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a b s t r a c t
Mitochondrial complex I is the largest respiratory chain complex. Despite the enormous progress made studying
its structure and function in recent years, potential regulatory roles of its accessory subunits remained largely unresolved. Complex I gene NDUFV3, which occurs in metazoa, contains an extra exon that is only present in vertebrates and thereby evolutionary even younger than the rest of the gene. Alternative splicing of this extra exon
gives rise to a short NDUFV3-S and a long NDUFV3-L protein isoform. Complexome proﬁling revealed that the
two NDUFV3 isoforms are constituents of the multi-subunit complex I. Further mass spectrometric analyses of
complex I from different murine and bovine tissues showed a tissue-speciﬁc expression pattern of NDUFV3-S
and NDUFV3-L. Hence, NDUFV3-S was identiﬁed as the only isoform in heart and skeletal muscle, whereas in
liver, brain, and lung NDUFV3-L was expressed as the dominant isoform, together with NDUFV3-S present in
all tissues analyzed. Thus, we identiﬁed NDUFV3 as the ﬁrst out of 30 accessory subunits of complex I present
in vertebrate- and tissue-speciﬁc isoforms. Interestingly, the tissue-speciﬁc expression pattern of NDUFV3-S
and NDUFV3-L isoforms was paralleled by changes in kinetic parameters, especially the substrate afﬁnity of complex I. This may indicate a regulatory role of the NDUFV3 isoforms in different vertebrate tissues.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Proton-pumping NADH:ubiquinone oxidoreductase (EC 1.6.5.3), mitochondrial complex I, is the largest enzyme complex of oxidative phosphorylation (OXPHOS). The mammalian enzyme complex is composed
of 45 subunits with an overall molecular mass of about 1 MDa [1]. The
central core of complex I comprises 7 mitochondria-encoded and 7 nucleus-encoded subunits, which are conserved from bacteria to human.
This core executes the basic bioenergetic function of complex I, which
is the electron transfer from NADH to ubiquinone coupled to the transmembrane proton translocation. Thereby the complex contributes to
the proton gradient across the inner mitochondrial membrane needed
to synthesize the cells’ energy currency ATP by phosphorylation of
ADP. In addition to the 14 central subunits, mammalian complex I comprises 30 different accessory subunits encoded by the nucleus. Some of
these subunits are known to be phosphorylated [2–4] and to bind additional factors, such as the 13 kDa subunit/NDUFS6 coordinating Zn2+
[5], the 39 kDa subunit/NDUFA9 binding NADPH [6], and the two acyl
carrier protein subunits (Yarrowia lipolytica: ACPM1 and ACPM2 [7];
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bovine: SDAP-α/-β, identical proteins [1]; human: NDUFAB1, two copies per complex I monomer) binding phosphopantetheine as a prosthetic group. However, the underlying function of these molecular features
remains largely unknown. Some subunits of the multi-protein complex I
were identiﬁed as key players in the process of its assembly [8,9]. However up to now, rather little is known about the functional involvement
of the accessory subunits of complex I and how they could modulate the
catalytic function of the enzyme. It seems likely that some accessory
subunits of complex I could play an important role in regulating the enzyme activity, as it is known for the nucleus-encoded accessory/regulatory subunits of respiratory chain complex IV [10,11].
In very recent years, the structure of the mitochondrial complex I
was resolved in a tremendous effort. Initially, the structure of the central
complex I subunits and a partial assignment of the accessory subunits
was presented as a result of a single particle cryo electron microscopy
study of the bovine heart enzyme complex [12] and of a x-ray structure
analysis of crystallized complex I from the yeast Yarrowia lipolytica [13].
A complete assignment of the accessory subunits from bovine heart has
been presented only this year [1] applying single particle cryo electron
microscopy. Meanwhile, yet another structure of mitochondrial complex I from sheep heart was described using the same approach [14].
Although no protein isoforms have been identiﬁed for any of the
subunits in mitochondrial complex I up to now, the existence of different developmental- or tissue-speciﬁc protein isoforms that could exert
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a speciﬁc regulation of the multi-protein enzyme complex, as it is long
known for complex IV of the respiratory chain [10,11], seemed quite
possible. We here show that accessory subunit NDUFV3 of mitochondrial complex I indeed occurs in two alternatively spliced protein isoforms
in a tissue-speciﬁc manner.
2. Materials and methods
2.1. Animals and tissues
BALB/c mice were purchased from Charles River, Sulzfeld, Germany.
All procedures were performed in strict accordance with the published
welfare rules for the care and use of laboratory animals of local authorities. Tissues from calf (at ca. 22 weeks of age) were freshly obtained
from the slaughterhouse, immediately put on ice, and used within one
hour for mitochondria isolation.
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Coomassie brilliant blue G250 and proteins were separated by 4–16%
gradient blue native (BN) polyacrylamide gel electrophoresis (PAGE)
as described in detail by Wittig et al. [15].
After electrophoresis, the gel was ﬁxed, stained with Coomassie
blue, and the gel lanes were prepared for complexome proﬁling as described previously [16]. In brief, BN gel lanes were cut into 60 even
pieces, each of which was cut into smaller pieces, transferred to a 96well ﬁlter microtiterplate (Millipore), and destained in 50% (v/v) methanol, 50 mM ammonium bicarbonate. After complete destaining, in-gel
digestion with trypsin was performed essentially following the protocol
described previously [16].
Tryptic peptides were separated by liquid chromatography and analyzed by tandem mass spectrometry (LC-MS/MS) in a Q-Exactive 2.0
Orbitrap Mass Spectrometer equipped with an Easy nLC1000 nanoﬂow ultra-high pressure liquid chromatography system (Thermo Fisher
Scientiﬁc) at the front end and the Thermo Scientiﬁc Xcalibur 2.2 SP1
Software Package as described in [8].

2.2. Chemicals
All chemicals were purchased from Sigma-Aldrich unless indicated
otherwise.
2.3. Isolation of mitochondria-enriched fractions from different murine and
bovine tissues
For isolating mitochondria from different mouse tissues, we dissected heart, skeletal muscle, liver, brain, and lung from 6 weeks old male
BALB/c mice. The dissected organs were immediately shock-frozen in
liquid nitrogen and stored at − 80 °C. For preparing mitochondriaenriched fractions, the frozen tissues were thawed on ice. All subsequent procedures were performed on ice. The minced tissue from the
respective organ was transferred to a potter Elvehjem homogenizer
and 10 ml of ice-cold isolation buffer composed of 250 mM sucrose,
10 mM Tris/HCl, 1 mM EDTA, supplemented with protease inhibitor
cocktail (SigmaFast™), pH 7.4 per g tissue were added. After homogenization applying 10 strokes at 1800 rpm, the homogenates were centrifuged at 600 ×g for 10 min at 4 °C. Supernatants were transferred to a
new tube and centrifuged at 10,000 × g for 10 min at 4 °C. Mitochondria-enriched pellets were washed once and resuspended in isolation
buffer and protein concentration was determined by the Lowry method
(Bio-Rad).
Freshly obtained calf tissues from heart (600 g), liver (600 g), and
brain (200 g) were immediately subjected to preparation of mitochondria-enriched fractions by cutting the organ into smaller pieces and removing the connective tissue. This and all following procedures were
performed in the cold room or on ice. The tissue was homogenized in
4 ml/g tissue of ice-cold isolation buffer consisting of 250 mM sucrose,
10 mM Tris, 0.5 mM EDTA, 2 mM phenylmethylsulfonyl ﬂuoride
(PMSF), pH 7.4 using a blender at low speed for 5 s and at high speed
for 1 min. Subsequently, the pH was re-adjusted to 7.4 applying 2 M
Tris base. The homogenates were centrifuged at 315 ×g for 20 min at
4 °C, and the resulting supernatants were ﬁltered through 8 layers of
gauze and centrifuged at 7100 × g for 30 min at 4 °C. Mitochondriaenriched pellets were resuspended in isolation buffer and homogenized
applying 10 strokes using a potter Elvehjem homogenizer. The resulting
suspensions were centrifuged at 10,000 ×g for 20 min at 4 °C. Pellets
were resuspended in isolation buffer and protein concentration was determined by the Lowry method. Aliquots were shock-frozen in liquid nitrogen and stored at −80 °C.
2.4. Complexome proﬁling
Frozen mitochondrial proteins (200 μg) were solubilized with 6 g
digitonin/g protein in 50 mM NaCl, 5 mM 6-aminohexanoic acid,
1 mM EDTA, 50 mM imidazole/HCl, pH 7.0. After centrifugation at
22,000 ×g for 20 min at 4 °C, the supernatant was supplemented with

2.5. Protein identiﬁcation, label-free quantiﬁcation, and hierarchical
clustering
Mass spectrometry RAW data ﬁles were analyzed using MaxQuant
(version 1.5.0.25; [17]; www.maxquant.org). The extracted spectra
were matched against the Mus musculus NCBI Reference Sequence database release 55. Matching MS/MS between sample runs was allowed in
2-min retention time windows. Database searches were done with 20
ppm match tolerances. Trypsin was selected as the protease with two
missed cleavages allowed. Dynamic modiﬁcations included N-terminal
acetylation and oxidation of methionine. Cysteine carbamidomethylation was set as a ﬁxed modiﬁcation. Keratins and trypsin were removed
from the list.
The abundance of each protein was determined by label-free quantiﬁcation using the composite intensity based absolute quantiﬁcation
(iBAQ) values determined by MaxQuant analysis [17]. Gel migration
proﬁles were created for all complex I subunits including NDUFV3 isoforms and normalized to the maximum abundance across all samples
analyzed. The migration proﬁles of the identiﬁed proteins were clustered and visualized as heat maps representing the normalized abundance in each gel slice by a three color code gradient (black/yellow/
red) applying the NOVA software v0.5 [18]. Exported data were further
processed in Microsoft Excel. The mass calibration for the BN gels was
performed using known masses of OXPHOS complexes and
supercomplexes as standards: complex II (123 kDa), complex IV
(214 kDa), complex III dimer (485 kDa), complex V (626 kDa) and
supercomplex I1–III2–IV1 (1708 kDa) as previously described [16].
2.6. Mass spectrometric analysis of gel-puriﬁed complex I
Mitochondrial proteins from mitochondria-enriched fractions were
solubilized with 2.5 g n-β-D-dodecylmaltoside (DDM)/g protein and
separated by high resolution-clear native polyacrylamide gel electrophoresis (hrCN-PAGE) applying a 4–16% polyacrylamide gradient [19].
The cathode buffer contained 50 mM Tricine, 7.5 mM imidazole, 0.05%
(w/v) sodium deoxycholate and 0.01% (w/v) DDM. The voltage was
set initially at 100 V for 30 min and was subsequently increased to
400 V for 3 h. For each sample loaded onto the gel, a parallel lane was
stained with Coomassie blue to locate complex I in the clear native
gels. The corresponding gel bands containing complex I were cut out
from the clear native gels and transferred to a 96-well ﬁlter plate
(Millipore), where the samples were subjected to tryptic in-gel digestion. The resulting peptides were analyzed by LC-MS/MS in a Q-Exactive
2.0 Orbitrap Mass Spectrometer (Thermo Fisher Scientiﬁc) as described
above (see complexome proﬁling). Mass spectrometry RAW data ﬁles
were analyzed using MaxQuant (version 1.5.0.25; [17]; www.
maxquant.org) using the same parameters as described above except
no matching MS/MS between samples was permitted. The extracted
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spectra were matched against the NCBI Reference Sequence database
release 55 of Mus musculus and Bos taurus.
2.7. Complex I activity measurements
Complex I activity was measured by determining spectrophotometrically (SPECTRAmax PLUS384 spectrophotometer, Molecular Devices)
the initial oxidation rate of NADH as a decrease of absorbance at 340
nm (ε340–400nm = 6.22 mM−1 × cm−1). NADH as electron donor and
ubiquinone analogue decyl-ubiquinone (DBQ) as electron acceptor
were titrated (0–100 μM) at a constant concentration of 100 μM for either DBQ or NADH, respectively, in reaction buffer containing 250 mM
sucrose, 0.2 mM EDTA, 50 mM Tris-HCl, pH 7.2 (SET buffer) supplemented with 1 mM NaCN. The enzyme reaction was performed at
30 °C and started by adding mitochondria-enriched samples solubilized
in SET buffer supplemented with 0.1% (w/v) DDM and 2 mM PMSF immediately before measurement at a ﬁnal concentration of 25 μg protein/
ml.
To determine the remaining inhibitor-insensitive NADH:DBQ oxidoreductase activity the speciﬁc complex I inhibitor 2-n-decyl-quinazolin4-yl-amine (DQA) was added at the end of each experiment and the residual rate was subtracted from each measurement. The resulting DQAsensitive NADH:DBQ oxidoreductase activities were normalized for the
relative amount of complex I in different samples assessed as
NADH:HAR (hexa-ammine-ruthenium(III) chloride) oxidoreductase
activities. The NADH:HAR oxidoreductase activities were detected as
NADH oxidation-mediated changes of absorbance at 340 nm (ε340–
−1
× cm−1) at 30 °C in SET buffer containing
400nm = 6.22 mM
100 μM NADH, 2 mM HAR, and 1 mM NaCN. The enzyme reaction was
initiated by adding 25 mg protein of solubilized mitochondria-enriched
fractions per ml.
Kinetic parameters, such as KM and vmax, were calculated by non-linear ﬁtting to the standard Michaelis-Menten equation using the software Origin 7.0. Statistical signiﬁcance (ANOVA): *P b 0.05, **P b 0.01,
***P b 0.001. Data are expressed as mean values ± SD (n = 3).
3. Results
3.1. NDUFV3 gene, transcript variants, and proteins
The NDUFV3 gene [20] encodes the ﬂavoprotein 3 of mitochondrial
complex I. Originally, the NDUFV3 protein was given names also
reﬂecting the experimentally determined molecular mass of about
10 kDa [21], such as: complex I-9kD (CI-9kD), NADH-ubiquinone oxidoreductase 9 kDa subunit, or NADH-ubiquinone oxidoreductase ﬂavoprotein 3. The NDUFV3 gene is located on chromosome 21 (Homo
sapiens), 17 (Mus musculus), 1 (Bos taurus) revealing a multi-exon-intron structure prone to alternative splicing generating protein isoforms
from a single gene. For the NDUFV3 transcript of vertebrates, two variants (L, long and S, short) consisting of 4 exons (NDUFV3-L) and 3
exons (NDUFV3-S) were predicted (Fig. 1A; Tables S1, S2). Alternative
splicing of the in-frame extra exon 3, which is characteristic for the
long NDUFV3-L transcript, results in the transcript encoding NDUFV3S. The short and long transcript variants for the murine, bovine, and
human NDUFV3 subunit of complex I are shown schematically in Fig.
1A. Both transcript variants, NDUFV3-L and NDUFV3-S, from all three
species share a common N-terminus (exon 2) and a common C-

terminus (exon 4). The large exon 3, which is missing in NDUFV3-S
transcript, represents an internal segment speciﬁc for NDUFV3-L. Both
NDUFV3 transcript variants from the three vertebrate species shown
in Fig. 1A and B present a conserved N-terminal mitochondrial targeting
sequence (MTS) encoded by exon 1 and N-terminal half of exon 2 of the
NDUFV3 gene (Fig. 1B).
So far, the presence of a corresponding complex I subunit was only
reported for the short transcript variant (NDUFV3-S) giving rise to a
8–9 kDa protein after cleavage of the mitochondrial targeting sequence
from the ~ 12 kDa precursor [22]. Expression of the additional exon
would shift the molecular mass to ~ 47 kDa for the predicted mature
NDUFV3-L protein (Fig. 1B). However, the subunit isoform of NDUFV3
corresponding to the long transcript remained undetected in complex I.
The subunit composition of mammalian complex I has mainly been
studied in heart mitochondria. To investigate, whether and to which extent the NDUFV3-L protein is expressed and incorporated into complex
I, we analyzed complex I from different tissues and species by mass
spectrometry.
3.2. Identiﬁcation of NDUFV3 protein isoforms as subunits of complex I and
supercomplexes
First, we performed complexome proﬁling experiments using
mouse heart and brain mitochondria (Fig. 2A). To determine the position of complex I in the migration proﬁle, we averaged the abundance
values for all complex I subunits identiﬁed and presented them as intensity heatmaps (upper panels) and as abundance plots (lower panels). In
both mouse tissues, the vast majority of complex I was part of higher
molecular mass supercomplexes together with complexes III and one
or more copies of complex IV as described previously [23].
Both isoforms of subunit NDUFV3 give rise to unique peptides detectable by mass spectrometry (Fig. 1B), which allowed us to discriminate between them in the tissue samples and deduce their migration
pattern in the complexome proﬁles (Fig. 2A). In mouse heart mitochondria (Fig. 2A, left panel), only two unique peptides indicating the presence of the short NDUFV3 isoform (NDUFV3-S) were detected. As a
consequence this isoform was only detectable in the most abundant
supercomplex together with complexes III and one copy of complex IV
(I + III2 + IV). In contrast, in brain mitochondria (Fig. 2A, right panel),
10 unique peptides speciﬁc for NDUFV3-L (Fig. 1B), but no unique peptides for NDUFV3-S were identiﬁed.
As shown in the intensity heatmaps (Fig. 2A, upper panel) and migration proﬁles (lower panel), both the short isoform NDUFV3-S (red)
and the long isoform NDUFV3-L (blue) clearly co-migrated with complex I (black). The migration pattern of the NDUFV3 isoforms was very
similar to that of the average of complex I subunits. Notably, no co-migration of either of the isoforms with complex III dimer (at ca. 0.5 MDa)
and IV monomer (0.2 MDa) was observed. This indicated that NDUFV3S in heart and NDUFV3-L in brain were bound as subunits to the
complex.
3.3. Identiﬁcation of tissue-speciﬁc expression of NDUFV3 protein isoforms
in mouse
To further evaluate the tissue-speciﬁc expression of NDUFV3 isoforms observed in mouse heart and brain, we analyzed the expression
pattern of the short and long NDUFV3 isoforms in mouse tissues:

Fig. 1. NDUFV3 transcript and protein structure. (A) NDUFV3 transcripts are schematically shown for the long and short transcript variants of murine, bovine, and human indicating the exon
structure as an arrangement of 4 and 3 exons, respectively. Exons are shown as separate and numbered rectangles. The mitochondrial targeting sequence (MTS) is colored in yellow, where
scissors indicate the proteolytic cleavage site of the MTS located in exon 2. Transcript variants NDUFV3-L and NDUFV3-S share a common N-terminus (exon 2) and a common C-terminus
(exon 4) both colored in salmon. The large exon 3 colored in blue-grey is speciﬁc for the long NDUFV3-L isoform and represents its internal segment. (B) Alignment of the long (L) and
short (S) protein isoform of NDUFV3 (NDUFV3-L and NDUFV3-S, respectively) of murine, bovine, and human. The MTS is highlighted in yellow. The regions common to both isoforms, Nand C-termini, are highlighted in salmon, while the internal segment speciﬁc for NDUFV3-L is highlighted in blue-grey. Additionally, the sequences of peptides detected by MS/MS in the
murine and bovine tissue samples are indicated, whereby peptides covering exclusively the short and long NDUFV3 isoform are depicted in red and blue, respectively. Shared peptides
speciﬁc for the conserved C-terminus common to NDUFV3-L and NDUFV3-S are colored in green.
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skeletal muscle, liver, and lung. To do so, we isolated complex I at small
scale by eluting the corresponding band from hrCN-PAGE, compared
the relative abundance of NDUFV3 isoforms in different mouse tissues
heart (He), skeletal muscle (Mu), liver (Li), brain (Br), and lung (Lu),
and analyzed its constituents by mass spectrometry. Note that for
these experiments, the mitochondria were solubilized in DDM rather
than in digitonin, which was used in the complexome proﬁling experiments. Applying DDM results in the dissociation of complete complex I
from the supercomplexes [15]. 41 out of the 44 different complex I subunits were detected by mass spectrometric analysis of the eluted complex I bands of the murine tissues. The three not identiﬁed complex I
subunits represented small hydrophobic subunits, NDUFC1, ND6, and
NDUFB1, which apparently were more difﬁcult to detect by mass spectrometry. See Table S1 for a complete list of the identiﬁed proteins and
the respective mass spectrometric parameters.
Fig. 2B shows the relative abundance of selected peptides of the two
NDUFV3 isoforms in the mouse tissues examined as grey bars. Three
peptides of each of the two complex I subunits, NDUFV1 and NDUFS2,
served as loading controls of mitochondrial proteins from the ﬁve different mouse tissues. Some differences in peptide abundance were observed also for these two proteins resulting from peptide-speciﬁc
variability of the mass spectrometric analysis at the peptide level.
Taken together these control datasets provided nevertheless a good validation for our approach. Two unique peptides (red) were indicative of
the murine short isoform NDUFV3-S. The ﬁrst peptide covers the region
speciﬁc for NDUFV3-S spanning from the 3′-end of exon 2 to the 5′-end
of exon 4 (TQSVLKEPEPTDTTTYK) containing one missed cleavage site.
Cleavage at this missed site within the ﬁrst peptide, results in a shorter
second peptide (EPEPTDTTTYK). Notably, although this sequence – right
at the start of exon 4 – is common for both NDUFV3 isoforms, this peptide cannot be formed from the murine long isoform, because, unlike
the lysine encoded at 3′-end of exon 2 in NDUFV3-S, the glutamine
encoded in NDUFV3-L at the 3′-end of NDUFV3-speciﬁc exon 3 does
not give rise to a tryptic cleavage site (see Fig. 1B for clarity). The
NDUFV3-S-unique peptides taken together with three peptides
resulting from exon 4 that are shared by both isoforms (green) and
four peptides covering exclusively the NDUFV3-L-speciﬁc exon 3
(blue) allowed us to estimate the relative abundance of the two
NDUFV3 isoforms in the different tissues.
One of the two peptides unique for the short isoform NDUFV3-S was
detected in all ﬁve tissues analyzed (Fig. 2B) indicating that the short
isoform was present in all ﬁve mouse tissues. Selected peptides that
are common to both isoforms were detected in all samples with the
highest intensities in heart and muscle. Unique peptides indicative of
NDUFV3-L were detected in liver, brain, and lung demonstrating the
presence of the long isoform in complex I from these tissues. All four selected peptides were prominently present in lung tissue and 3 out of 4
peptides were detected in liver and brain. Strikingly, however, none of
the peptides indicative for the long isoform NDUFV3-L was detected in
mouse heart and skeletal muscle clearly indicating the absence of this
isoform in these two kinds of muscle tissues.
Overall our results for mouse indicate that the short isoform
NDUFV3-S was assembled into complex I of all ﬁve tissues, whereas
the long isoform NDUFV3-L was speciﬁcally expressed in liver, brain,
and lung.
3.4. Identiﬁcation of tissue-speciﬁc expression of NDUFV3 protein isoforms
in bovine

complete list of proteins and the respective mass spectrometric
parameters.
As for the mouse samples (Fig. 2), three high scoring peptides of two
reference complex I subunits NDUFV1 and NDUFS2 are shown as loading control. In the three bovine tissues analyzed, we observed a similar
expression pattern for the two NDUFV3 isoforms as in the respective
mouse tissues, i.e. unique peptides for the short isoform and peptides
shared between the two isoforms were identiﬁed in all three tissue
samples, indicating the presence of NDUFV3-S in heart, liver, and
brain. Peptides speciﬁc for the long isoform NDUFV3-L were detected
in liver and brain samples, whereas none of these peptides was identiﬁed in the heart sample. This suggests that NDUFV3-L is not expressed
in heart, but together with NDUFV3-S in liver and brain. Overall, the
peptides of NDUFV3 are more reliably detected and quantiﬁed in the bovine than in the mouse tissue samples. This allowed us to assess the relative distribution of the two isoforms in liver and brain. Considering the
abundance of both isoforms relative to each other, NDUFV3-L appeared
to be the dominant form in liver, while NDUFV3-S seemed be more
abundant in brain.
On a separate note, we found that there are two un-reviewed entries
(Uniprot: E1BME9-1 and NCBI: XP_005202063.1) for the bovine
NDUFV3-L protein in the databases that have a markedly different
sequence at the end of exon 3 over a stretch of 26 amino acids. In
addition, the NCBI sequence is by six amino acids shorter than
the Uniprot sequence. Since we could detect the peptide
GGIVEDPAAQVEGQDHAQEPVSAAPTEPFDNTTYK (Fig. 3) in bovine samples, which is diagnostic for the NCBI version of NDUFV3-L, we experimentally conﬁrmed the correctness of the NCBI entry.
The results of the tissue-speciﬁc distribution of the short (S) and
long (L) isoforms of NDUFV3 are summarized in Table 1 highlighting
NDUFV3-S as a heart and skeletal muscle-speciﬁc subunit isoform.
3.5. Tissue-speciﬁc differences of the kinetic parameters of complex I
To investigate, whether a tissue-speciﬁc expression pattern of the
short and long NDUFV3 isoform could cause functional differences in
complex I, we assessed the enzyme kinetic parameters of complex I by
measuring inhibitor-sensitive NADH:DBQ oxidoreductase activity in
solubilized bovine heart, liver, and brain mitochondria (Fig. 4). The
highest inhibitor-sensitive complex I activity was observed for either
substrate in solubilized liver mitochondria, whereas a 50% lower vmax
was determined for complex I in solubilized brain mitochondria. The
KM value of complex I for NADH (Fig. 4A) was 3–4 times lower in liver
mitochondria than in brain and heart. The KM for NADH of brain complex I tended to be lower than in heart, but this difference was not statistically signiﬁcant. The overall pattern for the ubiquinone substrate of
complex I was similar (Fig. 4B). Compared to heart complex I, the KM for
DBQ for the liver enzyme was signiﬁcantly reduced by about two-fold.
Notably, the reduction of the KM for DBQ in brain compared to heart
just reached the signiﬁcance threshold, but tended to be still higher
than for liver. Taken together, for both complex I substrates the KM for
NADH was signiﬁcantly higher in heart than in liver, while brain mitochondria scored in-between. Thus in other words, the afﬁnity of complex I to NADH and DBQ was the strongest in liver and the weakest in
heart mitochondria, with brain complex I exhibiting an intermediate afﬁnity to both substrates.
3.6. Evolution of NDUFV3 gene and protein structure and organization

The mass spectrometry analysis of bovine complex I eluted from
hrCN-PAGE was applied to three different tissues, heart (He), liver
(Li), and brain (Br). The results of this comparative and tissue-speciﬁc
expression analysis of NDUFV3-S and NDUFV3-L are presented in Fig.
3A. Similarly as for the mouse tissues, 42 out of the 44 different complex
I subunits were detected. The two subunits that were not identiﬁed are
ND4L and ND6 which are small hydrophobic proteins. See Table S2 for a

NDUFV3 is, in contrast to the complex I genes encoding its central
subunits that date back to bacteria or the last eukaryotic common ancestor [24], a relatively young gene that can only be found in metazoa
and their closest unicellular relatives like Capsaspora owczazaki
(Fig. 5). In the NDUFV3 protein family, only the C-terminus shows a signiﬁcant level of sequence conservation and has been annotated as the
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Fig. 2. Mass spectrometric analysis of NDUFV3 isoforms in different murine tissues. (A) Complexome proﬁling analysis of mouse heart and brain mitochondria presented as three-color-coded
heatmaps (upper panel) and migration proﬁles (lower panel) showing the abundance average (black) of all complex I subunits detected and of the unique peptides of NDUFV3 short
(NDUFV3-S, in red) and long (NDUFV3-L, in blue) isoforms. In mouse heart mitochondria (left panel), NDUFV3-S co-migrates with the averaged complex I subunits, whereas in mouse
brain mitochondria (right panel), NDUFV3-L co-migrates with the averaged complex I subunits. (B) Mass spectrometric analysis of complex I eluted from hrCN-PAGE comparing the
relative abundance of NDUFV3 isoforms in different mouse tissues: He, heart; Mu, skeletal muscle; Li, liver; Br, brain; Lu, lung. Selected peptides unique for NDUFV3-S and NDUFV3-L
are depicted in red and blue, respectively. Selected peptides shown in green are representative for both isoforms. Three peptides each from two complex I subunits, NDUFV1 and
NDUFS2, serve as representative loading controls showing a similar distribution of the relative peptide abundances for complex I subunits when analyzed by mass spectrometry in
different tissues. The amount of peptides is indicated as averaged peptide abundance for three mice by bars, where white represents the absence and black the maximal relative
abundance of the indicated peptide.

signature NDUFV3 domain (PF15880) in the PFAM protein family database [25,26] as shown in Figures S1A and S1B.
To support the relevance of the extra exon 3 in NDUFV3-L, we examined its phylogenetic distribution (Figs. 5, S1A). This exon is speciﬁc for
NDUFV3-L and appears to be younger than the NDUFV3 gene itself. It
dates back to the origin of the vertebrates (Figs. 5, S1A). Outside the vertebrates there is no space for the extra exon as NDUFV3 is only a very
short gene (b1 kb) with a single intron or sometimes none, which
stands in contrast to the 5–10 kb size in vertebrates (Fig. 5).
Interestingly, the alternative splicing of NDUFV3 can already be observed in species most distantly related to human that contain the
extra exon (Fig. 5), e.g. in ﬁshes like Danio rerio (e.g. transcripts
ENSDART00000157395 versus ENSDART00000102214). Therefore, alternative splicing appears to date back to the evolutionary origin of
bony ﬁshes and argues for the evolutionary origin of the two NDUFV3
protein isoforms at the root of vertebrates.
4. Discussion
At a time, when deep insights are gained by high resolution x-ray
crystal and cryo electron microscopy structures, we characterized the
ﬁrst isoforms of a subunit of mitochondrial complex I. It is accessory
subunit NDUFV3. Among the 44 different subunits of mitochondrial

complex I, NDUFV3 was discovered as a 10 kDa protein component of
the ﬂavoprotein fragment of complex I from bovine heart [21]. In the
cryo electron microscopy structures of bovine [1] and ovine heart complex I [14], it was indeed found to be associated with the two other subunits of this subcomplex, NDUFV1 and NDUFV2 (Fig. 6). Earlier
difﬁculties with visualizing the localization of NDUFV3 within the complex I structure by x-ray crystallography and cryo electron microscopy
analysis could be explained by the small size of the 10 kDa subunit
with a partly disordered structure, and a position of NDUFV3 at the
very tip of the mitochondrial matrix-sided N-module of complex I,
from where it could easily be dissociated during enzyme preparation.
Until now, there is no evidence for a speciﬁc function of the encoded
protein. As NDUFV3 belongs to the group of accessory complex I subunits, it seems rather unlikely that NDUFV3 would be involved directly
in enzyme catalysis.
A comprehensive study on complex I assembly in human osteosarcoma 143B cells [8] localized the NDUFV3 subunit in the fully assembled
complex I and in supercomplexes. NDUFV3 was not observed in any of
the subassemblies during the complex I assembly process. As proposed
earlier for NDUFV3 from studies with human skin ﬁbroblasts [27] this
indicates that the NDUFV3 subunit is incorporated into complex I and
supercomplexes together with other subunits of the N-module at the
very ﬁnal steps of complex I assembly.
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Fig. 3. Mass spectrometric analysis of NDUFV3 isoforms in three different bovine tissues. Complex I eluted from hrCN-PAGE was analyzed by mass spectrometry comparing the relative
abundance of NDUFV3 isoforms in the following bovine tissues: He, heart; Li, liver; Br, brain. Selected peptides unique for NDUFV3-S and NDUFV3-L are depicted in red and blue,
respectively. Selected peptides that are shown in green are representative for both isoforms. Three peptides from the two complex I subunits NDUFV1 and NDUFS2, chosen as
representative loading controls, show a similar distribution pattern of the relative peptide abundances for complex I proteins between different tissues. The amount of the peptides is
indicated as averaged peptide abundance from three experiments by bars, where white represents the absence and black the maximal relative abundance of the indicated peptide.

Here, we present evidence that short (~10 kDa, NDUFV3-S) and long
(~50 kDa, NDUFV3-L) NDUFV3 subunit isoforms are expressed in a tissue-speciﬁc manner. Complexome proﬁling data from two different tissues of mouse presented either isoform NDUFV3-S or isoform NDUFV3L as constituent of complex I and the complex I-containing
supercomplexes, a characteristic that qualiﬁes these two proteins as
complex I subunit isoforms.
Similar to tissue-speciﬁc subunits of respiratory chain complex IV,
the cytochrome c oxidase, [10,11], NDUFV3 is encoded by the nuclear
DNA and belongs to the group of accessory subunits of respiratory
chain complex I. Accessory subunits of OXPHOS complexes are unlikely
to directly take part in the enzyme catalysis, but may play a regulatory
role. Strikingly, the tissue-speciﬁc distribution of the two NDUFV3 isoforms resembles that of complex IV subunits VIa (heart: VIa-H, liver:
VIa-L) and VIIa (heart: VIIa-H and liver: VIIa-L), where the one isoform
is primarily if not exclusively expressed in heart and skeletal muscle
(H), whereas the other isoform (L) is present in all other tissues of vertebrates at a certain and apparently species-speciﬁc ratio to the H-isoform [10,11]. Notably, the isoforms of complex IV are encoded by
different, paralogous genes, whereas the isoforms of NDUFV3 are

Table 1
Tissue speciﬁc expression pattern of NDUFV3 isoforms.
Organism

Tissue
Heart

Mus musculus
Bos taurus

a

S
S

n.d. – not determined.
a
NDUFV3-S, short isoform.
b
NDUFV3-L, long isoform.

Muscle
S
n.d.

Liver
b

L /S
L/S

Brain

Lung

L/S
L/S

L/S
n.d

derived from a single gene by alternative splicing of transcripts. The exclusive expression of the short NDUFV3-S isoform with a molecular
mass of ~10 kDa in heart and skeletal muscle explains why in structural
analyses of mammalian complex I, which were exclusively performed
with the enzyme from heart mitochondria, only the heart-speciﬁc
short isoform has been found. Studying the subunit composition of
complex I in other vertebrate tissues than heart and skeletal muscle
led us to discover the long NDUFV3-L isoform.
In contrast to the complex I genes encoding its central subunits that
date back to bacteria, the NDUFV3 gene developed only much later, close
to the origin of the metazoa. It shows a characteristic C-terminus with a
signature NDUFV3 domain (PF15880) sequence that is highly conserved
among species (Figs. S1A, S1B) and is also largely identical between the
two vertebrate-speciﬁc isoforms NDUFV3-S and NDUFV3-L.
NDUFV3-L is evolutionary even younger than the NDUFV3 gene. The
extra exon (exon 3, Figs. 1A, S1A) is the main characteristic difference
between the long and short NDUFV3 isoforms and has been incorporated into NDUFV3-L at a fairly late evolutionary stage. It dates back to the
roots of vertebrates, down to the evolutionary origin of bony ﬁshes. This
vertebrate-speciﬁc extra exon exhibits a low level of sequence conservation among vertebrates, except for a stretch of ~ 10 serines ﬂanked
by aspartates and glutamates. This in turn is indicative for the same evolutionary principle as observed for complex IV [10,11], namely that the
phylogenetically younger an organism and the more diversiﬁed its cell
types the greater its need for more sophisticated regulatory mechanisms to adapt and ﬁne-tune basic cellular functions and processes.
Of note, Rajan et al. showed by multiplex RT-PCR an androgen-dependent switch of the inclusion of exon 3. Androgen treated samples
presented a 2-fold increase in the NDUFV3-S/NDUFV3-L ratio [28].
So far, there has been no direct experimental evidence for a possible
function of NDUFV3. A study exploiting the CRISPR/Cas9 technology to
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Fig. 4. Tissue-speciﬁc functional characterization of complex I. Enzyme activity of complex I in dependence on the concentration of either of its two substrates, NADH kinetics (A) and DBQ
kinetics (B), are shown in the upper panels. DQA-sensitive complex I activity normalized to the respective complex I content estimated as the NADH:HAR activity was measured in DDMsolubilized mitochondrial membranes from bovine heart (circles, in red), liver (squares, in blue) and brain (triangles, in green) at different NADH (A) and DBQ (B) concentrations. Enzyme
activity data were ﬁtted to the standard Michaelis-Menten equation by non-linear regression. Kinetic parameters (vmax and KM) of complex I from each bovine tissue for either substrate
are shown as bar graphs in the lower panels. Statistical signiﬁcance (ANOVA): *P b 0.05, **P b 0.01, ***P b 0.001. Data are expressed as mean values ± SD (n = 3).

generate a NDUFV3 knockout HEK293T cell line did not reveal any signiﬁcant effect on the cellular oxygen consumption rate when compared
with NDUFV3-containing HEK23T cells [9]. However, from our kinetic
analyses of complex I from bovine heart, liver, and brain we can conclude that the KM of complex I for its substrate NADH correlates with
the tissue-speciﬁc distribution of the short and long NDUFV3 isoform
expression. More precisely, in bovine heart tissue, where exclusively
the short NDUFV3-S complex I subunit isoform is expressed, complex I

exhibits the lowest afﬁnity to NADH, whereas in liver, where the abundance of NDUFV3-L-unique peptides over NDUFV3-S-unique peptides
was higher than in brain, the afﬁnity of complex I to NADH was the
highest.
This modulation of substrate afﬁnity would ﬁt remarkably well with
the localization of NDUFV3 subunit at the tip of the mitochondrial matrix-sided N-module of complex I in close vicinity to the NADH binding
site as illustrated in Fig. 6. Thus, it is tempting to speculate on a potential

Fig. 5. Evolution of the NDUFV3 gene and its intron-exon organization. The evolution of the exon-intron gene and conserved domain structures and organization of NDUFV3 are shown for the
following species: a unicellular relative of metazoa (C. owczarzaki), non-vertebrate animals including the chordate O. dioica, and in vertebrates. The conserved NDUFV3 domain is colored in
yellow. The extra exon (in red) in NDUFV3-L appears to originate at the root of vertebrates, while the NDUFV3 gene itself dates back to the unicellular ancestors of metazoa. Note that the
lack of the NDUFV3-L extra exon outside the vertebrates is not a gene annotation artifact: despite the variable intron-exon structure of this gene there is no space for this exon outside the
vertebrates. Gene organizations are drawn to scale using “exon-intron” from wormweb.org, and are based on the annotations in the UCSC genome browser, most of which in the species
displayed are supported by mRNA data.
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Fig. 6. Position of the short isoform of NDUFV3 within the structure of complex I from bovine heart mitochondria. Subunits NDUFV3-S (red), NDUFV1 (yellow), NDUFV2 (blue), and NDUFS1
(green) are shown in cartoon representation. These subunits form the tip of the peripheral arm of complex I pointing into the mitochondrial matrix space. Sandwiched between subunits
NDUFV1 and NDUFV2, NDUFV3 is positioned on the back side of the Rossmann fold of subunit NDUFV1. The access path along the β-sheet of this characteristic nucleotide binding fold and
the approximate position of the NADH binding site are indicated by a grey arrow. Flavin mononucleotide (FMN) bound to subunit NDUFV1 is shown in stick representation and iron-sulfur
clusters are shown in space-ﬁll representation. The Figure was generated from Protein Data Bank (www.rcsb.org) coordinates 5LDW [1] using Pymol (The PyMOL Molecular Graphics
System, Version 1.7.4.0 Schrödinger, LLC).

inﬂuence of an isoform switch on the efﬁciency of NADH oxidation of
complex I, which could be part of an adaptive mechanism. This may
allow ﬁne-tuning activities of the different dehydrogenases feeding reducing equivalents into the respiratory chain in response to differences
in substrate supply.
To add yet another level of complexity to regulating complex I activity by the long NDUFV3-L isoform, one could consider that multiple
phosphorylation sites are present within the highly conserved sequence
string of 9–11 consecutive serine residues found in the extra exon 3 of
NDUFV3-L. This, in turn, could serve as a regulatory mechanism of complex I activity executed by post-translational modiﬁcation in addition to
the tissue-speciﬁc long NDUFV3-L isoform expression in all tissues, except for heart and skeletal muscle. Indeed, an extensive search in six
phosphoproteome datasets has revealed up to 17 phosphorylation
sites in NDUFV3 in non-muscle tissues, most of which reside in exon 3
of NDUFV3-L [4]. Further studies will be required to elucidate the regulatory role of post-translational modiﬁcation of NDUFV3-L in tissues
other than heart and skeletal muscle.
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