently with 2-5 different solubilizate preparations is shown.

in the region of 67 to 230 kDa but its profile was also different from that
of mGPDH and most likely represents free Core2 subunit and assembly
intermediates of complex III.

3.5. ROS production by the isolated enzyme

With the aim to analyze the ability to generate ROS by different sol-
uble forms of mGPDH and SDH we set to develop protocol for in gel ROS
measurements. Using this approach we were able to identify ROS pro-
duction which co-localized with the WB signal detected by antibodies
against mGPDH or SDH respectively (Fig. 10). ROS production was ap-
parent in both dehydrogenases when soluble CoQ analog CoQ; was
present, however, much higher intensity of ROS signal was again associ-
ated with mGPDH although the activity of mGPDH was 4-fold lower
than that of SDH in the digitonin 2 g/g protein solubilizates used (see
Fig. 2). ROS was thus detected in putative homooligomers as well as
supercomplex form of mGPDH. In the absence of exogenous CoQ; only
the signal of mGPDH-dependent ROS production was observed, mainly
at mGPDH mono- and homooligomers. SDH ROS production without
CoQ; was not observed with 0.4 mM succinate either (not shown), im-
plicating that the isolated mGPDH but not SDH can generate ROS due to
electron leak when supplied with the substrate only.

4. Discussion

In this paper we set to study ROS production by two flavin dehydro-
genases of the mitochondrial respiratory chain — SDH and mGPDH in
the system of frozen-thawed mitochondria solubilized with mild deter-
gent digitonin. Solubilization of mitochondrial membranes with mild
detergents is well established both for enzyme isolation and for the
analysis of respiratory chain enzyme interactions in the membrane.

Naturally, even this approach has its drawbacks. Solubilization may in-
fluence enzyme behavior as it is documented that enzyme activities of
both SDH and especially mGPDH are affected by the lipid composition
of the surrounding membrane. But on the other hand, it represents con-
venient option how to study dehydrogenases in isolation and dissect the
portion of ROS production associated with enzymes themselves. It is
well known that other complexes do contribute to overall ROS produc-
tion from flavin dehydrogenases. This applies both for downstream
complex IIl and for the upstream complex I or even complex II, which
can be source of ROS through reverse electron transport from mGPDH.
Solubilized enzymes thus offer unique opportunity to define bona fide
sites of ROS production and to help with explanation of the mechanism
of electron leak.

4.1. Solubilization and enzyme activities

As an experimental setup we chose to solubilize BAT mitochondria
with increasing concentrations of digitonin and subsequently to fraction-
ate them by centrifugation at 20,000 g for 20 min. This type of solubiliza-
tion is widely used for the study of respiratory supercomplexes and has
been shown to separate multiprotein complexes of up to 10 MDa
[28,39]. To characterize conditions of solubilization we have first studied
enzymatic activities in both solubilizates and sediments after solubiliza-
tion. From these studies we can conclude that: (i) Only part of the mito-
chondrial proteins gets solubilized by detergent treatment (51-66%
depending on digitonin concentration). Portion remains in the sediment
and this does not change significantly by increasing detergent concentra-
tions. (ii) Both mGPDH and SDH are partially inactivated by solubilization.
As can be calculated from protein recoveries, at the highest digitonin con-
centration used (8 g/g protein), 53% of the protein was recovered in su-
pernatant, but only 25.5% of GP:Q and 29.8% of succinate:Q activities
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Fig. 7. HQNO inhibits GP-dependent ROS production. Hydrogen peroxide production was
measured fluorometrically as oxidation of Amplex Red (50 M) in the presence of HRP
(1 U.mL~1)in 20,000 g supernatants after solubilization of BAT mitochondria with digitonin
(4 g/g protein). Either 10 mM glycerol-3-phosphate (GP) or 0.4 mM succinate (SUC 04)
was used as substrates. Where indicated 10 uM 2-n-Heptyl-4-hydroxyquinoline N-oxide
(HQNO) was used. Results are mean =+ SD from 2 replicates.

were recovered. However, this inactivation is a well documented phe-
nomenon, especially for mGPDH [33]. (iii) CoQ seems to be lost during
solubilization, apparently more so in the case of SDH. This may be an in-
direct measure of enzyme affinity towards CoQ. Interestingly, low CoQ re-
covery during SDH purification has already been described [34]. In that
study, SCCR activity could be reestablished by the addition of purified
complex I, which retains CoQ during purification and thus served as
CoQ source in the final preparation. In this context, the presence of CoQ
observed in supercomplexes respiring on succinate [40] may not repre-
sent its direct association with SDH. (iv) At low digitonin concentration
(1 g/g) we have observed the presence of patches of respiratory chain
in the solubilizates, that contained at least flavin dehydrogenase (SDH,
mGPDH) and complex III, as reported by the DH:cyt ¢ activity. But based
only on these measurements, they cannot be directly declared as respira-
tory supercomplexes. Furthermore, their content is low and above digito-
nin 4 g/g protein dehydrogenases become separated as individual entities
without connection with the rest of OXPHOS. Apart from dehydrogenases
and complex I, it is not clear, what are these complexes composed of
(see below).

4.2. ROS production in solubilized mitochondria

In order to characterize ROS production by mGPDH and SDH we
chose BAT mitochondria, that contain high (near equimolar) levels of
both dehydrogenases [41]. Recently, several papers explored ROS pro-
duction by flavin dehydrogenases, focusing on potential in vivo sources
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of ROS with succinate or GP as substrates [11,17,42]. While this analysis
is important as well, due to the fact, that total in vivo ROS production
with respective substrate will occur on several places in the OXPHOS,
it may not provide an insight detailed enough to see into the mechanism
on respective enzymes themselves. As our work focuses on solubilized
mitochondria, we also chose to use frozen-thawed mitochondria as a
control. Here we do not observe backflow towards complex I, which
contributes to overall measured ROS levels [43].

Our data confirmed previous observations that SDH with saturating
concentration of succinate (10 mM), produces very low quantities of
ROS itself and most of the observed production happens on complex
III [15]. Such ROS production diminishes after solubilization of the en-
zyme and points to low importance of electron leak from SDH under
these conditions. More important are the observations with low succi-
nate concentration (0.4 mM) and with GP. In both cases, the leak of
electrons (ROS production) from respective dehydrogenase increases
with increasing digitonin concentration. This clearly demonstrates
that if electrons cannot be transferred further down the respiratory
chain, both dehydrogenases tend to leak them towards O,. As the dehy-
drogenases are fully soluble under high digitonin concentrations, it also
demonstrates that such leak occurs on the respective enzymes them-
selves. In the case of SDH, this confirms recent observation made with
the use of SDH inhibitor atpenin A5 [11,44]. As our system does not
use inhibitors, it can serve as a further confirmation, that such ROS pro-
duction really occurs on SDH and is not an artifact due to the presence of
atpenin A5.

4.3. Effect of coenzyme Q

Because CoQ appeared to be depleted from solubilizates, we decided
to check the effect of the addition of the soluble analog CoQ; on ROS
production. For these experiments we used oxidized CoQ,. While it
was generally a pro-oxidant in mitochondrial preparations, it acted as
an antioxidant in solubilized mitochondria with GP and 0.4 mM succi-
nate. It most likely shows that reestablishment of electron flux by solu-
ble CoQ; decreases pressure for electron leak from either mGPDH or
SDH. As the antioxidant effect was abolished by MXT, it is clear that
reoxidation of CoQ; on complex IIl is vital for its antioxidant role. Rather
interesting is the strong prooxidant effect of reduced CoQ; (in the pres-
ence of MXT) with 0.4 mM succinate as substrate, because FAD should
be the proposed site of electron leak here [11]. However, it has been

shown that SDH activity is strongly regulated by the reduction state of
CoQ pool and is highest with CoQ pool fully reduced [36]. Increase in
the observed ROS production may therefore be also the effect of in-
creased SDH enzymatic activity.

We further studied the potential of Q site as the source of electron
leak by the use of one electron acceptors FeCN and HAR. The ability of
ferricyanide to induce electron leak from mGPDH is well established
[12,22]. Here we show that it is fully retained in solubilized mitochon-
dria. Importantly, it cannot be inhibited by SDH inhibitor atpenin A5
or by complete inhibition of all other OXPHOS complexes but mGPDH.
On the other hand, addition of the other single electron acceptor HAR
(previously used in studies of complex I [45,46]) or CoQ abolishes the
ability of FeCN to induce the leak of electrons. We do not have direct
evidence of interaction sites for FeCN and HAR in case of mGPDH. In
complex I, it was demonstrated, that FeCN displays ping-pong bi-bi ki-
netics [47], while HAR has ordered reaction mechanism [45]. It was
interpreted so that FeCN interacts with FMN from the side of NADH
binding cleft and HAR accepts electrons downstream of FMN. It is likely
that FeCN interacts directly with FAD in mGPDH as well. mGPDH was
proposed to have ping-pong reaction mechanism for GP reduction,
analogously to the bacterial homolog GlpD [13,48]. FeCN would thus
take one electron from FADH,, producing flavin semiquinone, the actual
source of ROS under these conditions. Most plausible explanation for
the inhibitory effect of CoQ; and HAR on FeCN-induced electron leak
is that they react downstream of FeCN reduction site (similarly to com-
plex I) and channel electrons away from flavin semiquinone.

FeCN effect on SDH ROS production has not been demonstrated yet,
despite the fact that SDH effectively transfers electrons to FeCN [49].
Here we show that neither solubilization, nor low succinate concentra-
tion or presence of atpenin A5 can induce FeCN-facilitated electron leak
from SDH. It is rather surprising especially at low succinate concentra-
tions, as it was suggested that incomplete substrate site occupancy is
the prerequisite for ROS formation on SDH [11]. Empty substrate bind-
ing cleft with flavin semiquinone would represent rather likely place
for one electron FeCN reduction, thus inducing electron leak, but this
did not occur. All these demonstrate that transfer of electrons must be
different between FAD and Q in both enzymes, with potential for
channeling electrons away by single electron acceptor in the case of
mGPDH.

Most direct evidence for CoQ site as the place of electron leak comes
from experiments with HQNO. This generalized competitive inhibitor,
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which binds to CoQ sites of various enzymes [38] has been found to bind
also to bacterial mGPDH analog GlpD [48]. As the CoQ binding site is rel-
atively conserved between GlpD and mGPDH, it is therefore conceivable
to expect that it can interact with mGPDH as well. Interpretation of
HQNO effect on GP-dependent ROS production is difficult in frozen
thawed mitochondria, where inhibition of other CoQ sites in the respi-
ratory chain, such as Q, site of complex Ill, adds too much complexity.
On the other hand, in fully solubilized mitochondria used in our exper-
iment, its effect on GP-dependent ROS production should be specific for
mGPDH only.

4.4. Mechanism of mGPDH dependent ROS production

This brings us to the question what is the exact mechanism of ROS
production by mGPDH. Given its simple structure and most probable
absence of FeS center, only the semiquinones formed at flavin or Q
sites can be sources of electron leak. As discussed earlier, in SDH flavin
has been proposed as the place of electron leak [11]. However, this
does not seem to be the case with mGPDH. For this type of leak to
occur in SDH, it is necessary that succinate concentrations are low and
the substrate cleft displays only partial occupancy, thus allowing access
of molecular oxygen to the flavin semiquinone intermediate formed
and subsequent formation of superoxide. For mGPDH, ROS production
increases linearly with increasing GP concentration at least to 40 mM,
well past the Km for GP (2.9 mM) [43], which contradicts such possibil-
ity. Q site, or rather the CoQ semiquinone formed here, is therefore the
most plausible source of electron leak on mGPDH. This is supported by
our observations in this paper regarding interaction between CoQ and
mGPDH as well as several lines of evidence in the literature.

(i) Structural evidence comes from the bacterial mGPDH analog
GIpD, as there is no crystal structure available for the mammalian en-
zyme yet. However, the sequence is relatively well conserved between
these proteins, as is the CoQ binding site. CoQ docking in GlpD occurs
in the planar region oriented towards the lipid bilayer, which is analo-
gous fold with another monotopic mitochondrial dehydrogenase —
ETF:Q oxidase, which has also been shown to produce ROS [9,10,50].
On the contrary, SDH has a deep pocket with two binding sites for
CoQ, which may represent natural protection against electron leak by
the stabilization of ubisemiquinone radical formed during CoQ reduc-
tion [51,52]. Such stabilization seems to be essential in minimizing of
the electron leak, as mutations in CoQ binding site of SDHC subunit
were shown to increase ROS production [53].

(ii) It is also likely, that FAD semiquinone is only short lived and not
present in the absence of GP in the substrate binding pocket. Yeh et al.
proposed that it is most likely that catalysis occurs by ping-pong mech-
anism [48], meaning that fully reduced FADH, is produced by the
oxidation of GP to dihydroxyacetone phosphate, which subsequently
dissociates from the substrate binding pocket. Transfer of electrons to
CoQ should then be concerted two electron process, but insufficient sta-
bilization of semiquinone and its dissociation from the enzyme would
result in electron leak. Analogous situation occurs in the presence of
FeCN, where transfer of one electron from FADH, to FeCN leads to the
formation of flavin semiquinone and formation of superoxide [12].

(iii) Another indirect evidence for CoQ as the source of electron leak
in mGPDH comes from the observations of Brand's group, that superox-
ide is produced equally on both sides of the mitochondrial inner mem-
brane [14,17]. FAD binding site is oriented towards intermembrane
space and electrons leaking from this site would presumably be pro-
duced mostly towards intermembrane space as well.

4.5. mGPDH supercomplexes

Mitochondrial inner membrane is dense with average distance be-
tween protein complexes calculated to be only a few nanometers [54].
It is therefore not surprising that protein-protein interactions may
occur. Their non-stochastic nature has been shown for example in the

organization of oxidative phosphorylation apparatus. Here the theory
of respiratory supercomplexes is widely accepted with individual
OXPHOS complexes organized into higher molecular structures [40,55].
Among others it has been suggested that supercomplexes allow
channeling of substrates between individual complexes and thus de-
crease the possibility of electron leak towards molecular oxygen and
ROS production [56]. However, of the dehydrogenases communicating
with CoQ pool, only complex I now represents an established part of
OXPHOS supercomplex. Data on flavin dehydrogenases are scarcer
and more controversial. They are absent in single particle electron mi-
croscopy studies of OXPHOS supercomplexes [57,58], but given their
relatively small size they may simply be under the resolution limit of
this technique. Neither kinetic studies of substrate channeling seem to
support the presence of SDH in any supercomplex with complex III
[56]. On the other hand at least some of the electrophoretic studies
do detect SDH signal in high molecular weight complexes and could iso-
late other OXPHOS complexes by immunocapture via SDH antibody
[40]. The same study also described respiratory competence of
supercomplexes using succinate as substrate. There is also some sup-
port for mGPDH involvement in supercomplexes coming from yeast,
where the mGPDH homolog Gut2p associates into “dehydrogenasome”,
i.e. complex of several dehydrogenases supplying electrons to coen-
zyme Q [24].

It has also been clear since the early isolation experiments that
mGPDH forms higher molecular weight aggregates, most likely due to
its high hydrophobicity. During the purification by gel filtration the na-
tive mGPDH “holoenzyme” migrated at a molecular weight of approxi-
mately 250-300 kDa. As no other protein could be detected in this
fraction, such complexes were considered to be homooligomeric aggre-
gates [33].

Indeed, these homooligomeric structures were observed under
native electrophoretic conditions of digitonin-solubilized BAT mito-
chondria. We were unsuccessful in determining any other interaction
partners in these bands by crosslinking experiments and only
mGPDH-mGPDH crosslinks were observed (not shown). It is therefore
quite plausible that such homooligomers do represent native in vivo or-
ganization. It should also be noted that crystals of the bacterial mGPDH
homolog GIpD also detect the native conformation to be a dimer and
such dimerization seems to be determined by large hydrophobic areas
present on the surface of the protein not buried into the membrane
[48]. However, this does not explain the molecular nature of the
observed approximately 1 MDa mGPDH supercomplex. Its partial disso-
ciation after Coomassie dye addition points more towards weak electro-
static interactions than to hydrophobic interface which is likely in the
homooligomers. As it does not co-migrate with OXPHOS complexes
on 2D gels, it most likely does not represent “OXPHOS supercomplex”
in the traditional sense. Our experiments also indicate that ROS produc-
tion by the supercomplex form of the enzyme is broadly in par with the
relative content of individual forms of mGPDH. Therefore such structure
does not seem to be any better in channeling electrons towards complex
[l and thus preventing ROS production. We do not know molecular na-
ture of this complex yet, but one speculation based on yeast gut2p may
be, that such complex represents association of several flavin dehydro-
genases such as mGPDH and ETF:Q oxidoreductase.

4.6. Isolated mGPDH as an ROS producer

Last, we have also demonstrated, that both isolated mGPDH and SDH
are capable of ROS production. While mGPDH can do so in the absence
of exogenous CoQ, SDH can produce ROS only, if exogenous CoQ was
present. This is presumably in agreement with our observations that
SDH is preferentially depleted of CoQ during solubilization. It has been
demonstrated, that partially purified mGPDH did produce FeCN-
dependent ROS [12]. However, this is the first direct confirmation, that
both dehydrogenases can be independent sources of ROS and this
does not occur only indirectly on other OXPHOS complexes. We have
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also demonstrated that all native forms of mGPDH — homooligomers as
well as its supercomplex form do produce ROS. It would be interesting
to judge, whether association on mGPDH into supercomplex structures
reduces ROS production. Although majority of ROS were produced by
lower molecular forms it is difficult to make such conclusions. ROS de-
tection in gel is merely semiquantitative and thus it is hard to correlate
its intensity with the native western signal.

Taken together, in this paper we studied mechanisms of ROS pro-
duction by two mitochondrial flavin dehydrogenases mGPDH and
SDH. While we confirmed flavin as the most likely source of electron
leak in SDH, we propose coenzyme Q as the site of ROS production in
the case of mGPDH. Furthermore, using native electrophoretic systems,
we demonstrated that mGPDH associates into homooligomers as well
as high molecular weight supercomplexes, which represent native
forms of mGPDH in the membrane. In the end, we also demonstrated
that isolated mGPDH itself as well as its supramolecular assemblies
are all capable of ROS production.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2013.08.007.
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Supplementary Fig. 1.

Protein composition of digitonin solubilizates. Mitochondria and digitonin-solubilized
mitochondrial proteins (1-8 g/g protein) were analyzed on SDS-PAGE followed by western
blot analysis. Equal amount (15 ug of protein) was loaded into each slot. (A) Detection of
protein content with respective antibodies: mGPDH, SDH (SDH70 subunit), Fio (CV), Core2
(CIl1), NDUFA9 (Cl) and porin (marker of outer membrane). (B) Relative distribution of
mGPDH and SDH into individua fractions. Whole mitochondria are considered as 100%.
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Supplementary Fig. 2.

Inhibition status of SDH. Mitochondria or digitonin (2 g/g protein) solubilizates were
incubated with indicated succinate concentration at 0 °C (open symbols) or 37 °C (closed
symbols) for 5 min to allow for displacement of oxaloacetate and enzyme activation at 37 °C.
Following the incubation, enzyme activity was determined at 15 °C as DCPIP:reductase in the
presence of 20 uM CoQ; and 10 mM succinate. At 15 °C, succinate cannot displace the
inhibitory oxaloacetate and thus the measured value serves as a proxy for inhibitory state in the

original incubation.
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Supplementary Fig. 3.

GP-dependent ROS production on mGPDH and SDH. Hydrogen peroxide production
was measured fluorometrically as oxidation of Amplex Red (50 uM) in the presence of HRP
(1U.mL™ 1) either in origina mitochondria (mitochondria) or in 20,000 g supernatants after
solubilization with digitonin 2 or 6 g/g of protein (Dig2 or Dig6 respectively) with 10 mM



glycerol-3-phosphate used as a substrate. Where indicated 1 uM atpenin A5, 1 pg.mL ™ *
myxothiazol (MXT) or the combination of both was used. Results are mean+ SD from 3

replicates.
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Supplementary Fig. 4.

Effect of atpenin A5 and HAR on activities of the dehydrogenases. BAT mitochondria
were solubilized with digitonin (2 g/g protein). Enzyme activities were determined as CoQ;
reductase (A), DCPIP reductase (B) of FeCN reductase (C, D) with 10 mM glycerol-3-
phosphate (GP) or 10 mM succinate (SUC). Effect of established SDH inhibitor atpenin A5
(1 uM) was examined on all respective combinations of substrates and electron acceptors (white
bars, A—C). Effect of another single electron acceptor HAR on apparent FeCN reductase
activity was determined in (D). Black bars — FeCN reductase activity with respective
substrate, white bars — analogous activity in the presence of 125uM HAR. Results are

mean £+ SD from 2 to 3 replicates.
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