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A B S T R A C T   

Pathologies associated with tissue ischemia/reperfusion (I/R) in highly metabolizing organs such as the brain 
and heart are leading causes of death and disability in humans. Molecular mechanisms underlying mitochondrial 
dysfunction during acute injury in I/R are tissue-specific, but their details are not completely understood. A 
metabolic shift and accumulation of substrates of reverse electron transfer (RET) such as succinate are observed 
in tissue ischemia, making mitochondrial complex I of the respiratory chain (NADH:ubiquinone oxidoreductase) 
the most vulnerable enzyme to the following reperfusion. It has been shown that brain complex I is predisposed 
to losing its flavin mononucleotide (FMN) cofactor when maintained in the reduced state in conditions of RET 
both in vitro and in vivo. Here we investigated the process of redox-dependent dissociation of FMN from mito-
chondrial complex I in brain and heart mitochondria. In contrast to the brain enzyme, cardiac complex I does not 
lose FMN when reduced in RET conditions. We proposed that the different kinetics of FMN loss during RET is due 
to the presence of brain-specific long 50 kDa isoform of the NDUFV3 subunit of complex I, which is absent in the 
heart where only the canonical 10 kDa short isoform is found. Our simulation studies suggest that the long 
NDUFV3 isoform can reach toward the FMN binding pocket and affect the nucleotide affinity to the apoenzyme. 
For the first time, we demonstrated a potential functional role of tissue-specific isoforms of complex I, providing 
the distinct molecular mechanism of I/R-induced mitochondrial impairment in cardiac and cerebral tissues. By 
combining functional studies of intact complex I and molecular structure simulations, we defined the critical 
difference between the brain and heart enzyme and suggested insights into the redox-dependent inactivation 
mechanisms of complex I during I/R injury in both tissues.   

1. Introduction 

Ischemia-reperfusion (I/R) injury takes place when blood supply 
returns to tissue after a period of ischemia or lack of oxygen. The most 
common manifestation of I/R injury in humans can be found in a cohort 
of cardiovascular diseases, such as ischemic stroke, neonatal hypoxic- 
ischemic encephalopathy, heart infarction or cardiac arrest. Together, 
they are a major cause of death worldwide, with over 17 million people 
dying of these conditions each year and around $363.4 billion of life cost 

in the USA [1]. 
Initially, tissue ischemia or loss of blood flow results in a fast drop in 

oxygen level, leading to the deceleration of mitochondrial oxidative 
phosphorylation and a dramatic depletion of high-energy phosphates 
(triphosphate nucleosides and creatine phosphate). This also changes 
the tissue metabolic landscape towards accumulation of certain cata-
bolic metabolites and intermediate substrates of respiration (i.e., 
reducing equivalents). Following reperfusion, there is a transient burst 
of respiration and restoration of the mitochondrial energy-producing 
function. Reoxygenation, however, triggers mechanisms of reperfusion 
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injury and oxidative stress, which augment damage to mitochondria 
[2–5]. Although anaerobic formation of succinic acid has been known 
since pioneering studies of the TCA cycle in the 1930s [6–8], the process 
of ischemic accumulation of succinate gained recent attention in light of 
its role in the development of I/R tissue injury [9–16]. We and others 
showed that oxidation of elevated levels of succinate during reperfu-
sion/reoxygenation of post-ischemic tissue leads to conditions of reverse 
electron transfer (RET) [11,17,18]. Under RET conditions, electrons 
from succinate are directed to ubiquinone, reducing it to ubiquinol. 
Oxidation of the ubiquinol pool is coupled with proton translocation 
across the membrane by complexes III and IV. In the presence of a 
proton-motive force, a small fraction of the electrons from ubiquinol can 
be directed upstream to complex I, maintaining most of the redox cen-
ters of the enzyme (FeS clusters and FMN) in the reduced form. This is a 
reversal of the NADH:ubiquinone oxidoreduction of complex I, and 
given the availability of NAD+, it is possible to demonstrate reduction of 
the nucleotide in vitro in coupled preparations of mitochondria or sub-
mitochondrial particles [19–25]. In intact mitochondria, steady-state 
oxidation of RET-substrates provides a high ubiquinol/ubiquinone 
ratio and builds up a sufficient proton-motive force to support complete 
reduction of NAD(P)+ in the matrix. After depletion of the matrix NAD 
(P)+ pool, there would be no RET (succinate:NAD+ oxidoreduction) as 
originally defined by Chance [19]. In the absence of the oxidized 
nucleotide, FMN of complex I is maintained in the reduced state. Pre-
viously, we suggested the term RET-like conditions to describe this 
process of oxidation of succinate by coupled intact mitochondria in 
steady-state [5,18,26]. When matrix nucleotides are fully reduced, the 
only electron acceptor for RET-linked electron flux at complex I is mo-
lecular oxygen, which is reduced to superoxide by the flavin. In these 
conditions when all redox centers of complex I are reduced, the rate of 
RET via complex I represents a ROS-generating “leak” of electrons to 
oxygen [27]. In the absence of inhibitors, when intact mitochondria 
oxidize succinate in RET-like conditions, ROS generation is the highest, 
representing 2–5% of the total electron flux [18,28–31]. Because of its 
high contribution to ROS production, mitochondrial RET emerged as a 
potential area of great pathophysiological importance [11,17,18, 
32–34]. Recently, we demonstrated that over-reduction of complex I in 
brain mitochondria in RET-like conditions results in dissociation of the 
natural flavin cofactor from the enzyme in vitro [26] and in in vivo 
models of brain I/R [18,35]. At the same time, the process of ROS 
generation via succinate-supported RET during heart I/R has been 
shown to play a significant role in the development of cardiac tissue 
injury [11,14]. While it is generally accepted that there are 

tissue-specific alterations in mitochondrial content, stoichiometry of 
respiratory chain complexes and activity of individual enzymes, the 
extent of differences in the process of RET in different tissues is not clear. 
Therefore, the aim of this study was to compare the mechanism of 
redox-dependent flavin loss between brain and heart mitochondria. 

In the present manuscript, we assessed RET-induced dissociation of 
FMN from complex I in brain and heart mitochondria using a novel 
approach for quantitative analysis of flavin content of the enzyme. We 
compared kinetic parameters of FMN loss by the enzyme from both 
tissues. We also confirmed that the brain and heart enzyme subunit 
composition is different, suggesting for the first time the functional role 
of tissue-specific isoforms of mitochondrial complex I and providing the 
distinct molecular mechanism of I/R-induced mitochondrial impairment 
in cardiac and cerebral tissue. 

2. Materials and methods 

2.1. Sources of chemicals 

Chemicals were purchased from Sigma: bovine serum albumin (BSA) 
essentially fatty acid free (#A6003), DDM (#D4641), hexaamminer-
uthenium (III) chloride (#262005), horseradish peroxidase (#P8250), 
mannitol (#63559), NADH (#N8129), Q1 (#C7956), SOD (#S9697), 
sucrose (#S7903), and triphenyl-tetrazolium chloride (#T8877). 3–12% 
acrylamide gradient gel (#BN1001BOX), Amplex UltraRed (#A36006), 
NativeMark™ unstained protein standards (#LC0725), PageBlue Pro-
tein Staining Solution (#24620), and Pierce BCA protein assay kit 
(#23225) were from Thermo Fisher Scientific. Alamethicin (#11425) 
and atpenin A5 (#11898) were from Cayman Chemical. 

2.2. Isolation of intact brain mitochondria for in vitro studies 

Intact brain mitochondria were isolated from C57BL6/J mice by 
differential centrifugation with digitonin treatment [18,26]. Intact heart 
mitochondria were isolated in accordance to Ref. [36]. 

2.3. Measurement of H2O2 release 

Mitochondrial respiration and H2O2 release were measured using a 
high-resolution respirometer (Oroboros Oxygraph-2k®) equipped with 
two-channel fluorescence optical setup to use with the Amplex UltraRed 
and horseradish peroxidase assay [28,37]. In brief, mitochondria 
(0.05–0.2 mg/ml) were added to 2 ml of assay medium composed of 125 
mM KCl, 0.2 mM EGTA, 20 mM HEPES-Tris, 4 mM KH2PO4, pH 7.4, 2 
mM MgCl2, 1 mg/ml BSA, 10 μM Amplex UltraRed, 10 U/ml SOD and 4 
U/ml horseradish peroxidase at 37 ◦C. To initiate respiration in RET-like 
conditions, 5 mM succinate and 1 mM glutamate were used. Respiration 
was fully sensitive to 1 mM cyanide or 0.2 μM atpenin. The H2O2 assays 
were calibrated by the addition of standard aliquots of freshly prepared 
H2O2 from a stock solution of known concentration (ε240nm = 46.3 M− 1 

cm− 1). 

2.4. Flavin fluorescence measurements in mitochondrial fragments 

Permeabilized mitochondrial fragments (50 and 20 μg protein/ml of 
the brain and heart, respectively) were preincubated at 25 ◦C in the 
standard assay mixture (pH 8.5) supplemented with 1 mM cyanide, 40 
μg/ml alamethicin, and 200 μM NADH. The time course of flavin fluo-
rescence during forward electron transfer was monitored with the 
Hitachi F-7000 fluorospectrophotometer (λexc/em = 450/525 nm). 

2.5. Measurement of mitochondrial activities 

Activities of mitochondrial membranes were measured spectropho-
tometrically using the Molecular Devices SpectraMax M2 plate reader in 
0.2 ml of assay buffer (125 mM KCl, 20 mM HEPES-Tris, 0.2 mM EGTA, 
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pH 7.4 or 8.5) at 25 ◦C [18,35]. 
NADH-dependent activities of complex I were assayed as oxidation of 

0.2 mM NADH at 340 nm (ε340nm = 6.22 mM− 1cm− 1) in assay buffer 
supplemented with 1 mg/ml BSA, 40 μg/ml alamethicin and 1 mM KCN 
(NADH media). NADH:Q reductase was measured in NADH media 
containing 1 mg/ml BSA, 60 μM ubiquinone, and 5–20 μg protein per 
well. NADH:HAR reductase was assayed in NADH media containing 1 
mM HAR and 5–20 μg protein per well. 

2.6. High resolution clear native electrophoresis, flavin fluorescence 
scanning, and Western blot analysis 

Sample solubilization with DDM and running conditions for high 
resolution clear native (hrCN) electrophoresis of mitochondrial mem-
branes and tissues was essentially done as described [38,39]. Gels were 
analyzed either for complex I in-gel activity, stained with Coomassie or 
scanned for flavin fluorescence in a Typhoon 9000 gel scanner (GE) 
using a 473 nm laser and BPB1 filter (530 nm maximum, 20 nm band-
pass). For the in-gel activity assay of complex I, gels were placed in 10 
mL of buffer containing 5 mM Tris-HCl pH 7.4, 0.2 mM EDTA, and 3 mM 
nitro blue tetrazolium. 150 μM NADH was added to the reaction and 
after 3–5 min, gels were transferred to a fixing solution of 50% methanol 
and 10% acetic acid [38]. PageBlue Protein Staining Solution was used 
for staining protein bands. For the Western Blot, we used an antibody 
against the S8 subunit of the mitochondrial membrane respiratory chain 
NADH dehydrogenase (complex I) (Rabbit monoclonal NDUFS8 - 
C-terminal; Abcam Cat# ab180183: dilution 1:2000; 2% milk; 2h at 
room temperature). Blot images were obtained using Fluorchem M 
Western Imaging System (Protein Simple, San Jose, CA) [39]. 

2.7. Complexome profiling and MS/MS analysis 

Liquid chromatography/mass spectrometry (LC/MS) was performed 
on a Thermo Scientific™ Q Exactive Plus equipped with an ultra-high 
performance liquid chromatography unit (Thermo Scientific Dionex 
Ultimate 3000) and a Nanospray Flex Ion-Source (Thermo Scientific) as 
described previously [18]. For data analysis, MaxQuant (13), NOVA 
[40] and Excel (Microsoft Office 2013) were used. Proteins were iden-
tified by using the mouse reference proteome database UniProtKB. 
Acetylation (+42.01) at the N-terminus and oxidation of methionine 
(+15.99) were selected as variable modifications, and carbamidome-
thylation (+57.02) was selected as fixed modification on cysteines. The 
enzyme specificity was set to Trypsin. False discovery rate (FDR) for the 
identification protein and peptides was 1%. Heatmap of proteins rep-
resents the abundance normalized to maximum appearance in a native 
electrophoresis lane. 

2.8. Computational analysis 

Due to the absence of the complete X-ray structure for NDUFV3 long 
(NDUFV3-L) isoform, we utilized the homology modeling module of 
YASARA (Yet Another Scientific Artificial Reality Application) [41]. 
YASARA includes a full homology modeling package that completely 
automates steps from the amino acid sequence input, alignment, 
building loops, stereochemistry optimization, and homology model 
validation. The homology modeling parameter settings are as follows: 
the modeling speed was set to slow, the number of PSI-BLAST iterations 
in template search was set to 3, the maximum allowed PSI-BLAST 
E-value was 0.1, the maximum number of the templates to be used 
was 3, the maximum number of templates with the same sequence was 
1, maximum oligomerization state was 4, a maximum number of 
alignment variations per template was 5, a maximum number of con-
formations tried per loop was 50 and the maximum number of residues 
added to the termini was 10. In summary, the NDUFV3-L homology 
model was developed using the following protocol: the sequence was 
split into three for N-, C-terminus region and middle domain, a 

PSI-BLAST integrated into YASARA was used to identify the closest 
templates in the PDB for each part of the protein. Three templates were 
identified (PDB codes 6ZKD [42], 4V6W [43], 7CEE [44]). We used 
BLAST to retrieve homologous sequences, create a multiple sequence 
alignment, and enter the sequences into a “discrimination of secondary 
structure class” prediction algorithm. The side chains were added and 
optimized in the next step, and all modeled parts were combined and 
subjected to an automated module in YASARA, which combined the 
steepest descent and simulated annealing minimization. The backbone 
atoms of the aligned residues were kept fixed. Finally, an unrestrained, 
simulated annealing minimization with water was performed on the 
entire model, automated by YASARA. Subsequently, the resulting 
structure of full-length NDUFV3-L was used for protein docking to 
complex I subunits. The NDUFV1, NDUFV2, and NDUFS1 subunits were 
separated from complex I (PDB ID: 6G2J [45]), and a PDB file of these 3 
subunits together was generated. Additionally, a PDB file of N-domain 
NDUFV3-L was generated after truncating at Gln421. Following this, 
energy minimization was done in YASARA. The PDBs were then sub-
mitted to the ClusPro server for protein-protein docking to understand 
how NDUFV3-L interacts with the NDUFV1, NDUFV2, and NDUFS1 
subunits of complex I. The ClusPro server performs the following 
computational steps: first, a rigid-body docking with billions of con-
formations using PIPER [46,47] is performed. PIPER is a Fast Fourier 
Transform (FFT) approach to protein-protein docking and is useful in 
constructing the structure and predicting the interactions of large 
multi-domain proteins. The second step consists of a root-mean-square 
deviation (RMSD) clustering and selecting the 1000 lowest-energy 
structures. Finally, energy minimization and refinement of selected 
structures are done. A detailed procedure of the ClusPro docking process 
is described previously [46,48–50]. Visualization and image processing 
of the docked complexes with the top 10 balanced coefficients was then 
performed in YASARA. The first docked complex that showed a steri-
cally possible conformation (second highest balanced coefficient) was 
then used for further analysis and imaging. 

2.9. Statistical analysis 

Gel fluorescence scans were analyzed using ImageLab software 
(Biorad). Region of interest (ROI) amplitude measurements were placed 
over the fluorescence band and the intensity was calculated with 
background subtracted. Data analysis was performed using Microcal 
Origin (version 8Pro). All data are mean ± SEM unless otherwise spec-
ified. Statistically significant differences are indicated (*) when p <
0.05. A two-tailed t-test or Mann-Whitney test was used to analyze 
intergroup differences between two groups. One-way ANOVA and 
Dunnet’s test were used to compare groups after and before treatment. 
For other comparisons between groups, multiple t-tests with FDR 
correction for multiple comparisons were used. 

3. Results 

3.1. Effect of forward and reverse electron transfer on the activity of brain 
and heart mitochondrial complex I 

Complex I from mitochondria and bacteria is susceptible to reductive 
inactivation when directly reduced by NADH in the forward mode in 
alkaline media [51–53]. When reduced by NADH, FMN dissociates from 
the bovine heart enzyme with a half-time of inactivation of around 20 
min [53]. The process of reductive inactivation is faster for the mouse 
enzyme when fragmented mitochondria are incubated in the presence of 
NADH in mildly alkaline conditions (pH 8.5) (Fig. 1). Exogenously 
added FMN recovered complex I activity indicating reversibility of FMN 
dissociation. 

Previously, using mouse intact brain mitochondria we demonstrated 
that the rate of H2O2 release when mitochondria are oxidizing succinate 
declines with time due to complex I inactivation [18,26]. We examined 
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if H2O2 release rate in succinate–supported RET-like conditions also 
declines in intact heart mitochondria. First, we compared respiratory 
and H2O2 release activities of brain and heart mitochondria. Table 1 
shows the quantitative characteristics of mitochondrial respiration and 
H2O2 release in RET-like conditions measured at ambient oxygen con-
centration (200 μM O2 at 37 ◦C). We found that the cardiac preparation 
demonstrated significantly higher respiration per mg of protein in 
comparison with intact brain mitochondria. The respiratory control 
ratio on NADH-generating substrates such as malate/pyr-
uvate/glutamate was 8.5 ± 3.0 and 7.9 ± 0.6 for the brain and heart 
mitochondria, respectively, indicating a similar degree of coupling in 
both preparations. RET-like conditions provided the greatest rate in 
H2O2 release equivalent to approximately 2.3% and 4.7% of total oxy-
gen consumption in the brain and heart mitochondria, respectively, 
indicating significantly higher ROS generation capacity in the cardiac 
preparation. Fig. 2 demonstrates the time course of H2O2 release during 
oxidation of succinate by brain (Fig. 2A, C) and heart (Fig. 2B, D) intact 
mitochondria. RET-induced H2O2 release is shown as a fluorescence 
intensity increase in time due to the formation of resorufin as a product 
of the oxidation of Amplex UltraRed by H2O2 (Fig. 2A and B). This signal 

was then differentiated by the DatLab software and can be plotted 
directly as absolute rates of H2O2 release (nM/min) during the time 
course of the assay. After reaching a maximal rate of H2O2 release, a 
gradual exponential decline in the rate with a half-time of exponential 
decay of around 4.3 and 28.0 min was observed in the brain and heart, 
respectively (Fig. 2C and D, red fitting line). 

We also assessed the physiological activity of mitochondrial complex 
I in mitochondria oxidizing succinate (Fig. 2E and F). During incubation 
of the mitochondrial suspension in RET-like conditions, small aliquots 
were taken and the NADH:Q reductase activity of the enzyme was 
further assayed after membrane permeabilization. We found that spe-
cific complex I activity decreases in parallel with the decline of H2O2 
release rate (Fig. 2E), in agreement with our previously published data 
[18]. Complex I inactivation was not observed in the heart mitochondria 
oxidizing succinate (Fig. 2F) indicating that enzyme from cardiac tissue 
is less affected by RET-like conditions. 

3.2. Direct detection of mitochondrial complex I FMN 

While the data shown in Figs. 1 and 2 suggest that dissociation of 
FMN was the cause of the NADH-induced inactivation of complex I in the 
brain, the FMN content of complex I before and after redox-dependent 
inactivation has never been directly determined. In the past, we per-
formed analysis of non-covalently bound FMN content in deproteinized 
extracts of brain mitochondria preparations after incubation in RET-like 
conditions [18]. It strongly suggested that the mechanism of inactiva-
tion of the brain enzyme is in fact redox-dependent dissociation of 
tightly bound complex I flavin. In order to directly identify the mecha-
nism of complex I inactivation, we developed a method to accurately 
determine only complex I-associated FMN in mitochondrial prepara-
tions [39]. A typical Coomassie-stained hrCN PAGE gel of 
DDM-solubilized intact mitochondria from the brain and heart is shown 
in Fig. 3A, lanes 2. The complex I band was specifically stained by an 
“in-gel” NADH:nitro tetrazolium reaction catalyzed by the enzyme 
(Fig. 3A, lanes 3). Flavin of complex I, however, was not detected in the 
native gel because enzyme-bound FMN fluorescence is quenched in the 
intact enzyme [54,55]. The fluorescence signal from complex I FMN 

Fig. 1. NADH-induced reductive inactivation of 
brain and heart mitochondrial complex I. (A, B) 
Fragments of mitochondrial membranes (50 and 20 
μg protein/ml of the brain (A) and heart (B), 
respectively) were preincubated at 25 ◦C in the 
standard assay mixture (pH 8.5) supplemented with 
1 mM cyanide, 40 μg/ml alamethicin, with or 
without 200 μM NADH (solid and empty circles, 
respectively). Aliquots were taken and the rate of 
NADH oxidation was initiated by the addition of 1 
mM HAR. 20 μM FMN was added to the complex I 
activity assay after NADH-induced inactivation 
(triangles). 100% corresponds to a specific activity 
of 0.96 ± 0.01 and 3.17 ± 0.19 μmol NADH ×
min− 1 

× mg− 1 for the brain and heart, respectively. 
Results show mean ± SD (n = 3). (C, D) The time 
course of flavin fluorescence (λexc/em = 450/525 
nm) was monitored simultaneously in similar con-
ditions as in panels A and B. Averaged time course 
of fluorescence intensity is shown for the brain (C) 
and heart (D) mitochondrial fragments. Grey error 
bars represent SEM based on triplicate 
measurements.   

Table 1 
Respiration activities and H2O2 release by coupled mouse brain and heart 
mitochondria during oxidation of succinate in RET-like conditions.   

Respiration nmol O2 

× min− 1 × mg− 1 
Release of H2O2

a nmol 
H2O2 × min− 1 × mg− 1 

Brain Heart Brain Heart 

State 2 (non- 
phosphorylating) 

50 ± 5 164 ± 1 1.16 ± 0.05 3.43 ±
0.20 

State 3(+0.2 mM ADP) 232 ±
14 

345 ±
23 

0.19 ±
0.023 

n.d.  

a Measured simultaneously, as described in the Materials and Methods sec-
tion, in 125 mM KCl, 0.2 mM EGTA, 20 mM HEPES-Tris, 4 mM KH2PO4, pH 7.4, 
2 mM MgCl2, 1 mg/ml BSA, 10 μM Amplex UltraRed, 4 U/ml horseradish 
peroxidase, 10 U/ml SOD, 5 mM succinate and 1 mM glutamate at 37 ◦C using 
0.05–0.2 mg of protein/ml. Values are given as mean ± SEM (n = 3–4). 
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could only be revealed after denaturing the complex. Treatment of the 
gel with 20% SDS led to the appearance of a strong flavin fluorescence 
signal as a single band corresponding to the position of complex I (~850 
kDa) (Fig. 3A, lanes 4, 5). The position of the complex I band was also 
confirmed by a Western blot (Fig. 3A, lanes 6). 

After denaturation of the native protein by SDS [39], we observed 
two major flavin-containing bands corresponding to mitochondrial 
α-ketoglutarate dehydrogenase (αKGDHC) and complex I (Fig. 3A, lanes 
4–5, ~1200 kDa and 850 kDa bands, respectively). A densitometric 
analysis of the bands’ intensity showed a linear dependence of the band 
fluorescence intensity on the amount of loaded protein (Fig. 3B). The 
flavin fluorescence signal could be quantified by calibration with known 
amounts of flavin added directly on the gel surface during scanning. The 
threshold of flavin detection using the Typhoon instrument was esti-
mated to be 15–40 fmol of FMN and the fluorescence intensity depended 
linearly on the amount of added FMN in the range of 0.5–10 pmoles 
(Fig. 3C). The calculated complex I content for intact brain and heart 
mitochondria was determined as 18.6 ± 1.0 and 39 ± 2 pmol/mg pro-
tein, respectively (see also Fig. 4 and Table 3). 

3.3. FMN content of the brain and heart complex I after RET 

Inactivation of complex I in brain mitochondria during RET in Fig. 2 
has been shown to be due to the dissociation of the enzyme’s natural 
cofactor FMN [18,26,35]. We analyzed flavin content of mitochondria 
oxidizing succinate, which has been associated with the drop of complex 

I activity in the brain but not in the heart preparation (Fig. 2E and F). 
The effect of 20 min incubation in RET-like conditions on FMN content 
of complex I and FAD content of αKGDHC in brain and heart mito-
chondria is shown in Fig. 4. Unlike heart mitochondria, complex I FMN 
content in the brain preparation was significantly decreased (Fig. 4B, 
left), indicating dissociation of FMN from its binding site when the 
respiratory chain is reduced by succinate in RET-like conditions. At the 
same time, FAD content of KGDHC did not change (Fig. 4B, right). 

3.4. Kinetic analysis of the flavin-site reactions 

In specific conditions, mitochondrial complex I can catalyze a 
number of reactions such as forward and reverse electron transfer [56, 
57], transhydrogenase reaction [58,59], superoxide generation [60,61], 
and the kinetic patterns of reactions involving the FMN-binding site are 
far from being trivial. To further analyze any difference between brain 
and heart complex I, we examined the kinetic parameters of complex I 
NADH dehydrogenase reactions: physiological NADH oxidase (com-
plexes I, III and IV together) and oxidation of NADH by artificial 
acceptor HAR, which reacts with the enzyme at or close to the 
FMN-binding site (Table 2). The effect of competitive inhibitors of the 
NADH binding site, such as ADP-ribose [23] and NAD+ [23,62,63], was 
also examined. 

As expected, absolute NADH-dehydrogenase activities of complex I 
were higher in mitochondria from the heart than from the brain. No 
difference in Km values for NADH and inhibition constants for the 

Fig. 2. Effect of succinate oxidation in RET-like 
conditions by preparations of brain (left) and heart 
(right) mitochondria on H2O2 release rates and com-
plex I physiological activity. The reaction was started 
by addition of 5 mM succinate and 1 mM glutamate to 
the medium composed of 125 mM KCl, 0.2 mM EGTA, 
20 mM HEPES-Tris (pH 7.4), 4 mM KH2PO4, 2 mM 
MgCl2, 1 mg/ml BSA, 10 μM Amplex UltraRed, 4 U/ 
ml horseradish peroxidase and 10 U/ml SOD at 37 ◦C. 
(A, B) Averaged time course of H2O2 increase in the 
assay (as resorufin fluorescence) by brain (100 μg/ml, 
A) and heart (50 μg/ml, B) mitochondria. Substrate 
addition is shown by an arrow. (C, D) The rate of 
H2O2 release (derivative of the raw signal) for brain 
and heart mitochondria, respectively. Fitting of the 
exponential decay function is shown by red dashed 
lines. (E, F) Effect of incubation of intact brain 
mitochondria in RET-like conditions on NADH:Q1 
reductase activity. Brain (0.1 mg of protein/ml, E) or 
heart (0.05 mg of protein/mL, F) mitochondria were 
incubated in the presence of 5 mM succinate and 1 
mM glutamate at the same as in A-D at 37 ◦C. Zero 
time corresponds to the substrates’ addition. Small 
aliquots were taken in time and complex I-specific 
NADH:Q1 reductase activity was assayed as described 
in the Materials and Methods section. 100% NADH:Q1 
reductase activity corresponds to 0.17 ± 0.01 or 0.66 
± 0.01 μmol NADH × min− 1 × mg protein− 1 for the 
brain and heart enzyme, respectively. Results are 
mean ± SD (n = 4).   
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nucleotides in the physiological NADH oxidase reaction (complexes I, III 
and IV together) was found. However, in the NADH:HAR reductase re-
action, brain complex I displayed a higher affinity for both oxidized and 
reduced nucleotides indicating a possible difference around the FMN- 
binding site between the brain and heart enzyme. 

3.5. Catalytic turnover number of the heart and brain complex I 

Although mitochondria from brain tissue differ in their enzymatic 
composition from heart mitochondria, the major quantitative 

differences are that cardiac preparations demonstrate higher respira-
tion, ROS release and specific complex I activities per mg of protein due 
to a higher enzyme content (Fig. 4B, Table 3). Knowing complex I 
content of brain and heart mitochondria, we calculated enzyme turnover 
number (catalytic constant kcat, min− 1) in NADH-dependent activities of 
both preparations using ubiquinone as a physiological and HAR as an 
artificial acceptor (Table 3). Both the HAR reductase turnover number 
and the ratio of HAR/Q turnover number were significantly higher in 
heart in comparison with brain membranes (Fig. 5). 

Fig. 3. Identification of Complex I FMN and FAD 
of αKGDHC in DDM-solubilized brain and heart 
mitochondria. (A) Intact mitochondria were solu-
bilized using a DDM/protein ratio of 3.6 g/g. 
Identical aliquots of 15 μg of total mitochondrial 
protein were loaded on an acrylamide gradient gel 
(3–12%). Heart (right) and brain (left) mitochon-
dria samples were applied on the same gel and hrCN 
electrophoresis was performed as in Ref. [38]. 
Lanes 2, Coomassie stained gel strips showing the 
presence of complexes (I–V) with molecular weight 
markers (Lane 1); Lanes 3, complex I in gel activity 
strips; Lanes 4 and 5, flavin fluorescence from the 
same strip before (4) and after (5) treatment with 
20% SDS (Excitation/Emission = 473/530 nm). 
Lanes 6, complex I immunodetection by Western 
blot using antibody against NDUFS8 subunit; (B) 
dependence of the flavin fluorescence intensity in 
the complex I (black circles) and αKGDHC (grey 
circles) bands upon protein load on the gel. Values 
are mean ± SEM, n = 4; (C) calibration curve for 
flavin fluorescence signal made of standard free 
FMN solution applied directly on a gel and intensity 
of fluorescent spots measured (mean ± SEM, n = 3).   

Fig. 4. Effect of succinate oxidation in RET-like 
conditions by preparations of brain and heart 
intact mitochondria on the content of mito-
chondrial flavins. Brain or heart mitochondria (0.2 
and 0.25 mg/ml of protein respectively) were 
incubated for 20 min in conditions shown in Fig. 1. 
(A) Representative fluorescence image of an hrCN 
gel showing flavin signal from brain and heart 
mitochondria (25 and 10 μg per well) before and 
after 20 min incubation in RET-like conditions; (B) 
Quantitative analysis of the content of complex I 
FMN (left) and FAD of αKGDH (right) content in the 
brain and heart mitochondria at 0 and 20 min in-
cubation in RET-like conditions (white and grey 
bars respectively). **p < 0.01, t-test, values are 
shown as mean ± SEM. Three independent biolog-
ical replicates were used for each experiment.   
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3.6. Complex I subunit composition is different in the brain and heart 

Why does cardiac complex I not lose its FMN after being reduced in 
RET-like conditions and why is the ratio of HAR/Q turnover different in 
the brain and heart enzyme? Our findings indicate that complex I might 
be structurally different in these tissues, and the difference is localized 
close to the FMN-binding site. This difference can be attributed to the 
subunit NDUFV3, which is the only known complex I subunit repre-
sented by two isoforms. The multi-exon-intron gene of NDUFV3 can be 
alternatively spliced, generating two protein isoforms from a single 
gene: the short 10 kDa (NDUFV3-S) isoform found in most mouse tissues 
and the long 50 kDa variant found mostly in the brain and cultured cells 
(NDUFV3-L) [64–66] (Fig. 7A). Digestion of both isoforms results in the 
formation of unique peptides detectable by mass spectrometry allowing 
discrimination between them in mitochondria samples. We performed 
complexome profiling experiments using mouse brain and heart mito-
chondria from the C57BL6/J mouse strain used in this study (Supple-
mentary Tables S1 and S2). The intensity signal for the corresponding 
isoforms was calculated in accordance to Ref. [40]. Analysis of peptide 
intensities (Fig. 6) revealed the presence of the short isoform in both 
tissues but a much higher abundance of the long isoform in the brain 
(1:3 ratio between the short and long isoform) (Fig. 6A). No peptides 
from the long isoform were found in the heart sample (Fig. 6B). 

3.7. Long NDUFV3 subunit isoform of complex I may affect flavin binding 
in the brain enzyme 

Due to the lack of a 3D structure for the long isoform of NDUFV3, we 
used homology modeling by the YASARA structure software package. 
Fig. 7A shows that NDUFV3-L shares its N and C-termini with the ca-
nonical NDUFV3-S isoform, but contains a large insertion in between. 
Homology modeling resulted in the structure of NDUFV3-L with a C- 
terminus that perfectly superimposes with previously identified short 
NDUFV3-S for the cardiac enzyme [45] (Fig. 7B). The C-terminus part, 
which is similar to the NDUFV3-S subunit, is followed by a flexible linker 
and then a structured N-terminus domain. This flexible linker of 
NDUFV3-L permits the N domain to have a high degree of freedom and 
ability to directly bind to the subunits of the N-module of complex I. 
Using the ClusPro server for protein docking and the newly generated 
structure of NDUFV3-L, we found that the N-terminus domain of 
NDUFV3-L can interact with the FMN cavity of NDUFV1 (Fig. 7C). A 
similar interaction is impossible for the short NDUFV3-S because it is 

Table 2 
Relative affinities of nucleotides to heart and brain complex I in NADH oxidase 
and NADH:HAR reductase reactions.   

Brain Heart 

NADH-oxidase 
Km

NADH (μM) 14 ± 3 16 ± 5 
Vmax (μmol NADH£min¡1£mg¡1) 0.7 ± 0.13 2 ± 0.44 
KiNADþ (mM) 3.6 ± 0.6 3 ± 0.74 
KiADP-rib (mM) 0.60 ± 0.12 0.31 ± 0.09 

NADH:HAR 
KmNADH (μM) 60 ± 7 102 ± 13 
appKmHAR (mM) 0.52 ± 0.10 0.94 ± 0.10 
Vmax (μmol NADH£min¡1£mg¡1) 1.0 ± 0.2 3.8 ± 0.4 
KiNADþ (mM) 9 ± 6 17.4 ± 4.0 

Activities were assayed accordingly to the Materials and Methods section at 25◦C in 
125 mM KCl, 0.2 mM EGTA, 20 mM HEPES-Tris (pH 7.4), 40 μg/ml alamethicin 
and 1 mg/ml BSA in the presence of 1 mM HAR or 10 μM cytochrome c. 200 μM 
NADH was added to start the reaction. Values are given as mean ± SD. Inhibition 
by ADP-ribose was assayed at pH 8.5. 

Table 3 
Complex I content and NADH-dependent activities in preparations of intact and 
DDM-solubilized brain and heart mitochondrial membranes.  

Tissue Complex I 
content 
(pmol/mg 
protein) 

NADH:HARa (μmol NADH 
× min− 1 × mg− 1) 

NADH:Q1 (μmol NADH ×
min− 1 × mg− 1) 

Intact 
membranes 

DDM- 
solubilized 

Intact 
membranes 

DDM- 
solubilized 

Brain 18.6 ± 1.0 0.76 ± 0.10 0.95 ±
0.24 

0.21 ± 0.06 0.11 ±
0.02 

Heart 39 ± 2 2.44 ± 0.56 2.62 ±
0.25 

0.49 ± 0.10 0.15 ±
0.03  

a Activities were measured as described in the Materials and Methods section 
at 25 ◦C. 25 or 50 μg/ml of brain or heart mitochondria, respectively, were 
added to the medium composed of 125 mM KCl, 0.2 mM EGTA, 20 mM HEPES- 
Tris (pH 7.4), 40 μg/ml alamethicin, and 1 mg/ml BSA. The reaction was started 
by addition of 150 μM NADH. To obtain solubilized membranes, 500 μg of 
mitochondrial protein were solubilized using 3.6 g DDM/g protein. DDM-treated 
samples were centrifuged at 20,000 g for 20 min at 4 ◦C, and the supernatants 
were used for activities’ determination. Values are given as mean ± SD (n = 3). 

Fig. 5. Enzymatic turnover number (kcat) of complex I in NADH- 
dependent reactions in brain and heart mitochondria. (A, B) represent 
the turnover number for NADH oxidation by Q1 and artificial acceptor HAR, 
respectively, in intact mitochondrial fragments. Turnover number for solubi-
lized membranes is shown in D and E. HAR/Q ratio in Complex I is higher in 
heart compared to brain as shown in C and F panels for total and solubilized 
membranes, respectively. Activities were measured accordingly to the Materials 
and Methods section. The values are shown as mean ± SEM, n = 3. 
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located on the opposite side of the complex I N-module and does not 
reach the FMN cavity. 

4. Discussion 

The major aim of this study was to quantitatively compare the 
recently characterized process of redox-dependent dissociation of FMN 
from complex I in mitochondria from the brain and heart. FMN is the 
first redox center of complex I that directly accepts electrons from the 
NADH molecule. The enzyme contains one molecule of flavin that is 
tightly but non-covalently bound to the 51 kDa (NDUFV1) subunit 
[67–73]. Electrons from the reduced flavin are transferred downstream 
via the chain of FeS clusters to the final acceptor ubiquinone. Reduced 
flavin of complex I has also been proposed to be the main site of 
ROS-production in the respiratory chain ([60,61,74–76] see Ref. [77] 
for review). An enzyme that lacks FMN is not catalytically active and 

cannot react with pyridine nucleotides or participate in ROS generation 
[26,51,78]. FMN is bound at the bottom of a deep cavity of the NDUFV1 
subunit [73,79] and is potentially accessible to molecular oxygen, so 
that reaction of oxygen with reduced or semireduced flavin generates 
ROS. However, due to spatial constraints, oxygen’s accessibility to the 
reduced flavin is restricted if a substrate nucleotide is bound at the 
NDUFV1 subunit [74,79,80]. There are two ways to reduce FMN of the 
enzyme: directly by the substrate NADH (forward reaction) and in 
RET-like conditions as a potential-dependent reduction of the enzyme by 
ubiquinol (reverse reaction), both of which are discussed below. 

From the thermodynamic analysis of bovine complex I [81], later 
confirmed by protein film voltammetry [82], it follows that reduced 
FMNH2 has more than four orders of magnitude lower affinity for its 
specific binding site than FMN. Here we showed that the kinetics of FMN 
dissociation during direct reduction by NADH in the forward reaction is 
very similar in mitochondria from the brain and heart. This fits well with 

Fig. 6. Complexome profiling and mass spectro-
metric analysis of NDUFV3 isoforms in intact brain 
(A) and heart (B) mitochondria. Abundance of short 
and long NDUFV3 subunit isoforms (L and S, 
respectively) from cerebral and cardiac digitonin- 
solubilized mitochondria was normalized to 
maximal appearance and depicted in two heatmaps 
above the graphs. Assignment of complexes: I, 
complex I; I/III2, supercomplex containing complex 
I and dimer of complex III; I/III2/IVn, super-
complex containing complex I, dimer of complex III, 
and one to four copies of complex IV. Migration 
profiles showing the abundance of the unique pep-
tides of NDUFV3 short (NDUFV3-S, isoform 2, 
black) and long (NDUFV3-L, isoform 1, red) iso-
forms in digitonin-solubilized mitochondria. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 7. Molecular docking of NDUFV3-L isoform at 
mitochondrial complex I. (A) Sequence alignment 
of the mature NDUFV-L and NDUFV-S isoforms with 
overlapping structures in the C-termini used for 
modeling are marked by red and yellow rectangles. 
(B) Tilted side view of mitochondrial complex I 
(PDB ID: 6G2J, [45]) showing molecular surfaces 
for three complex I N-module subunits (NDUFV1 is 
pale salmon, NDUFV2 is lavender, and NDUFS1 is 
teal). The superposition of overlapping structures at 
the C-terminus of NDUFV3-L (red) and NDUFV3-S 
(yellow) is shown as ribbons. The bending direc-
tion of the flexible linker of NDUFV3-L before the 
N-terminus domain is indicated by an orange arrow. 
Note that the cavity of the FMN binding site at 
NDUFV1 is on the other side of the complex I 
molecule. (C) Close-up view at the N-module (sub-
units NDUFS1, NDUFV1, NDUFS1 are shown as 
surfaces) with the FMN-binding cavity and ClusPro 
protein-protein docking arrangement of the 
NDUFV3-L N-domain (ribbons). The flexible linker 
adjoins along the surface of the N-module extending 
the NDUFV3-L N-domain close to the cavity con-
taining a tightly bound FMN molecule (depicted in 
yellow within the pocket of NDUFV1). (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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earlier observations of the decrease in FMNH2 affinity and its dissocia-
tion from bovine heart complex I and the homologous E.coli enzyme, 
indicating a highly conserved mechanism of cofactor dissociation when 
reduced by NADH [51–53]. As expected, exogenously added FMN 
recovered reduction-inactivated enzyme almost instantaneously due the 
fast rate of FMN rebinding to the apoenzyme [51,53]. 

FMN can also be reduced in RET conditions, when electrons are 
supplied from ubiquinol via oxidation of succinate, and complexes III 
and IV provide a proton-motive force to drive electrons upstream. A 
dramatic difference in FMN dissociation kinetics between the brain and 
heart enzyme in RET-like conditions was observed using the H2O2 
release as an indirect real-time measure for complex I activity as well as 
assessing complex I activity directly. Using our novel approach for 
quantification of complex I FMN [39], we unambiguously demonstrated 
that, unlike in mitochondria from the heart, incubation in RET-like 
conditions decreases complex I FMN content in the brain enzyme. 
These observations suggest a difference in the vicinity of the complex I 
FMN-binding site between the brain and heart enzyme. 

It should be stressed that in RET-like conditions, mitochondrial 
complex I produces ROS at a much higher rate than if the enzyme is 
reduced by NADH in the forward reaction [18,37,74,83]. This is due to 
the reoxidation of flavin by downstream FeS clusters before NAD+ is 
released [58], which limits the accessibility of reduced flavin to oxygen 
in the forward reaction. In RET-like conditions, on the other hand, no 
nucleotide is present at the narrow cavity when FMN is reduced “from 
the bottom”, so that oxygen reactivity toward flavin is not hindered, 
providing the highest rates of ROS generation. The restrictions applied 
by bound NADH/NAD+ during the forward reaction can explain the 
apparent lack of difference in the kinetics of FMN dissociation between 
the brain and heart enzyme when reduced by NADH. Bound NAD+ not 
only limits the oxygen accessibility to FMN but also could prevent 
dissociation of the reduced flavin from its binding site at NDUFV1. 
Therefore, the amount of flavin loss is defined by the rate of NAD+

dissociation and not by the structural features in the vicinity of the 
FMN-binding pocket. Another explanation is that the liberated FMNH2 is 
quickly oxidized by oxygen [84,85] so that FMN may rebind to the 
apoprotein thus resulting in very slow cycling and apparent lack of 
difference between the brain and heart enzyme. The fate of matrix FMN 
during RET is less clear due to the presence of FMN-pyrophosphatase 
[86,87] that can convert released FMN to riboflavin, which cannot 
reactivate FMN-deficient enzyme [51,53]. 

Surprisingly, the enzyme kinetic parameters of complex I NADH 
dehydrogenase reactions and effect of inhibitors were very similar for 
both tissues, except an almost two-fold lower Km for artificial acceptor 
HAR in NADH:HAR reductase catalyzed by the brain enzyme. In addi-
tion, the brain enzyme was found to be less sensitive to ADP-ribose, a 
competitive inhibitor of NADH oxidation. Our method for determination 
of absolute content of complex I in the brain and heart [39] allowed us to 
accurately estimate content and therefore catalytic turnover number for 
the physiological NADH:Q reaction and oxidation of NADH by HAR. We 
demonstrated that in intact membranes, heart complex I has a higher 
turnover number for the NADH:HAR reaction than the brain enzyme. 
Most likely HAR accepts electrons from the reduced or semireduced 
flavin via nucleotide [58], which further suggests a possible difference 
between the brain and heart enzyme around the FMN-binding site. In 
addition, the ratio of HAR/Q turnover number was greater in the heart 
in comparison with brain mitochondria, which also indicates intrinsic 
differences around the FMN-binding pocket in the heart and brain 
enzyme. 

No significant change in the conformation of NADH-binding site of 
complex I upon reduction has been shown during catalytic turnover 
[88–91]. Therefore, it is very unlikely that FMN binding at the NDUFV1 
subunit upon reduction of the enzyme (FMN and FeS clusters) is 
different in the brain and heart. At the same time, the reduced FMN 
molecule has two additional hydrogen atoms bound to nitrogen atoms 1 
and 5 of the isoalloxazine ring. According to the high resolution 

structure of the mouse enzyme, this part of the nucleotide is not involved 
in any significant interaction with NDUFV1, and therefore the binding 
pocket itself is not changing upon reduction of the flavin [73,79,92,93]. 
At the same time, the change in geometry of the butterfly-like structure 
of the ring upon reduction [94,95] may contribute to the pronounced 
change in flavin affinity to its binding site. Therefore, redox-dependent 
interactions of NDUFV1 amino acid residues with its immediate ligand 
flavin are very likely to be the same in the brain and heart enzyme. Our 
quantitative results on redox-dependent FMN release from the enzyme 
are in good agreement with the published work from our laboratory [18, 
26,39] and other groups [51,53]. It was of obvious interest to establish 
the reason for the functional differences of FMN-dependent reactions in 
the brain and heart enzyme under RET-like conditions. 

We propose that the difference in the kinetics of RET-induced 
reductive FMN dissociation is due to the presence of the recently iden-
tified long 50 kDa isoform of CxI subunit NDUFV3 (NDUFV3-L) [64–66]. 
The complexome profiling of mitochondria from C57BL/6J mice 
showed the presence of the NDUFV3-L isoform in brain mitochondria 
but not in the heart mitochondria, where only the short 10 kDa form was 
detected. Therefore, there is a solid structural basis for the observed 
functional difference between brain and heart complex I that has never 
been described before. It should be noted that preparation of intact brain 
mitochondria represents a mixture of the organelle from all brain cell 
types, such as neurons and glia. It is interesting that the abundance of 
the long isoform is threefold higher than the short one which is very 
similar to the neuron:glia total mass ratio in the mouse brain [96]. 

The short NDUFV3-S isoform is not fully resolved in the known 
structure of the mouse enzyme [45] but the C-terminus is located at the 
N-module of complex I on the opposite side of the FMN-binding cavity. 
Unlike the NDUFV3-S isoform, the N-terminus of the long brain-specific 
NDUFV3-L can be extended along the enzyme surface toward the FMN 
binding pocket and affect the nucleotide affinity to the apoenzyme. Our 
prediction suggests that brain NDUFV3-L, but not heart NDUFV3-S, can 
affect FMN binding to NDUFV1. Our modeling is highly suggestive of 
this possibility, and the exact mechanism of the NDUFV3-L alteration of 
FMN binding/unbinding to complex I in brain mitochondria can be 
defined after the structure of the brain enzyme is resolved. 

5. Conclusion 

We studied the effect of RET on mitochondrial complex I flavin 
dissociation in heart and brain mitochondria. Comparison of redox- 
dependent complex I flavin loss kinetics demonstrates that the dy-
namics of mitochondrial injury may significantly differ in both tissues. 
Our results suggest that different therapeutic strategies and resuscitation 
protocols should be used to alleviate mitochondrial injury during I/R in 
cases of stroke, heart infarction, or prolonged cardiac arrest. 
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