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A B S T R A C T   

Mitochondrial complex I is the only enzyme responsible for oxidation of matrix NADH and regeneration of NAD+

for catabolism. Nuclear and mtDNA mutations, assembly impairments, and enzyme damage are implicated in 
inherited diseases, ischemia-reperfusion injury, neurodegeneration, and tumorogenesis. 

Here we introduce a novel method to measure the absolute content of complex I. The method is based on flavin 
fluorescence scanning of a polyacrylamide gel after separation of complexes by Clear Native electrophoresis. 
Using mouse primary astrocytes as an example, we calculated an average value of 2.2 × 105 complex I mole-
cules/cell. Our method can be used for accurate quantification of complex I content.   

1. Introduction 

Proton-translocating NADH:ubiquinone oxidoreductase (MT-ND, EC 
1.6.5.3) or mitochondrial complex I is one of the largest components of 
the respiratory chain. Complex I catalyzes oxidation of matrix NADH by 
ubiquinone, which is coupled with proton translocation across the inner 
mitochondrial membrane (see Refs. [1,2] for reviews). The hydrophilic 
domain of the enzyme contains one molecule of flavin mononucleotide 
(FMN) that directly oxidizes matrix NADH and transfers electrons 
downstream to FeS clusters [3–8]. 

Dysfunction at the level of oxidative phosphorylation is a prominent 
feature in many neurodegenerative diseases, and deficits in complex I 
may contribute to or even underlie the mitochondrial impairments. 
Alterations in complex I in highly metabolizing tissues like the brain and 
heart are linked to multisystemic disorders manifested in early child-
hood or age-dependent pathologies. Complex I activity is reduced in the 
brain samples of patients with mtDNA mutations [9,10], Parkinson’s 
disease [11], Friedreich ataxia [12], amyotrophic lateral sclerosis [13], 
and also cancer [14]. 

Complex I deficiencies are usually displayed as reduced specific 
NADH:ubiquinone oxidoreductase activity due to functional impair-
ments and/or post-translational modifications and can also be induced 
by secondary effects at the level of assembly or mitochondrial 

morphology, decreasing the absolute content of the enzyme in diseased 
tissues. Therefore, it is of great importance to know the endogenous 
mechanism in cells and patient samples: whether it is a drop in catalytic 
efficiency of the enzyme (turnover number) or a drop in the absolute 
content of competent complex I. 

Rapidly rising interest in clinically-oriented studies of mitochondrial 
complex I at the level of primary and cultured cells [15–23] requires a 
fast and reliable procedure for determination of the absolute content of 
complex I in cells. 

The method presented here introduces a novel approach to measure 
the absolute content of complex I in cultured or primary cells. Using 
primary cultures of mouse astrocytes, we developed a reliable procedure 
for the determination of complex I content in a single cell. Our method is 
based on flavin fluorescence scanning of a polyacrylamide gel after 
separation of mitochondrial complexes by high resolution Clear Native 
(hrCN) electrophoresis and denaturation of complex I. 

2. Materials and methods 

2.1. Reagents 

The following chemicals were purchased from Sigma: aminocaproic 
acid (A2504), DDM (#D4641), Deoxyribonuclease I (#DN25), EDTA 
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(#E-5391), Fetal Bovine Serum (#F4135), FMN (#F2253), imidazole 
(#792527), NADH (#N8129), PMSF (#P7626), SDS (#L3771), sodium 
deoxycholate (#D6750), tricine (#T0377), and triphenyl-tetrazolium 
chloride (#T8877). Cell growth media components DMEM (#10569), 
GlutaMAX (#10566016), Penicillin-Streptomycin (#15140122) were 
from Gibco. NativeMark unstained protein standards (#LC0725), Pierce 
BCA protein assay kit (#23225), and 3–12% polyacrylamide gradient 
gel, 8 × 8 cm (#BN1001BOX) were from Thermo Fisher Scientific. 
Difluorocarboxyfluorescein NHS-ester was from Fluoroprobes (#1223). 

2.2. Sample preparation, hrCN electrophoresis and fluorescent scanning 

Mouse brain cortex primary astrocytes were derived from P0–P2 
neonatal mice from dissociating the cerebral cortex based on the pro-
cedure described in Ref. [24] with minor modifications [25]. Cells were 
seeded in poly-D-lysine–coated flasks on a DMEM medium containing 
GlutaMax (1 × ), 10% FBS, 33 units/mL penicillin, and 33 μg/mL 
streptomycin. Cells were grown and maintained at 37 ◦C at atmospheric 
oxygen levels (20% O2, 5% CO2) in a Binder CB 150-UL CO2 incubator. 
Sample preparation was essentially based on a previously developed 
technique [26] with the following modifications. Briefly, flasks were 
rinsed with PBS, cells were scraped from flasks, washed with PBS at 600 
g for 4 min, and counted with trypan blue before the final centrifugation. 
Protein BCA assay in the presence of 1% deoxycholate yielded 0.4 mg 
total cellular protein per 106 cells. 

To solubilize harvested astrocytes, 106 cells were resuspended in 70 
μL of hypotonic solubilization buffer (10 mM imidazole pH 7, 0.2 mM 
EDTA, 0.1 M aminocaproic acid, 1 μM CaCl2, 50 μM PMSF, 50 μg DNase) 
and homogenized in the presence of DDM (2.5 g/g detergent to protein 
ratio) for 1 min at 1450 rpm in a tightly-fitted Potter homogenizer. 
Homogenates were then sonified with 3, 1 s pulses at 30% amplitude 
with the Cole-Parmer 500-Watt Ultrasonic Homogenizer (microtip 
horn). 

For the preparation of homogenates, fresh mouse brain tissue was 
harvested and suspended in tenfold excess of MSE buffer composed of 
225 mM mannitol, 75 mM sucrose, 20 mM HEPES–KOH, 1 mM EGTA, 
pH 7.4. Samples were homogenized with a Teflon glass Potter homog-
enizer for 1 min at 1450 rpm. Homogenates were centrifuged at 500 g 
for 4 min, and the resulting supernatants were pelleted at 10,000 g for 
10 min. Tissue homogenates (1 mg) were resuspended in 35 μl solubi-
lization buffer and 2.0 g/g DDM was added. DDM-treated suspensions 
were centrifuged for 20 min at 20,000 g, and the pellet was discarded. 

Samples were supplemented with 0.1% Ponceau S in 50% glycerol 
and loaded onto a 3–12% polyacrylamide gradient gel. For fast and 
convenient protein markers detection, commercially available Native-
Mark unstained protein standards (Thermofisher) were non-specifically 
labeled with difluorocarboxyfluorescein NHS-ester, so they are clearly 
visible during flavin fluorescence scanning. Electrophoresis was per-
formed using the Invitrogen XCell SureLock Electrophoresis Cell and the 
Invitrogen PowerEase 500 Power Supply. Gels were run in the cold 
(4 ◦C) with the following conditions: 30 min 30 V, 1 h 60 V, and 3 h 190 
V with a limit of 20–30 mA per gel. The cathode buffer was composed of 
50 mM Tricine, 7.5 mM imidazole, pH 7.0, 0.01% DDM and 0.05% 
deoxycholate, and the anode buffer contained 25 mM imidazole/HCl, 
pH 7.0. Electrophoresis was stopped after the red front reached the 
bottom. Gels were taken out of the plastic casting plates and analyzed 
either for complex I in-gel activity [26,27] or scanned for flavin 
fluorescence. 

To detect complex I in-gel activity, the NADH:nitrotetrazolium blue 
reaction was utilized. Gel strips were placed in 10 ml of 5 mM Tris/HCl, 
pH 7.4, 0.2 mM EDTA assay buffer supplemented with 2.5 mg/ml of 
nitrotetrazolium blue and 150 μM NADH. After a 4–6 min incubation at 
room temperature, the reaction was stopped using the fixing solution 
(50% methanol, 10% acetic acid). 

For flavin fluorescence scanning, the gel was placed in a Typhoon 
9000 image scanner (GE) for flavin fluorescence detection using a 473 

nm laser for excitation and BPB1 emission filter (530 nm maximum, 20 
nm bandpass). The detector voltage was 950 V. To denature complex I, 
0.5 ml of 20% SDS solution was applied with a micropipette on the 
surface of the gel located on the scanner stage. The SDS solution was 
evenly distributed on the surface of the entire gel and after 15–20 min 
flavin fluorescence scanning was performed. 

Standard FMN solutions were prepared in water and their concen-
tration was measured spectrophotometrically (ϵ450 = 12.5 mM− 1cm− 1) 
[5]. Aliquots of the solutions were stored at − 20 ◦C and used only once. 
After SDS-treatment, 1–3 μL of standard 0.31 and 1.25 μM solutions of 
FMN were added with a micropipette directly on the surface of the gel 
and scanned to obtain a signal from the lanes and calibration spots. 

2.3. Statistical analysis 

In-gel signal intensities from flavin fluorescence scans were analyzed 
using ImageLab software (version 6, Biorad). The region of interest was 
placed over the fluorescence band, and the mean intensity was calcu-
lated and background subtracted. Data analysis was performed using 
Microcalc Origin (version 8Pro). All data are mean ± SEM. A two-tailed 
t-test was used to analyze the differences between two groups. 

3. Results 

3.1. hrCNE of intact brain mitochondria and flavin fluorescence 

Primary cultured astrocytes were solubilized with DDM as described 
in Materials and Methods. We used 1 mg DDM per 106 cells, however for 
different cell cultures pilot testing with lower and higher amounts of 
detergent is required. Full disassembly of supercomplexes is observed at 
such a high DDM concentration, and only individual respiratory com-
plexes can be detected [26]. Aliquots containing total solubilized ho-
mogenate were applied to a polyacrylamide gradient gel. The location of 
complex I was identified from the position of molecular weight markers 
(850 kDa band) and also from in-gel activity (Fig. 1A). Initially, flavin 
fluorescence scanning (excitation/emission = 473/530 nm) did not 
show any flavin signal from the complex I band since FMN fluorescence 
is quenched in the intact enzyme [28–30]. To reveal complex I FMN 
fluorescence, we used a 20% SDS solution applied directly on the gel 
surface to denature the apoprotein part. After complete denaturation of 
the enzyme, FMN fluorescence can be observed (Fig. 1A, lanes 3). 

Development of SDS-induced FMN fluorescence, i.e. denaturation of 
complex I, takes time. Therefore, prior to experiments with cells, we 
determined the time required for the SDS-induced signal to fully develop 
using hrCN electrophoresis of DDM-solubilized whole brain homoge-
nates. In our hands, at least 15 min was required for the fluorescence 
intensity signal to reach its maximum (Fig. 1С-D). Prolonged exposure 
times resulted in the diffusion of flavin within the polyacrylamide gel 
and broadening of the band (Fig. 1E). 

We calibrated the fluorescence intensity by adding aliquots of free 
standard FMN solution on the gel (Fig. 1B) and calculated the signal 
intensity in the spots of the region of interest (Fig. 2A). We were able to 
measure as little as 15 fmol of flavin, which allowed us to measure FMN 
when approximately 4 × 104 cells were loaded per well (around 20 μg of 
protein). However, for practical reasons we used 7-23 × 104 cells 
(Fig. 2A). 

In order to plot the dependence of fluorescence intensity upon flavin 
amount, calibration with standard FMN solutions was performed for 
each individual gel. As shown in Fig. 2A, the dependence was linear in 
the range of 0.3–4.0 pmoles FMN with a slope value of 5 ± 0.04 × 107 (r 
value 0.99984, n = 4). 

Using a calibration curve in Fig. 2A, we were able to find a depen-
dence between the amount of cells applied and the amount of FMN in the 
complex I band. From our calibration curves shown in Fig. 2, we 
calculated that there is 0.93 ± 0.05 pmoles of complex I FMN per mg of 
total cellular protein or 0.37 ± 0.02 pmoles of complex I FMN per 106 
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cells. 

4. Discussion 

A considerable amount of published data indicates that impairments 
in complex I function are involved in the pathophysiology of many 
neurodegenerative diseases. Due to the complexity of enzyme assembly 
and maturation processes [21,31–34], changes in specific complex I 
NADH:ubiquinone enzyme activity measured in patient biopsies or 
primary fibroblasts may not parallel the alteration of enzyme content in 
these samples. 

Studies of complex I-associated pathologies in primary and cultured 
cells by measuring only enzyme activity preclude investigation at the 
cellular level and neglect endogenous factors that may be limiting 
enzyme activity. The goal of the current study was to develop a method 
for quantitative measurement of absolute complex I content and relate it 
to conveniently measured enzyme activity. Our approach was previ-
ously validated using mitochondria and tissue homogenates from 
various sources [27]. 

Knowledge of the absolute content of complex I in a given sample 

will permit a quantitative understanding of the fundamental mecha-
nisms underlying enzyme impairment. A quantitative and mechanistic 
assay may be required for the development of new efficient disease- 
oriented therapies targeting either impairment of complex I catalytic 
rate or enzyme altered content. 

Our method of complex I detection in cells utilizes first homogeni-
zation of the material, solubilization with DDM, separation of mito-
chondrial complexes by hrCN polyacrylamide gel electrophoresis [26], 
and flavin fluorescent scanning after denaturation of the enzyme 
directly in the gel. Clear Native gels are preferable over classic Blue 
Native polyacrylamide gels [35] because the presence of Coomassie 
affects the linearity of the fluorescent signal intensity over the utilized 
protein load. Most likely Coomassie dye interferes with in-gel fluores-
cence detection, as well as binds at the dinucleotide binding site in en-
zymes [30,36]. 

It should also be noted that previously published protocols [26,35, 
37–39] require isolation of a “crude” mitochondrial fraction, while also 
discarding the insoluble heavy fraction after membrane solubilization 
with DDM. In our approach, we homogenize, solubilize, and apply total 
cellular homogenate on a gel, assuring an accurate estimation of the 

Fig. 1. Separation of DDM-solubilized primary astrocytes by an hrCN gel. A, primary astrocytes were solubilized using a DDM/cell ratio of 1 mg/106 cells. 
Aliquots (23 × 104 cells) were loaded on a polyacrylamide gradient gel (3–12%) and hrCN electrophoresis was performed. A, Lane 1 shows complex I in-gel activity. 
Lanes 2 and 3 show the flavin fluorescence signal (excitation/emission = 473/530 nm) from the same strip before (2) and after (3) 20 min incubation with 20% SDS 
to denature complex I. The position of complex I is shown by an arrow. Left lanes show the position of difluorocarboxyfluorescein-labeled molecular weight markers 
in kDa. B, flavin fluorescence scan of the part of the gel used for signal calibration. Small aliquots (1–2.5 μL) of standard FMN solution (0.52 μM) were added in 
duplicates to obtain dependence of the fluorescence intensity upon amount of FMN. FMN amount in each spot from left to right: 0.52, 0.78, 1.04, 1.3 pmoles. C-E, 
kinetics of complex I flavin signal development after 20% SDS was added on the gel surface and repetitive fluorescent scans were performed. DDM-solubilized whole 
brain homogenate was used, protein load 50 μg C, representative scans of flavin fluorescence signal development in complex I band after addition of SDS. Numbers 
above the gel fragments indicate minutes after SDS addition. D, time dependence of the complex I flavin-containing bands’ fluorescence intensity change during SDS- 
treatment. E, densitometric analysis of complex I flavin band intensity appearance and broadening after SDS-addition (black, 0 min, no SDS; blue, 2.5 min; green, 16 
min; red, 50 min incubation with SDS). Error bars represent SEM based on quadruplicate measurements. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 2. Properties of flavin fluorescence 
signal from a hrCN gel of DDM-solubilized 
primary astrocytes. A, Calibration curve for 
determination of FMN content in the com-
plex I band made of standard FMN solution 
applied directly on the gel surface and in-
tensity of fluorescent spots measured as in 
Fig. 1. Values from four separate calibrations 
are shown. B, Dependence of the fluores-
cence intensity of complex I bands on cell 
load on the gel. Values from four different 
preparations are shown. The solid black line 
represents the best fit to the data and the 
dashed lines indicate the 95% confidence 
interval limits.   
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number of complex I molecules per amount of starting material. 
Complex I flavin fluorescence is quenched upon binding to the pro-

tein apoenzyme [28,40–42]. Therefore, no complex I-linked flavin 
fluorescence was observed in the untreated gel upon the end of elec-
trophoresis. SDS was used as a non-expensive and efficient denaturing 
agent applied directly on the surface of a gel after separation of native 
mitochondrial complexes to reveal the flavin fluorescent signal from 
complex I. SDS-treatment would also allow further separation of com-
plex I subunits by a polyacrylamide gel in denaturing conditions (3D or 
2D gels [43]). Long SDS incubation times and multiple scans would 
result in broadening of the peak and sometimes significant decrease of 
the signal intensity, probably due to photobleaching. It should be 
stressed that a shorter incubation time might be required for 
SDS-induced denaturation when using DDM-solubilized preparations 
that were frozen and analyzed after thawing. Therefore, we recommend 
performing a preliminary series of scans in time to determine the 
optimal interval required for signal detection after SDS addition. 

For cultured mouse astrocytes, we obtained a value of 0.93 ± 0.05 
pmoles per mg of total cellular protein, which corresponds to 0.37 ±
0.02 pmoles of FMN per 106 cells. Therefore, based on Avogadro’s 
number, there are 2.2 × 105 complex I molecules on average in a mouse 
primary astrocyte. The typical volume of a single astrocyte in situ was 
determined to be between 40-80 × 103 μm3 in mice [44]. Therefore, 
while only localized in mitochondria, the absolute molar intracellular 
concentration of complex I can be calculated between 5 and 10 nM. This 
is orders of magnitude lower than the concentration of other enzymes of 
catabolic pathways such as glycolysis in an average cell (e.g., 1–100 μM 
for glucose-6-phosphate isomerase) [45–47]. 

Our method for determination of complex I content complements 
other approaches for the measurement of the enzyme state. Together 
with the measurement of conventional specific NADH:ubiquinone ac-
tivity [27,48–51], our approach would help to calculate catalytic con-
stant values (kcat, moles NADH converted per min) to assess complex I 
functionality. While this approach can be extremely useful when 
analyzing the effect of pathological mutations on complex I state, 
caution must be used in the interpretation of results when flavin-binding 
subunit NDUFV1 or cellular riboflavin metabolism is expected to be 
involved. 

5. Conclusions 

The method described here can be a valuable tool for accurate esti-
mation of absolute complex I content in cultured and primary cells. This 
information can be extremely useful for the characterization of the 
complex I state. Due to the role of mitochondrial complex I in human 
diseases, there is great interest in understanding its regulation and this 
non-expensive and reliable method will be useful for studying the 
complex I state in cellular models of inherited or acquired disease or 
metabolic insults. 
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