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Abstract 

Complex V of the mitochondrial oxidative phosphorylation system is an ATP synthase 

that plays a pivotal role in the cell’s energy transduction. Mutations in genes encod-

ing the multiple protein subunits that constitute complex V cause severe metabolic 

and neurodegenerative diseases. We present here three complementary assays 

to assess Complex V activity and assembly in peripheral blood mononuclear cells 

(PBMCs). The assays involve spectrophotometric and in-gel activity measurements, 

cytochemical assessment of the mitochondrial transmembrane electrochemical gra-

dient (∆Ѱ
m
) to determine if the enzyme acts forward as an ATP synthase or in reverse 

as an ATPase, and western blot analysis of clear native gels to evaluate Complex V 

assembly. The whole process can be performed with 2 × 106 PBMCs isolated from 

~2 ml of blood. Our study suggests that PBMCs can serve as a platform for small-

scale, minimally invasive investigations of patients suspected of Complex V defi-

ciency or in biomarker research of mitochondrial function.

Introduction

The oxidative phosphorylation system consists of five multi-subunit enzyme com-
plexes located in the mitochondrial cristae membranes [1]. Complex V (CX-V), also 
known as ATP synthase, produces the majority of ATP in the cell through phos-
phorylation of ADP, driven by the transmembrane proton electrochemical gradient 
generated by the respiratory chain composed of Complexes I to IV [2]. In addition, 
CX-V plays a key role in the structural formation of the cristae membranes by induc-
ing membrane curvature [3]. The enzyme consists of two functional domains: F

1
, 

positioned in the mitochondrial matrix, and F
o
, embedded in the cristae membrane. 

A flow of protons from the mitochondrial intermembrane space to the matrix through 
F

o
 induces conformational changes in F

1
 that catalyze the phosphorylation of ADP 

[2,4,5]. When the transmembrane proton electrochemical gradient is low, CX-V can 
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work in reverse as an ATPase, hydrolyzing ATP to ADP and using the free energy 
of this reaction to pump protons from the matrix to the intermembrane space, thus 
restoring the transmembrane proton electrochemical gradient [6].

Oligomycin A specifically inhibits the proton transfer function of F
o
 (hence its sub-

script). The lypophilic cation tetramethylrhodamine methyl ester (TMRM) is a red fluores-
cent dye that is imported into the mitochondrial matrix dependent on the transmembrane 
electrochemical gradient (∆Ѱ

m
) component of the transmembrane proton electrochem-

ical gradient. It is commonly used as a reporter for ∆Ѱ
m
 [7]. Addition of oligomycin A to 

a cell culture will result in ∆Ѱ
m
 hyperpolarization (increase in TMRM staining intensity) 

when, prior to its addition, the respiratory chain was functional and CX-V operated  
forward as an ATP synthase. Conversely, addition of oligomycin A will result in ∆Ѱ

m
 

depolarization (decrease in TMRM staining intensity) when, prior to its addition, the 
respiratory chain was dysfunctional and CX-V operated in reverse as an ATPase [8].

Human CX-V is comprised of 18 protein subunits [2]. Two subunits are encoded 
on the mitochondrial DNA (MTATP6 and MTATP8), while the remaining subunits are 
encoded on the nuclear DNA. Moreover, several nuclear-encoded assembly factors, 
including ATPAF1, ATPAF2, FMC1, TMEM70 and TMEM242, are required to build a 
functional CX-V [9]. Mutations in genes involved in CX-V biosynthesis cause CX-V 
deficiency. They are associated with severe metabolic defects and neurodegenerative 
disorders, ranging from neonatal onset Leigh syndrome and encephalocardiomyop-
athy to early- or late-onset neuropathy, ataxia and retinitis pigmentosa [10]. The first 
genetic mutations causing isolated CX-V deficiency were identified in the mitochondrial 
MTATP6 gene coding for a subunit of F

o
 in the early 1990s [11,12]. More recently, muta-

tions in several nuclear genes (ATP5F1E, ATPAF2 and TMEM70) involved in CX-V 
biosynthesis have been identified [13–15] and since the advent of next-generation 
sequencing their number is rapidly increasing (reviewed in [9]). In addition, a decline in 
CX-V activity and integrity with age has been reported in rodent models [16–18].

Because CX-V deficiency is increasingly recognized as a cause of disease, 
there is a need for a small-scale, minimally invasive CX-V activity assay to evalu-
ate patients. The currently available spectrophotometric CX-V assay is generally 
performed with isolated mitochondria because the measurement is not sensitive 
enough to use whole cell extracts [19]. In addition, in-gel activity staining of CX-V 
with lead(II) nitrate has been reported using whole cell extracts [20] but we found 
that the white lead(II) phosphate precipitate is challenging to quantify. Both assays 
measure the reverse ATPase activity of detergent-solubilized CX-V; they do not 
reveal if CX-V acts forward as an ATP synthase or in reverse as an ATPase in intact 
mitochondria. Whether CX-V works forward or in reverse can be determined with 
isolated mitochondria in an Agilent Seahorse Flux Analyzer [21]. However, isolation 
of mitochondria for the documented spectrophotometric and Seahorse analyses 
will require a relatively large tissue sample. We have developed three small-scale 
methods that do not involve the isolation of mitochondria to assess the activity and 
integrity of CX-V from peripheral blood mononuclear cells (PBMCs). Together the 
assays require as few as 2 × 106 PBMCs, which can be isolated from ~2 ml of whole 
blood.
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Results

Spectrophotometric PBMC CX-V activity

PBMCs represent an easily accessible primary tissue and is, therefore, attractive to assess mitochondrial function in 
patients. Typically, 1 × 106 of PBMCs can be collected from 1 ml of whole blood. However, a substantially larger number of 
PBMCs is required to conduct oxidative phosphorylation complex activity assays by spectrophotometry, even when the 
measurements are adapted to a mini-assay format in 96-well plates or ‘dipstick’ assays. Therefore, we modified the CX-V 
activity assay of the commercially available Mitotox Complex V OXPHOS Activity Assay Kit (Abcam) designed to test the 
inhibitory effect of compounds on CX-V activity. The kit is based on a method first described by Soper and Pedersen [22], 
where the reverse CX-V (ATPase) activity is determined by an enzyme-linked system that couples the production of ADP 
to the oxidation of NADH to NAD+, which can be monitored as a decrease in optical density at 340 nm (OD

340nm
) with a 

spectrophotometer or microplate reader.
First experiments were conducted with bovine heart mitochondria as source of CX-V. In time course measurements, 2 

μg of bovine heart mitochondria showed a very strong, linear decrease in OD
340nm

. Addition of the CX-V specific inhibitor 
oligomycin A to bovine heart mitochondria resulted in a much weaker linear decrease in OD

340nm
, whereas assays without 

bovine heart mitochondria or with only oligomycin A showed no change in OD
340nm

 (Fig 1A). These experiments confirm 
that bovine heart mitochondria are a rich source of ATPase activity as there is a clear decrease in OD

340nm
 over time. Most 

of this ATPase activity stems from the reverse CX-V activity, which is oligomycin A sensitive. However, there appears to 
be also other ATPases active in bovine heart mitochondria because there is still a small decrease in OD

340nm
 in the pres-

ence of oligomycin A. The difference between the decrease in OD
340nm

 of bovine heart mitochondria without oligomycin A 
and the decrease in OD

340nm
 of bovine heart mitochondria with oligomycin A represents the reverse CX-V activity (i.e., the 

oligomycin A-sensitive ATPase activity). In our experiment, 90.3% of the total bovine heart mitochondrial ATPase activity 
was oligomycin A-sensitive and is assumed to originate from the reverse CX-V activity. Replication experiments indicated 
that the intra- and inter-assay coefficients of variation were 3% and 11%, respectively. The experiments were performed 
with oligomycin A at a final concentration of 62.5 nM because in preliminary titration experiments this oligomycin A 

Fig 1.  The decrease in OD320nm over time in spectrophotometric ATPase activity assays. (A) Assays of 2 μg of bovine heart mitochondria with 
and without 62.5 nM oligomycin A, and assays without bovine heart mitochondria (background) or with only 62.5 nM oligomycin A. (B) Assays of 4 × 105 
PMBCs with or without 62.5 nM oligomycin A. The equations of the trendlines are indicated. The slopes of the trendlines (∆OD

320nm
/min) were used to 

calculate the oligomycin A-sensitive, reverse CX-V activity relative to the total ATPase activity.

https://doi.org/10.1371/journal.pone.0323136.g001

https://doi.org/10.1371/journal.pone.0323136.g001
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concentration gave the maximum inhibition of measured ATPase activity (S1 Fig). Apparently, lower oligomycin A concen-
trations are not sufficient to fully inhibit CX-V, whereas higher oligomycin A concentrations cause off-target effects.

In following experiments, we found that the kit can be adapted to measure the CX-V activity of a small sample of 
PBMCs without using the immunoaffinity step of the kit’s protocol but, instead, using a low concentration of the detergent 
digitonin to permeabilize the cells, while not dissociating the oxidative phosphorylation complexes. In titration experiments, 
we found that 0.01% digitonin resulted in the maximum ATPase activity (S2 Fig). This concentration of digitonin was used 
in all further experiments. We also tested the effect of PBMC number in the assays. As expected, the ATPase activity was 
proportional to the number of PMBCs (S3 Fig). Addition of 62.5 nM oligomycin A resulted in a decrease of ATPase activity 
of 12%, 39%, 39% and 41% when 8 × 105, 4 × 105, 2 × 105 or 1 × 105 PBMCs were used, respectively (S3 Fig). We chose 
4 × 105 PMBCs as optimal number considering its relatively high total ATPase activity and percentage inhibition by oligo-
mycin A. A typical experiment with two 0.01% digitonin-solubilized samples of 4 × 105 PBMCs pipetted into two sister wells 
of a 96-well plate, one without and one with 62.5 nM oligomycin A, is shown in Fig 1B. The sample without oligomycin A 
showed a clear linear decrease in OD

340nm
. With oligomycin A, the decrease in OD

340nm
 was less. The difference between 

the slopes indicated that the (oligomycin A sensitive) reverse CX-V activity was 30% of the total ATPase activity. Repli-
cation experiments showed that the intra- and inter-assay coefficients of variation were 2% and 7%, respectively. Impor-
tantly, no noticeable difference in activity was observed between fresh or previously frozen PBMC samples. Thus, PBMCs 
can be isolated and stored at -70˚C for assays at a later date.

We validated our assay with a CX-V inhibition model of PBMCs, in which the cells were cultured in the absence of 
oligomycin A or in the presence of increasing concentrations of oligomycin A (1, 10 and 100 nM) for 3 d prior to measure-
ment of CX-V activity. We hypothesized that long-term exposure of PBMCs in culture to a low concentration of a stressor 
like oligomycin A would affect the integrity and activity of CX-V. As shown in Fig 2, exposure to oligomycin A as stressor in 
culture caused a statistically significant dose-dependent decline in reverse CX-V activity relative to total ATPase activity, 
from on average ~28% in untreated cells (0 nM oligomycin) to on average ~6% in 100 nM oligomycin A-treated cells. Thus, 
our hypothesis that long-term exposure to oligomycin A in culture affects CX-V activity appears correct.

Fig 2.  Reverse CX-V activity in PBMCs cultured in the presence of increasing concentrations (0–100 nM) of oligomycin A as stressor for 3 
days. Shown is the mean percentage of the reverse CX-V activity relative to total ATPase activity in PBMCs cultured for 3 d in the absence of oligomycin 
A (0 nM) or in the presence of increasing concentrations of oligomycin A (1, 10 and 100 nM) as stressor (n = 6). After culturing, the cells were assayed 
without and with 62.5 nM oligomycin A to determine the total and oligomycin A sensitive ATPase activity, respectively. The oligomycin A sensitive ATPase 
activity represents the reverse CX-V activity. Individual data points of the six cultures are shown; data points from corresponding cultures are connected. 
Statistically significant differences are indicated with their P values.

https://doi.org/10.1371/journal.pone.0323136.g002

https://doi.org/10.1371/journal.pone.0323136.g002
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Analysis of ∆Ѱm

Incubation of cell cultures with 25 nM TMRM produces specific mitochondrial fluorescent staining proportional to ∆Ѱ
m
 [7,8]. 

To investigate the ∆Ѱ
m
 of the PMBCs cultured in the presence of 0–100 nM oligomycin A as stressor for 3 d, cells were 

subsequently stained with TMRM, followed by flow cytometric analysis. To determine whether CX-V works forward as an 
ATP synthase or in reverse as an ATPase, the TMRM staining was carried out without or with oligomycin A, rotenone+an-
timycin A, or FCCP. We first investigated cells cultured for 3 d without oligomycin A as stressor (0 nM). Addition of oligo-
mycin A during the TMRM staining of PBMCs resulted on average in a ~ 48% increase of gated cells (i.e., cells with a 
high TMRM staining intensity) compared to cells stained in absence of oligomycin A (Fig 3). This finding is in line with the 
expectation that addition of oligomycin A during the staining will result in ∆Ѱ

m
 hyperpolarization when, prior to oligomycin 

A addition, the respiratory chain is functional and CX-V acts forward as an ATP synthase [7,8]. Next, the CX-I inhibitor 
rotenone and the CX-III inhibitor antimycin A were added during the TMRM staining of PBMCs cultured for 3 d without oli-
gomycin A as stressor. This resulted on average in a ~ 36% decrease in gated cells compared to cells stained with TMRM 
in absence of rotenone and antimycin A (Fig 3). This is consistent with the notion that ∆Ѱ

m
, maintained by the respiratory 

chain, will decrease when respiratory chain activity is inhibited and CX-V functions in reverse as an ATPase [7,8]. We 
also added the protonophore FCCP during the TMRM staining of PBMCs cultured for 3 d without oligomycin A as stressor 
and found on average a ~ 52% decrease in gated cells compared to cells stained with TMRM in absence of FCCP (Fig 3). 
This observation confirms that the unrestricted transfer of protons across the membrane by the protonophore causes ∆Ѱ

m
 

depolarization.
When we investigated the PBMCs cultured for 3 d with increasing concentrations (1–100 nM) of oligomycin A as 

stressor, we noticed a statistically significant decrease in the fraction of gated cells analyzed with TMRM in the presence 
of oligomycin A compared to cells analyzed in the absence of oligomycin A (Fig 3). Apparently, ∆Ѱ

m
 decreases during 

long-term exposure of oligomycin A as stressor in culture. Addition of rotenone+antimycin A or FCCP during TMRM 
analysis of PBMCs cultured with increasing concentrations of oligomycin A as stressor showed no clear differences in the 
fraction of gated cells compared to PBMCs cultured in the absence of oligomycin A (Fig 3), suggesting that these toxins 
do not further affect ∆Ѱ

m
 during long-term exposure of oligomycin A in culture.

Fig 3.  ∆Ѱm of PMBCs cultured for 3 d in the presence of increasing concentrations (0–100 nM) of oligomycin A as stressor and subsequently 
analyzed in the absence or presence of the mitochondrial toxins oligomycin A, rotenone +antimycin A or FCCP. Shown are the individual data 
points of the ratio (%) of ∆Ѱ

m
 from cultures analyzed (A) with and without oligomycin A (n = 4), (B) with and without rotenone+antimycin A (n = 5), or (C) 

with and without FCCP (n = 6). Data points from corresponding cultures are connected. Statistically significant differences are indicated with their P 
values.

https://doi.org/10.1371/journal.pone.0323136.g003

https://doi.org/10.1371/journal.pone.0323136.g003
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In-gel PBMC CX-V activity and assembly

In addition to spectrophotometric assays and cytochemical staining procedures, blue native polyacrylamide gel electro-
phoresis [23] has been used to study the activity and integrity of CX-V. Combined with western blot analysis, blue native 
gels can be exploited to study the assembly and stability of CX-V [24–26], whereas in combination with a histochemical 
staining procedure CX-V activity can be revealed [27,28]. However, instead of blue native gels, we used clear native gels 
to investigate CX-V of PBMCs. Clear native gels are a variant of the more frequently used blue native gels [29,30]. The 
advantage of the colorless clear native gels is that they allow better detection of the white lead(II) phosphate precipitate 
detection of ATPase activity without interference of the remnant Coomassie Blue staining of blue native gels. Neverthe-
less, we found the white lead(II) phosphate precipitate problematic to visualize. For this reason, we enhanced the in-gel 
CX-V staining by converting white lead(II) phosphate to black lead(II) sulfide (S4 Fig) [31], which increased the sensitivity 
of the in-gel CX-V staining dramatically.

To determine the detection limit for CX-V in-gel activity, we resolved a serial dilution of extracted PMBCs on a clear 
native gel, followed by ATPase staining. The staining procedure revealed a single band migrating at ~ 700 kDa (Fig 4A), 
which corresponds to the migration of holo-CX-V. Therefore, we conclude that this band represents reverse CX-V activ-
ity. The staining intensity was proportional to the number of PBMCs (Fig 4B). Extracts derived from between ~2 × 105 
to ~ 8 × 105 PBMCs showed well-defined staining; the detection limit was ~ 1 × 105 PBMCs. Extracts derived from ≥9 × 105 
PBMCs resulted in overloading (i.e., a distortion of the band; S5 Fig).

In the next experiment, we used -70˚C stored samples of the cultured PBMCs exposed to 0–100 nM oligomycin A as 
stressor for 3 d. Similar to our findings shown in Fig 2, long-term oligomycin A-exposure in culture produced a statistically 
significant, dose-dependent decrease in CX-V activity (Fig 5A, 5B). A western blot of a clear native gel, ran in parallel 
with the stained gel and probed with an antibody raised against the ATP5A subunit of CX-V, showed a statistically signif-
icant, dose-dependent decrease of assembled CX-V comparable to the decrease in CX-V activity staining (Fig 5A, 5C). 

Fig 4.  Determination of the detection limit of in-gel CX-V activity staining. (A) In-gel CX-V activity staining of extracts from increasing numbers of 
PBMCs. (B) Quantification of the in-gel CX-V activity signals in extracts from increasing numbers of PBMCs.

https://doi.org/10.1371/journal.pone.0323136.g004

https://doi.org/10.1371/journal.pone.0323136.g004
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Apparently, long-term exposure to oligomycin A in culture affects the stability of CX-V and this results in a decrease of 
CX-V activity.

To investigate the diagnostic potential of the in-gel CX-V activity stain, we compared cultured dermal fibroblasts from 
four control subjects with those from a patient harboring an MRPS25 gene mutation, as we currently do not have PMBC 
samples from patients with a CX-V deficiency. MRPS25 encodes a protein constituent of the 28S small subunit of the 
mitochondrial ribosome. The mutation causes a mitochondrial translation defect [32], which is expected to impair CX-V 
biogenesis as two of the 18 CX-V subunits are encoded on the mitochondrial DNA. Fibroblast extracts from the four con-
trol subjects showed robust in-gel CX-V activity staining, whereas the fibroblast extract from the patient showed a weak 
band, indicating a CX-V deficiency (S6 Fig). This result suggests that the in-gel CX-V staining is likely to expose CX-V 
deficiency in PBMC samples.

Discussion

We developed three complementary assays to assess the activity and integrity of CX-V from PBMCs. The assessment 
can be performed with 2 × 106 PBMCs isolated from as little as 2 ml of blood. Our work suggests that PBMCs can be 
exploited for minimally invasive detection of CX-V deficiency in patients or in biomarker studies of mitochondrial function. 
Although the analysis of ∆Ѱ

m
 needs to be carried out with freshly isolated PBMCs, the other assays can conveniently be 

performed after storage at -70˚C. If < 2 × 106 PBMCs are available, the gel stained for CX-V activity can be electro-blotted 

Fig 5.  In-gel CX-V activity and assembled CX-V in PBMCs cultured in the presence of increasing concentrations of oligomycin A for 3 days. 
(A) In-gel CX-V activity staining (2.5 × 105 cells) and western blot (2.5 × 104 cells) of clear native gels of a representative PBMC culture probed with an 
antibody against the ATP5A subunit of CX-V. (B) Quantification of the in-gel CX-V activity signals. (C) Quantification of the assembled CX-V signals on 
the western blots. Shown is the mean in-gel CX-V activity signal or CX-V assembly signal relative to the signal in cultures not treated for 3 d with oligo-
mycin A (0 nM; n = 6). Individual data points of the six cultures are shown; data points from corresponding cultures are connected. Statistically significant 
differences are indicated with their P values.

https://doi.org/10.1371/journal.pone.0323136.g005

https://doi.org/10.1371/journal.pone.0323136.g005
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after staining to prepare a western blot rather than using a companion gel. We found, however, that this decreases the 
sensitivity of the CX-V immuno-detection.

To validate the assays, we cultured PBMCs for 3 d in the presence of 0–100 nM oligomycin A. We assumed that 3-d 
exposure of PBMCs in culture to oligomycin A as a stressor would cause CX-V deficiency. As expected, the spectropho-
tometric activity assay revealed an oligomycin A dose-dependent decrease in CX-V activity. This finding was confirmed in 
the in-gel activity assays. Western blot analysis of corresponding clear native gels showed that the CX-V assembly levels 
decreased in an oligomycin A dose-dependent manner. Thus, it appears that long-term exposure of PBMCs to oligomy-
cin A in culture affects the stability of holo-CX-V, causing a decrease in CX-V activity. To detect assembled CX-V on the 
western blot, we used an antibody against the ATP5A subunit of the F

1
 portion of CX-V. Potential assembly defects of 

CX-V can be further scrutinized with antibodies against other subunits of CX-V. We prepared our own polyacrylamide gra-
dient gels for clear native gel electrophoresis. However, the clear native in-gel staining and western analysis can also be 
performed with commercially available (blue) native polyacrylamide gels when the anode and cathode buffers and sample 
preparation are adapted as outlined in the methods section.

Both the spectrophotometric and the in-gel CX-V activity assay measure the reverse CX-V (ATPase) activity in PBMC 
samples disrupted with the mild detergents digitonin or n-dodecyl-β-D-maltoside, respectively. In contrast, the analysis of 
∆Ѱ

m
 is carried out with intact cells. We found that addition of oligomycin A during the TMRM-staining to inhibit CX-V led to 

an increase in ∆Ѱ
m
 compared to cells not treated with oligomycin A during the staining. This indicates that CX-V operates 

forward as an ATP synthase and that PBMCs have a functional respiratory chain in undisrupted PBMCs [8]. Remarkably, 
after long-term exposure to oligomycin A as a stressor in culture, addition of oligomycin A during the TMRM-staining to 
inhibit CX-V caused a decrease in ∆Ѱ

m
 compared to cells not treated with oligomycin A during the staining. This indi-

cates that long-term exposure to oligomycin A as a stressor in culture impairs respiratory chain function and CX-V acts 
in reverse as an ATPase [8]. The western blot analysis showed that long-term exposure to oligomycin A as a stressor in 
culture leads to a decline in assembled CX-V. In addition to its catalytic function, CX-V plays a vital role in the structural 
formation of the cristae membranes where the respiratory chain enzyme complexes are located [3]. Low levels of CX-V 
after long-term exposure to oligomycin are, therefore, likely to lead to disruption of the cristae membranes, which might 
explain the respiratory chain enzyme deficiency.

Replication experiments of the spectrophotometric assays with the same PBMC sample indicated relatively small intra- 
and inter-assay coefficients of variation. In the experiments in which cultured PBMCs were exposed to oligomycin A as a 
stressor, four to six PBMC samples were tested from different subjects. Although all samples showed a similar qualitative 
response to increasing oligomycin A exposure in culture, the quantitative data varied noticeably between the samples. We 
assume that the quantitative differences are caused the natural variation of the samples.

Conclusion

We have developed three small-scale assays to evaluate CX-V activity and assembly in PBMCs. The assays include 
spectrophotometric and in-gel activity measurements, cytochemical assessment of ∆Ѱ

m
 and western blot analysis of clear 

native gels to investigate CX-V assembly. The assays can be carried out with 2 × 106 PBMCs isolated from 2 ml of whole 
blood. Our investigations suggest that PBMCs can serve as a platform for minimally invasive investigations of patients 
suspected of CX-V deficiency.

Materials and methods

Stock solutions

The following stock solutions were prepared: antimycin A (Merck), 10 mM in dimethylsulfoxide (DMSO); carbonyl  
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; Merck), 10 mM in DMSO; digitonin (Merck), 5% in water; glycerol 
(Merck), 50% in water; leupeptin (Merck), 1 mg/ml in water; n-dodecyl-β-D-maltoside (Thermo Fisher Scientific), 20% in 
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water; oligomycin A (Merck), 10 mM in DMSO; pepstatin A (Merck), 1 mg/ml in methanol; phenylmethylsulphonyl fluoride 
(PMSF; Merck), 1 M in acetone; Ponceau S (Merck), 0.1% in water; rotenone (Merck), 10 mM in DMSO; TMRM (Thermo 
Fisher Scientific), 25 μM in DMSO. Stock solutions of antimycin A, FCCP, leupeptin, oligomycin A, PMSF, pepstatin A, 
rotenone and TMRM were stored at -20˚C, stock solutions of n-dodecyl- β-D-maltoside and Ponceau S were stored at 
4˚C, while stock solutions of digitonin and glycerol were stored at room temperature.

PBMC isolation, culturing and oligomycin A treatment

Ethical approval was obtained from the UCL/UCLH Biobank for Studying Health and Disease – New Collection NC01.21. 
All donors gave prior informed, written consent and all work was carried out in compliance with the Declaration of Hel-
sinki and national legislation. The dates when blood samples were accessed for research purposes were: 01/07/2024, 
22/08/2024 and 17/02/2025. PBMCs were isolated from blood donated by healthy adults (S1 Table) using the density 
gradient centrifugation procedure with Lymphoprep (Stemcell Technologies) [33]. After counting [33], PBMC suspensions 
were used fresh or stored at -70˚C as indicated below.

Fresh PBMCs were cultured at a density of 106 cells per ml in RPMI medium 1640 with Glutamax and 25 mM HEPES 
(Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1 × Antibiotic 
Antimycotic Solution (Merck) in a humidified atmosphere at 5% CO

2
, 37˚C. Oligomycin A to final specified concentrations 

was added as stressor when the cultures were set up and after 24 h. After 3 d, cells were collected and washed in  
phosphate-buffered saline (PBS, Thermo Fisher Scientific).

Primary skin fibroblasts from four control subjects and a patient with a homozygous c.215C > T mutation in MRSP25 
[32] were cultured in DMEM with Glutamax (Thermo Fisher Scientific), supplemented with 10% FBS, 1 mM sodium pyru-
vate (Merck), 50 units/ml of penicillin (Thermo Fisher Scientific), 50 μg/ml of streptomycin (Thermo Fisher Scientific) and 
200 μM uridine (Merck) as described [33]. For harvesting, cells were dislodged by trypsinization, collected by centrifuga-
tion and washed once in PBS. Cell pellets were stored at -70°C.

Spectrophotometric measurement of CX-V activity

CX-V activity was measured with the Mitotox Complex V OXPHOS Activity Assay Kit supplied by Abcam, using a modified 
protocol. Initial experiments with bovine heart mitochondria as source of CX-V (provided by the kit) were performed as 
recommended by the manufacturer. In further experiments, PBMC suspensions were used. A fresh or previously frozen 
PMBC suspension was counted [33] and two samples of 4 × 105 PBMCs were pelleted by centrifugation at 17,000 × g for 
10 min (see S7 Fig for workflow). Each pellet was resuspended in 4 μl of PBS and loaded into two sister wells of a 96-well 
plate, followed by 40 μl of Phospholipids provided by the kit and digitonin stock solution to final concentration of 0.01%. 
Oligomycin A stock solution was added to one of the sister wells to a final concentration of 62.5 nM to specifically inhibit 
CX-V. The plate was incubated at room temperature for 45 min. Then, 200 μl of Complex V Activity Buffer provided by the 
kit was added to each well, supplemented with digitonin and with or without oligomycin A at the same final concentrations. 
Lastly, the optical density at 340 nM (OD

340nm
) was measured every minute for 60 min using a BioTek Cytation-1 (Agilent) 

microplate reader. The OD
340nm

 of both wells were plotted against time and the linear range of the decrease in OD
340nm

 
(∆OD

340nm
) was identified. To calculate the (oligomycin A-sensitive) CX-V activity as a percentage relative to the total 

ATPase activity we used the following formula: CX-V activity = (A-B)/A × 100%, where A is the ∆OD
340nm

/min (i.e., slope of 
the linear range) of the well without oligomycin and B is the ∆OD

340nm
/min of the well with oligomycin.

TMRM staining

A fresh PBMC suspension was counted [33] and samples of ≥ 4.0 × 104 PBMCs were pelleted at 17,000 × g for 10 min (see 
S7 Fig for workflow). Pellets were resuspended in 50 μl of PBS containing 25 nM TMRM, followed by incubation at 37˚C 
for 15 min. Then, another 50 μl of PBS containing 25 nM TMRM, with or without oligomycin A (1.5 μM final), or FCCP (1.5 
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μM final), or rotenone+antimycin A (both 1 μM final) were added and further incubated at 37˚C for 15 min. Next, 70 μl of 
the cell suspension, representing typically 3.0 × 104 PBMCs, were analyzed with a Moxi GO II cell analyzer fitted with a 
561 nm LP filter (Orflo Technologies). A gate was applied to cells >6 μm and 2 log of the fluorescence to determine the 
fraction of TMRM-positive (gated) cells against the total population of cells. This fraction was obtained from cells analyzed 
in the absence or presence of oligomycin A, FCCP or rotenone+antimycin A. Then the fraction of the TMRM-positive cells 
analyzed in the presence of oligomycin A, FCCP or rotenone+ antimycin A was expressed relative to the fraction of the 
TMRM-positive cells analyzed in the absence of these toxins to obtain the change in ∆Ѱ

m
.

Clear native gel electrophoresis, in-gel CX-V activity staining and western blot analysis

All reagents were purchased from Merck, except that n-dodecyl-β-D-maltoside was from Thermo Fisher Scientific, anti-
ATP5A mouse monoclonal antibody (clone 15H4C4) from Abcam and anti-mouse IgG HRP conjugate from Promega.

Previously frozen PBMC suspensions with a known cell number were pelleted by centrifugation at 17,000 × g, 4˚C for 
10 min. Cell pellets were resuspended in 1 M 6-aminocaproic acid, 50 mM bistris, 0.5% n-dodecyl-β-D-maltoside, 1 mM PMSF, 
1 μg/ml of leupeptin and 1 μg/ml of pepstatin A (pH 7.0) on ice for 15 min, followed by 15-min centrifugation at 17,000 × g, 4˚C 
and collection of the supernatants [34]. The 50% glycerol stock solution was added to the cell extracts to a final concentration 
of 5% and the 0.1% Ponceau S stock solution was added to a final concentration of 0.01% [29]. Clear native gel electrophore-
sis was performed with the Mini Protean 3 System (BioRad Laboratories). Samples were loaded onto native 3–12% gradient 
polyacrylamide gels with a 3% stacking gel prepared as described [35]. As anode buffer was used 50 mM bistris (pH 7.0) and 
as cathode buffer was used 50 mM tricine, 15 mM bistris, 0.05% Triton X-100 and 0.05% sodium deoxycholate (pH 7.0) [29]. 
Gels were run at 100 V constant for 15 min, followed by 4 mA constant per gel until the Ponceau S dye ran off.

For in-gel CX-V activity staining, gels were rinsed with water, followed by a 2-h incubation in 50 ml of 34 mM Tris, 
270 mM glycine, 14 mM MgSO

4
, 6 mM Pb(NO

3
)

2
 and 8 mM ATP (pH 7.8) at 37˚C, while gently shaking [27]. Gels were 

rinsed twice with water, prior to conversion of the white Pb
3
(PO

4
)

2
 precipitate stain to a black PbS precipitate stain through 

a brief (5–10 s) rinse with 1.0% (NH
4
)

2
S solution in a hood (S4 Fig) [31]. The reaction was stopped by several rinses with 

water. Gels were photographed on a light box and bands were quantified with ImageJ [36].
For western blot analysis, gels were electro-blotted onto Immun-Blot PVDF Membrane (Biorad Laboratories) as 

described [37], followed by 1-h blocking in 10% skimmed milk powder, PBS at room temperature. Blots were incubated 
with a 10,000-1 diluted mouse monoclonal primary antibody against ATP5A in 0.3% Tween-20, PBS at 4˚C, overnight and 
then further washed, incubated with a secondary antibody (6,000-1 diluted anti-mouse IgG HRP conjugate), washed again, 
developed and imaged as described [38].

Statistical analyses

Graphs and statistical analyses were executed with GraphPad Prism software. Data were assessed for normal distribu-
tion using the Shapiro-Wilk test. Statistical significance was analysed using one-way ANOVA with Greenhouse-Greisser 
correction, followed by Tukey’s multiple comparison test. Statistical significance levels were set to P < 0.05.
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S1 Fig.  Effect of increasing oligomycin A concentrations on the decrease in OD320nm (∆OD320nm) per minute in 
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photometric ATPase activity assays of PBMCs. Measurements of 4 × 105 PBMCs without oligomycin A. Two separate 
experiments are shown.
(PDF)

S3 Fig.  Effect of increasing PBMC cell numbers on the decrease in OD320nm (∆OD320nm) per minute in spectrophoto-
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S5 Fig.  Determination of the detection limit of in-gel CX-V activity staining. (A) In-gel CX-V activity staining of 
extracts from increasing numbers of PBMCs. (B) Quantification of the in-gel CX-V activity signals in extracts from increas-
ing numbers of PBMCs. Note the distortion of the band when overloaded with an extract derived from 9 × 105 PBMCs.
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(XLSX)

S1 Raw images.  Flow cytometry graphs upon TMRM staining. Left panel: raw scans upon different treatments. A 
gate was applied to cells >6 μm (X-axis, linear scale) and 2 log fluorescence (Y-axis, log scale). Right panel: Compari-
sons were made between untreated PBMCs (UT, grey background) and PBMCs with added oligomycin A (blue curves), 
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