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LINC00116 codes for a mitochondrial peptide linking
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Genes coding for small peptides have been frequently misanno-
tated as long noncoding RNA (IncRNA) genes. Here we have dem-
onstrated that one such transcript is translated into a 56-amino-
acid-long peptide conserved in chordates, corroborating the work
published while this manuscript was under review. The Mtin pep-
tide could be detected in mitochondria of mouse cell lines and
tissues. In line with its mitochondrial localization, lack of the Mtin
decreases the activity of mitochondrial respiratory chain complex I.
Unlike the integral components and assembly factors of NADH:
ubiquinone oxidoreductase, Mtin does not alter its enzymatic activ-
ity directly. Interaction of Mtin with NADH-dependent cytochrome
b5 reductase stimulates complex | functioning most likely by pro-
viding a favorable lipid composition of the membrane. Study of
Mtin illuminates the importance of small peptides, whose genes
might frequently be misannotated as IncRNAs, for the control of
vitally important cellular processes.

SORF | peptide | respiration | mitochondria | lipid metabolism

Examination of eukaryotic cells’ transcriptome revealed a di-
versity of long transcripts exceeding an annotated set of
protein coding genes by a factor of five (1). A number of those
transcripts, designated long noncoding RNAs (IncRNAs), were
extensively studied and ascribed important functions in chro-
matin remodeling, transcriptional control, miRNA sponging,
transcription and splicing factor sequestration, and other func-
tions described in recent reviews (2-5). However, with the de-
velopment of a ribosome profiling method (6), a significant
proportion of IncRNAs was found to be associated with ribo-
somes and presumably translated (7). Subsequently, it became
apparent that short peptides whose genes might be overlooked
by computational annotation pipelines due to their minimalistic
size play a significant role in cells (8-10). For example, a peptide
encoded by the tarsal-less (fal) IncRNA appeared to be important
for epidermal differentiation in Drosophila (11). The Pri peptide,
interacting with Ubr3 ubiquitin ligase, activates Svb processing by
the proteasome (12). The pgc RNA encoded peptide (13) turned
out to be crucial for RNAPII C-terminal domain Ser2 phos-
phorylation. The peptide interacts with P-TEFb, a key regulator of
RNAPII-dependent transcription of most cellular genes (14), and
prevents its recruitment to transcription sites.

Many small peptides are localized in mitochondria, an or-
ganelle whose maln functions are respiration coupled to ATP
production, Ca** homeostasis, cellular redox-potential mainte-
nance, synthesis of steroids, heme, FeS clusters, induction of
apoptosis, and many others, finally controlling cell fate and tis-
sues’ functional integrity (15). The mammalian mitochondrial
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proteome is composed of over 1,100 proteins (16), 5% of that
number being small proteins of less than 100 amino acids in
length (17). Both mitochondrial (18, 19) and nuclear genomes
code for the short mitochondrial peptides being integral com-
ponents of oxidative phosphorylation (OXPHOS) complexes
(17), or their assembly factors (20), and play significant roles in
longevity (21), insulin resistance (19), and modulation of apo-
ptosis (18). Mutations in genes coding for small peptides residing
in mitochondria might have pathological outcomes, such as mi-
tochondrial encephalomyopathies (22) and Leigh disease (23).

Here we describe a murine peptide encoded in a gene
misannotated as 1500011k16Rik IncRNA, corresponding to human
LINCO00116. The peptide resides in mitochondria and is important
for the activity of respiratory chain complex I. After our first report
on the function of this peptide on the conference (24) and while this
manuscript was under review two groups published similar conclu-
sions on the functional role of this peptide (25, 26), named
Mitoregulin, Mtln.

Significance

Short peptides are encoded in genomes of all organisms and have
important functions. Due to the small size of such open reading
frames, they are frequently overlooked by automatic genome
annotation. We investigated the gene that was misannotated as
long noncoding RNA LINC007176 and demonstrated that this gene
codes for a 56-amino-acid-long peptide, Mtln, which is localized in
mitochondria. Inactivation of the Mtin coding gene leads to re-
duction of oxygen consumption attributed to respiratory complex
| activity and perturbs lipid composition of the cell. This influence
is mediated by Mtin interaction with NADH-dependent cyto-
chrome b5 reductase. Disruption of the mitochondrial localization
of the latter phenocopies Mtln inactivation.
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Results

Analysis of 1500011k16Rik Coding Potential. Many IncRNAs contain
putative ORFs occurring by chance and not translated into a
functional peptide entity. The murine 1500011kI6Rik transcript
contains a 56-amino acid ORF with a predicted single pass
transmembrane segment (27), but not any detectable domain
relative. Several sequence characteristics are indicative of coding
potential. Analysis of nucleotide conservation of the genes ho-
mologous to 1500011k16Rik (Fig. 14), among 60 vertebrate
species (28), revealed that a region of putative ORF is the most,
and almost only, conserved region of the gene. Analysis of the
aggregated ribosome profiling data (29) revealed substantial ri-
bosome coverage of the putative ORF (SI Appendix, Fig. S14).
Alignment of the putative products of ORF translation revealed
a high degree of conservation at the amino acid level (Fig. 1B)
with a high ratio of synonymous over nonsynonymous codon
substitutions and absence of premature in-frame stop codons (S7
Appendix, Fig. S1 B and C). As a result, we concluded that the
transcript 150001 1k16Rik is most likely to be translated into a 56-
amino-acid-long peptide, which we will refer to as Mitoregulin
(Mtln) (25) for consistency in the scientific literature.

The 1500011k16Rik Encoded Peptide Is Expressed and Localized in
Mitochondria. To confirm the presence of Mtln in the cultured
murine cells, we applied CRISPR-Cas9 technology to inactivate
1500011k16Rik gene coding for Mtln in NIH 3T3 and NSO cell
lines (SI Appendix, Fig. S2) and to append the Mtln coding re-
gion by the C-terminal fluorescent protein mCherry tag in NIH
3T3 cell lines. The presence of Mtln-mCherry fusion protein,
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Mouse

MADVSERTLOVSVLV?
Rat MADVSERTLQVSV
Naked mole rat MADVSERTLQVSVLV?
Guinea pig MADVSERTLOVSVLLA

\SGVVLGWQANRLRRRY LDWRKRRLODKLATTQKKLDLA*
WOANRLRRRY LDWRKRRLODKLATTOKKLDLA*
WOANRLRRRY LDWRKRRLODKLATTQKKLDLA*
WOANRLRRRY LDWRKRRLODKLATTQKKLDLA*

Rabbit MADVSERTLRVSVLV. WOANRLRRRY LDWRKRRLODKLAVMOKKLDLA*
Pika MADVSERTLQVSVLVAFA WOANRLRRRY LDWRKRRLODKLAVMOKKLDLA*
Human MADVSERTLQLSVLVZ VLLGWQANRLRRRY LDWRKRRLODKLAATOKKLDLA*
Chimp MADVSERTLQLSVLVAFASGVLLGWQANRLRRRY LDWRKRRLODKLAATQKKLDLA*
Gorilla MADVSERTLOLSVLVAFASCGVLLCWQANRLRRRY LDWRKRRLODKLAATQRKLDLA*
Orangutan MADVSERTLQLSVLVAFASGVLLGWQANRLRRRY LDWRKRRLODKLAATOKKLDLA
Rhesus MAEVSERTLQLSV! A*
Baboon MAEVSERTLQLSVL VLLGWQANRLRRRY LDWRKRRLODK OKKLDLA*
Marmoset MADVSERTLQLSVLV? VLLGWQANRLRRRY LDWRKRRLODKLAATQKKLDLA*

Squirrel monkey

MADVSERTLQLSVLVAFA
ASGVLVGWORANRLRRRY LDWRKRRLODKLS ATOKKX

Mouse lemur MADVTERTLOLSVLL?

Bushbaby MADVSERTLQLSVLVAFASGVLLGWOANRLRRRY LDWKKRRLODKLAATQKKLDLA*
TreeShrew MADVSERTLQVSVLVAFASGVLVGWQANRLRRRY LDWRKKRLODKLAVTQKKLDLA*
Pig MADVSERTLOLSVLVAFASGVLLGWOANRLRRRY LDWRKKRLODKLAATQRKKLDLA*
Alpaca MADVSERTLOLSVLVAFASGVLLGWOANRLRTRY LXWRKKMLXDKLAATOXXLDLE*
Dolphin MADVSERTLQLSVLV? VLVGWQANRLRRRY LDWRKKRLODKLAATQKKLDLA*
Sheep MADVSERTLQLSVLVAFASGVLVGWQANRLRRRY LDWRKKRLODKLAATQKKLDLA*
Cow MADVSERTLQLSVL! WOANRLRRRY LDWRKKRLODKLAATQKKLDLA*
Cat MANVSERTLQLSVLV: WOANRLRRRY LDWRKRRLODKLAVTOKKLDLA*
Dog MADVSERTLQLSVLV?Z WQANRLRRRY LDWRKRRLODKLATTQKKLDLA*
Panda MADVSERTLOLSVLV? WOANRLRRRY LDWRKRRLODKLATTQKKLDLA*
Horse MADVSERTLQLSVLLAFASGVLVGWQANRLRRRY LDWRKRRLODKLAVTQKKLDLT *
Microbat MADVSERKLOLAVLLAFASGVLVGWQANRLRRRY LDWRKRRLODOLAAAQKKLDLA*
Megabat MADVSERKLOLSMLLAFASGVLVGWOANRLRRRY LDWRKRRLODKLAVTQRKKLDLA*
Tenrec MADVSERTLQFSVLVAFASRILVGWOANRLRRRY LDWRKKRLODKLAVTQKKLDLA*
Manatee MADVSERTLQVSVLVAFASGILLGWQANRLRRRY LDWRKKRLODKLAVTORKLDLA*
Armadillo MAAVSERTLQLSVVVAFASGVFVGWQASWLRRRY LDWRKRRLODKLAVTQKKLDLA*
Opossum MKEIGDRKVRVAVVVSFASGFFVGWQACRLWRRE LNWRKGRLOEQLOETQRRLDMY *
Tasmanian devil MTEIGDRKLRVAVVYV: ASGCFFGWOACLMWRREF LVWRKRRLEKKLOETQORKX
Wallaby MKDIADRKLRVAVVVSFASGFFLGWOACRMWRRFLSWKKRRLOEQLOETQRRLDLY *
Zebrafish RVVRW. VVVGWOAGRARRRFLRWRQRY LORRLAAAQEKLEAR*
Lizard MSERSVKVALLLAFASGVLVGWQANRVRRRY LDWRKRRLODOLAVTQKKLDLS *
Painted turtle SELRERPVQLALALAFASCVLVCWQAHRVRRRFLAWRKRRLOGLLEATQKKLDVA*
Frog MGDVSERTLOVAVLL WOANRLRRKY LDWKKKRLONKLVETQKRIDLS *
Coelacanth MADVSERALQLAILV: WOANRIRRKEFLDWRKKRLODKLTETQKKLDLA
Fugu MAEVSERSLEVALVV: AGWQANRMRRKF LDWRKKRLOEKLSETQKKLDLA*
Nile tilapia MADVSERTLOVAVVV! AGWQOANRMRRRFLDWRKKRLODKLSETQKKLDLA*
Stickleback MAEISERTLOVAVAV: FVAGWQANRMRROFLDWRKKRLOAKLSETQKKLDLA*
Medaka MADVSERTLQVAVLV: WOANRMRRRF LDWRKKRLODKLHETQKKLDLA*
Atlantic cod MADISERTLOVAIAIL \SGWQANRMRROFLDWRKKRLOAKLTETQKKLDLA*
Zebrafish MADVSERTLOVAIVV: AGWQANRMRRKFLDWRKKRLODKLAETQKKLDLS *
Lamprey MCVYSERALMAACALSFVAGALLGWOGNKTRRRFLDWRRRRLOAQLAQTOKKLDLA*

Fig. 1. Analysis

of Mtin conservation. (A) Mouse genome area encom-

passing the 71500011k16Rik gene. Shown are exons and ORF location. Con-
servation diagram across vertebrates (28) is shown below the map. (B)
Alignment of MtIn peptide sequences across the vertebrates.
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expressed at natural expression level from an endogenous Mtin
promoter, could be detected in the cells by immunoblotting (S/
Appendix, Fig. S34) and immunocytochemistry (SI Appendix, Fig.
S3B). To further determine exact peptide localization, we
ectopically expressed Mtln-mCherry fusion and observed its
colocalization with mitochondria using an organelle-specific dye,
MitoTracker Green FM (Fig. 24). Cell fractionation revealed
that the Mtln peptide is always copurified with mitochondria
similarly to the mitochondrial Tom20 protein (Fig. 2B, Left and
SI Appendix, Fig. S3C). Our results perfectly match the conclu-
sions of two independent groups, which showed that Mtln lo-
calizes in the inner membrane of mitochondria (25, 26). To
exclude the possibility of any influence of the mCherry tag on the
localization of Mtln, we raised polyclonal rabbit antibodies to
Mtln and detected an endogenous peptide presence in mito-
chondria of the NIH 3T3 cell lines, but not in the generated cell
lines with an inactivated Mtln gene (Fig. 2B, Left). To check that
the Mtln peptide is present not only in the NIH 3T3 cell line but
also other cell lines and living organisms, we performed immu-
noblotting analysis of Mtln’s presence in the NSO murine mye-
loma cell line (Fig. 2B, Right) using the NSO cell line with
inactivated 1500011k16Rik gene coding for Mtln as a control and
mouse tissues (Fig. 2C). Analysis revealed a high level of Mtln in
the NSO cell line and ubiquitous expression of Mtln in different
mouse tissues.

Respiratory Complex | Electron Transfer Activity Is Impaired in
Knockout Cell Lines. To test the influence of Mtln on the respi-
ration of mitochondria, we compared NIH 3T3 and NSO cells
with their derivatives with inactivated 1500011k16Rik gene cod-
ing for Mtln (SI Appendix, Fig. S24). Distribution of cells with
high and low mitochondrial membrane potential was tested by
the ratiometric fluorescent dye JC-1 and FACS analysis. The
level of total reactive oxygen species (ROS) production in wild-
type and mutant cells was estimated by FACS analysis with the
help of 2’,7" —dichlorofluorescin diacetate (DCFDA). In contrast
to the results of Stein et al. (25) we do not see a significant dif-
ference between wild-type and knockout cells in ROS production
along with membrane potential (SI Appendix, Fig. S4 A and B).

To check if mitochondrial Mtln peptide function is essential for
the activity of any respiratory chain components, we compared re-
spiratory efficiency of knockout cells with a parental cell line car-
rying functional Mtln. Oxygen consumption rates were measured to
examine electron flow through respiratory complexes I-IV (Fig. 3
and SI Appendix, Fig. S5 A and B). Activity of respiratory complex I,
NADH:ubiquinone oxidoreductase, measured on permeabilized
cells as rotenone-sensitive oxygen reduction using glutamate and
malate as substrates was found to depend on the presence of the
Mtln peptide in both cell lines (Fig. 34 and SI Appendix, Fig. S5A4).
At the same time, measurements of oxygen consumption rates for
isolated mitochondria revealed a significant decrease of complex I
activity for both cell lines and a tendency to decrease for complex
11T (Fig. 3B and SI Appendix, Fig. S5B). The difference between the
oxygen consumption rates by mitochondria isolated from the Mtln
knockout and parental cell lines, attributed to complex I, is maximal
upon the stimulation by ADP or uncoupler carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP). Nonstimulated respi-
ration on NAD-linked substrates was not different for the mito-
chondria from mutant and parental cell lines likely due to the lack
of energy-consuming processes. Complex [-associated respiration
deficiency observed for mitochondria purified from Mtln knockout
cell lines demonstrated that only perturbation of the mitochondria,
but not of any other cellular compartment upon Mtln inactivation,
is sufficient for the phenotypic manifestation.

To check for a genetic complementation, we reintroduced
either a copy of the Mtln gene or a luciferase to the knockout cell
lines under a more potent synthetic promoter. Ectopic expres-
sion of Mtln, but not luciferase, restored complex I activity in
both knockout cell lines (SI Appendix, Fig. S4C).

NADH:ubiquinone oxidoreductase is a large multisubunit
complex which requires several additional assembly factors. To
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Fig. 2. 1500011k16Rik encodes a novel polypeptide. (A) Confocal images of

mCherry-tagged Mtin peptide; mitochondria were stained by MitoTracker
Green FM and nuclei by Hoechst 33342. (Scale bar, 10 pm.) (B) Immuno-
blotting of isolated mitochondria from NIH 3T3 and cell lysates from NSO
cells for endogenous MtIn. Tom20 and p-actin were used as a loading con-
trol. AMtIn -1, -2, -3 are different knockouts for the NIH 3T3 cell line. (C)
Immunoblotting of mouse organ lysates for endogenous Mtin. PARK7 was
used as a loading control (67).

examine whether the Mtln peptide contributes to complex I ac-
tivity directly or indirectly, we immunopurified complex I from
the wild-type and Mtln knockout cells and measured its ability to
oxidize NADH. Surprisingly, NADH dehydrogenase activity of
the purified respiratory complex I appeared to be independent of
Mtln (SI Appendix, Fig. S5 C and D). Additionally, complex I+1I1
activity, measured as NADH-dependent cytochrome C reduction
in the presence of potassium cyanide (KCN), turned out to be
independent of Mtln presence (SI Appendix, Fig. S6). This result
leads us to the hypothesis that Mtln manifests its influence on the
function of respiratory complex I indirectly.

Our results are consistent with a recently published study (25),
demonstrating that Mtln deletion does not affect assembly of
Complex I, but impedes association of Complex I into respiratory
chain supercomplexes.

Mtin Interacts with Cytochrome b5 Reductase 3. Since Mtln in-
activation does not affect complex I activity directly, we sug-
gested that the Mtln peptide may manifest its activity via
interaction with some other enzyme whose function is needed for
proper respiratory complex I functioning. To search for possible
Mtln peptide partners, we immunoprecipitated the Mtln peptide
from a NIH 3T3 cell line carrying ectopically expressed HA-
Mtln. A single protein partner, that was confidently and re-
producibly copurified with Mtln, was NADH cytochrome b5
reductase 3 (Cyb51r3) (Fig. 44 and SI Appendix, Fig. S7A). To
further confirm Mtln interaction with Cyb513, we coprecipitated
Cyb51r3 with Mtln using a different protein fusion, Mtln-mCherry,
and anti-mCherry antibodies (SI Appendix, Fig. S7B). To check
whether Mtln and Cyb5r3 are located in the same cellular
compartment, we coexpressed Mtln-mCherry and Cyb5r3-eGFP
protein fusions in the NIH 37T3 cells (ST Appendix, Fig. S7C) and
confirmed their colocalization in mitochondria.

Disruption of Cyb5r3 Mitochondrial Localization Phenocopies Mtin
Inactivation. Multiple localizations were reported for Cyb5r3,
making its functional analysis somewhat complicated. Apart from
the mitochondrial outer membrane, this enzyme was found in
microsomal and cytoplasmic membranes. Luckily, it is known that
Cyb5r3 must be N-myristoylated at Gly2 residue to get in-
corporated in the mitochondrial outer membrane (30). To check
whether the Mtln peptide functions via its interaction with Cyb5r3,
we decided to disrupt mitochondrial localization of the latter. We
generated mutant NIH 3T3 cells with Gly2-to-Ala substitution
(ACyb513 i), Which appeared to be viable (ST Appendix, Fig. STD).
This mutation results in the decrease of Cyb5r3 protein levels in
mitochondria (SI Appendix, Fig. STE, Left). Oxygen consumption rate

4942 | www.pnas.org/cgi/doi/10.1073/pnas.1809105116

measurements in mutant cells (Fig. 4B) revealed that loss of Cyb5r3
localization in mitochondria altered the activity of respiratory com-
plex I, similar to inactivation of its interacting peptide Mtln.

Further, to determine the functional relationship between
Mtln and Cyb5r3, we generated Cyb513 Gly2-to-Ala mutant cells
with Mtln deletion and overexpression (SI Appendix, Figs. S2B
and S84). To check whether Mtln absence or overexpression
would affect the Cyb5r3 mutant cell’s phenotype, we compared
oxygen consumption rates attributed to mitochondrial re-
spiratory complexes (SI Appendix, Fig. S8B). We observed that
inhibition of complex I activity caused by Cyb5r3 mutation could
not be rescued or aggravated by the Mtln deletion or over-
expression. Thereby, we concluded that it is likely that Mtln
fulfills its function only via its interaction with Cyb5r3, the latter
being the major functional component of the complex.

Mtin Deletion Does Not Change the Cytosolic NADH/NAD* Balance.
Reduced contribution of NADH:ubiquinone oxidoreductase into
mitochondrial respiration might be explained by a lower rate of
NADH regeneration. To evaluate the influence of Mtln knockout
on NADH/NAD" balance, we applied SoNar fluorescent protein
sensor (31). We found that in the steady-state condition, the wild-type
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Fig. 3. Mtin inactivation reduces respiratory complex | activity. (A) Oxygen
consumption rates for complexes I-IV for parental NIH 3T3 and AMtin
knockout cell lines. Values are average of three independent experiments
done in triplicates. For the statistically significant changes, multiplicity ad-
justed P value (P < 0.05, Student’s t test, Holm-Sidak correction) is indicated.
(B) Oxygen consumption rates for mitochondria isolated from parental NIH
3T3 and AMtIn cell lines. Values are average of three independent experi-
ments done in triplicates. For the statistically significant changes, multiplicity
adjusted P value (P < 0.05, Student's t test) is indicated. For A and B data are
presented as mean + SD.

Chugunova et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809105116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1809105116

A 3 *WT oACyb5r3mito
— . Mtin o pr0.0002 %
e == Cyb5r3 4 T } 2 { }

Q& & & N
F» 2
& w » QS’I ]
Input Elution 0 I n oIV

Fig. 4. MtIn interacts with Cyb5r3. (A) Immunoprecipitation of HA-Mtin
from NIH 3T3 cells followed by immunoblotting with anti-Mtin antibodies
(Top) and anti-Cyb5r3 antibodies (Bottom). Cells expressing MtIn without
tag were used as a control. (B) Activity of complexes I-1V in Cyb5r3 (Gly2 to
Ala2) mutant cells (ACyb5r3,,ito). Values are average of four independent
experiments done in triplicates. For the statistically significant change,
multiplicity adjusted P value (P < 0.05, Student's t test, Holm-Sidak correc-
tion) is indicated. Data are presented as mean + SD.

and Mtln knockout cells do not demonstrate any significant differ-
ence in the cytoplasmic NADH/NAD™ redox balance (ST Appendix,
Fig. S94). In addition, we decided to assess the dynamics of redox
balance changes in the cytosol affected by different metabolic sub-
strates (SI Appendix, Fig. S9 B and C). The test revealed a lack of
difference in the NADH/NAD™ dynamic between parental and Mtln-
depleted cells. We can conclude that the cytosolic redox balance is
not affected by Mtln ablation.

How Does Mtin Influence Cyb5r3? Frequently, protein complex
formation is necessary for the stabilization of components against
proteolysis. However, it is not the case for Cyb513 interaction with
Mtln, as revealed by immunoblotting of Cyb5r3 in Mtln knockout
cells (SI Appendix, Fig. S104). To evaluate any possible influence
of Mtln on the localization of Cyb513, we used cell lines ectopi-
cally expressing the CybSr3-eGFP fusion protein. Localization of
the Cyb5r3 fusion protein appeared to be mitochondrial in both
the parental NIH 3T3 cell line and its derivative devoid of the
Mtln peptide (SI Appendix, Fig. S10B). Moreover, we do not
observe any difference in Mtln level or localization upon
ACyb513,,it, mutation (SI Appendix, Fig. S10 C and D).

Cyb513 catalyzes redox reactions with several different sub-
strates, while it uses only NADH as a donor of an electron being
one of the main consumers of the cytosolic NADH (32). To test
an influence of Mtln on the ability of Cyb5r3 to oxidize NADH,
we measured its NADH dehydrogenase activity in a reaction
with K3[Fe(CN)g] as a spurious electron acceptor (SI Appendix,
Fig. S10E). An ability of Cyb5r3 to extract an electron from
NADH was found to be independent of the Mtln presence.

Two main processes that require the membrane-bound form
of Cyb5r3 are A° fatty acid desaturation (33) and cholesterol
biosynthesis (34). For the evaluation of Mtln’s influence on
Cyb513 activity in lipid metabolism, we performed LC-MS
analysis of cell lines NIH 3T3 and NSO deficient in Mtln. We
quantified more than 1,000 lipids in each cell line (Materials and
Methods). Quantities of hundreds of lipids were significantly and
reproducibly (SI Appendix, Fig. S114) changed upon Mtln de-
pletion in two independently produced NIH 3T3-derived knockout
cell lines. Most glycerolipids are overrepresented while most glyc-
erophospholipids are underrepresented upon Mtln knockout in
both NIH 3T3 and NSO cell lines (Fig. 54).

While phosphatidylcholines (PCs) are the most abundant lipids
in our dataset, their amounts are strongly reduced upon Mtln
knockout, resulting in overall reduction of the PC fraction by
about 20% (Fig. 5 B and C). The PCs whose quantity is most
affected by Mtln knockout are one to three unsaturated with
relatively long chains (Fig. 5C). Contrary to PCs, concentrations of
most TAGs are elevated upon Mtln knockout and most affected
species are either short or polyunsaturated with the highest ef-
fect observed for TAGs 52:6, 54:7, and 56:8 (Fig. 5 B and D and SI
Appendix, Fig. S11B). MS-MS analysis of these TAGs revealed
that all of them contain an acyl group of docosahexaenoic acid.

Chugunova et al.

To check whether an influence of Mtln on cellular lipid com-
position is mediated by its interaction with Cyb5r3 we analyzed lipid
composition of the cells possessing only the mutant Cyb5r3 form
lacking mitochondrial localization. Lipidome analysis demonstrated
a good correlation between lipid composition changes of Mtln
knockout and ACyb51r3,,;,, mutant cells (Fig. 6). Moreover, we
observe decrease in some PC fractions (SI Appendix, Fig. S124) and
increase in polyunsaturated TAGs (SI Appendix, Fig. S12B) for both
mutant cell lines. These tendencies are reproduced but not aggra-
vated in the Cyb5r3 mutant cells with additional Mtln deletion
(SI Appendix, Figs. S13 A and B and S14). Analysis of lipid
composition of ACyb5r3,,, mutant cells overexpressing the
Mtln gene does not demonstrate a complete suppression of
lipidome changes (SI Appendix, Figs. S13C and S14).

Discussion

An assortment of short peptides encoded in genomes of higher
organisms, such as mouse and human, could compose a nearly
overlooked layer of regulatory molecules (11, 35, 36). In this work,
we have appended the list of small functional peptide entities by a
remarkable member, the Mtln mitochondrial peptide, in line with
the results of other groups (25, 26) published while this work was
under review. Mtln is highly conserved across vertebrates and, as it
appears from our results, functions in the cell metabolism.

The majority of small peptides manifest their functions by
binding to a partner protein or being a constituent of multiprotein
complexes (10), as was shown for sarcolipin and phospholamban
(37, 38), humanin (18), Toddler/ELABELA (39, 40), and DWORF
(41). Only a few small peptides have separate enzymatic functions,
such as 4-oxalocrotonate tautomerase, whose monomer contains
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Fig. 5. MtIn depletion alters level of phospholipids and triglycerides. (A)
Distributions of log2 fold change (FC) for glycerolipids (GL, red), and glyc-
erophospholipids (GP, blue) in AMtIn cell lines relative to the parental NIH
3T3 and NSO cell lines. (B) Relationship between relative intensity in the wild
type (x axis) and relative intensity change in AMtIn-2 (y axis) for TAGs (red)
and PCs (blue). (C and D) Dependence of log2 FC of PCs (C) or TAGs (D) in
AMtIn-2 and AMtIn-3 (z axis) on total chain length (x axis) and number of
double bonds (y axis and color). Exact fatty chain composition is shown for
three TAGs with the highest fold change. Concentration of TAGs and PCs in
the wild type is shown by line width (in log scale). Lipids with statistically
significant changes have a circle at the end of lines. Statistical significance
was determined with Student’s t test (Benjamini-Hochberg-corrected P
value <0.05).
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only 62 amino acids (42). In line with this trend, we demonstrated
that the Mtln peptide interacts with NADH:cytochrome b5 oxi-
doreductase 3 (Cyb5r3). Disruption of mitochondrial localization
of the latter leads to the same phenotype as Mtln depletion in
regard to the respiratory complex I attributed oxygen consump-
tion and lipid composition change. Thus, Mtln may function by
stimulation of Cyb5r3 activity in mitochondria necessary for
maintenance of lipid homeostasis. Recent study demonstrated
that Mtln may also interact with other mitochondrial proteins
(26), such as HADHA and HADHB involved in fatty acid
B-oxidation. Although particular Mtln interaction partners iden-
tified in our study and in the work of Makarewich et al. (26) are
different, they both are attributed to related processes, which may
indicate an involvement of Mtln in fatty acid metabolism with
tissue or cell-type peculiarities.

This activity, as we demonstrated, is needed for respiratory
complex I functioning in the context of the mitochondrial
OXPHOS system, but not for NADH oxidase activity of isolated
complex I or complexes I+1II. This observation is in line with
that of Stein et al. (25), demonstrating an influence of Mtin
deficiency on the formation of respiratory chain supercomplexes,
containing CI, but not onto the assembly of CI and association of
CI and CIII complexes.

Multiple functions were ascribed to the Cyb5r3. Apart from the
erythrocyte-specific methemoglobin reductase activity of the sol-
uble Cyb5r3 isoform (43), which is unlikely to be relevant for our
study, membrane-anchored Cyb5r3 is implicated in the desatura-
tion of fatty acids (33), cholesterol biosynthesis (34), and the
amidoxime system involved in lipogenesis (44-46) and drug
metabolism.

Scenarios where Mtln may be involved in localization or stabili-
zation of CybSr3 against partial or complete proteolysis were ruled
out, since neither localization nor the protein level of Cyb5r3 are

4944 | www.pnas.org/cgi/doi/10.1073/pnas.1809105116

affected by Mtln, leaving the possibility that Mtln influences Cyb5r3
activity related to lipid metabolism. Lipid composition is known to
be crucial for mitochondrial functioning and in particular to re-
spiratory complex I activity (47-50). Relevance of Mtln for Cyb5r3
functioning in the lipid metabolism was deduced from the lipidome
analysis of Mtln knockout cells. We found that most TAGs are
overrepresented and most phospholipids are underrepresented
upon knockout. The PCs are affected more than other types of
lipids. The fact that disruption of mitochondrial Cyb5r3 localization
leads to the lipidome change that correlate well with that caused by
Mtln gene inactivation supports the idea that Mtln functions via its
association with Cyb513. We speculate that the decrease in the
phosphatidylcholine content observed in both the cell line devoid of
Cyb5r3 mitochondrial localization and Mtln knockout cell line
might be the cause of the observed decrease in respiratory complex
I activity. Congruent results (50) demonstrated that removal of
choline from the rat diet results in accumulation of triglycerides in
liver and impaired respiratory function, particularly in regard to
complex I-linked, NADH-dependent respiration. Also, the impor-
tance of PCs for complex I activity is corroborated by the facts that
addition of L-alpha-glycerylphosphorylcholine (GPC) increased the
efficacy of complex I-linked mitochondrial oxygen consumption
(51) and catalytic activity of complex I is determined by the
amounts of PC and phosphatidylethanolamine (PE) (52). Accord-
ing to published data, the decrease in mitochondrial PCs impairs
oxygen consumption rate, affects formation of the mitochondrial
supercomplexes, and leads to a disorganized cristae structure (53,
54). Recent studies revealed that deletion of Mtln results in dis-
rupted cristae structure (26) and alters respiratory supercomplex
formation (25). Supercomplexes reside on the cristae membrane
(55), of which the positively curved leaflet consists of predominantly
phosphatidylcholines (~80%) (56). It is tempting to speculate that
supercomplex formation can be affected by the shape of the cristae,
which in turn depends on lipid composition. These observations
imply that the possible mechanism of complex I inactivation in
Mtln-deficient cells might be governed by the inactivation of
mitochondria-related functioning of Cyb5r3, which, in turn,
changes the lipid compositions of the mitochondrial membrane.
The last event leads to a change in the shape of the cristae, which
disrupts the distribution of supercomplexes and the interaction
of their components, hence slowing down the inactive/active
transition of complex I (57, 58) resulting in its inactivation.

Materials and Methods

Constructs for gene inactivation and genome editing were created on the basis
of pX458 plasmid (59). Knockin constructs were created on the basis of
Sleeping Beauty transposon vectors (60, 61). Monitoring of ROS production in
adherent and suspension cells was performed according to the protocol pro-
posed by Wojtala et al. (62). Oxygen consumption rates were measured as
described (63). Mitochondria from cultured cells were isolated by differential
centrifugation. Cyb5r3 enzymatic activity was determined in isolated mito-
chondria by monitoring NADH-dependent ferricyanide reduction (64).
Metabolite extraction for lipid analysis was performed as described (65).
Untargeted lipidome profiling was performed in positive ionization
mode (66). The animal work was approved by the Lomonosov Moscow
State University animal ethics committee.
More details on the study methodology are provided in S/ Appendix.
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