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Abstract

Recent technological advances led to the discovery of hundreds to thousands of peptides and small 

proteins (microproteins) encoded by small open reading frames (smORFs). Characterization of 

new microproteins demonstrate their role in fundamental biological processes and highlight the 

value in discovering and characterizing more microproteins. The elucidation of microprotein-

protein interactions (MPIs) is useful for determining the biochemical and cellular roles of 

microproteins. In this study, we characterize the protein-interaction partners of mitochondrial 

elongation factor 1 microprotein (MIEF1-MP) using a proximity labeling strategy that relies on 

APEX2. MIEF1-MP localizes to the mitochondrial matrix where it interacts with the 

mitochondrial ribosome (mitoribosome). Functional studies demonstrate that MIEF1-MP regulates 

mitochondrial translation via its binding to the mitoribosome. Loss of MIEF1-MP decreases the 

mitochondrial translation rate, while elevated level of MIEF1-MP increases the translation rate. 

The identification of MIEF1-MP reveals a new gene involved in this process.
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INTRODUCTION

Protein-coding small open reading frames (smORFs) are a group of understudied genes with 

fundamental roles in biology.1, 2 Most smORFs are non-annotated because gene-finding 

algorithms require a minimum length requirement for gene assignment.3 About half of all 

annotated smORFs are upstream of longer open reading frames (ORFs)4 where they 

function as cis-regulators of protein translation—in most cases, the presence of an upstream 

ORF (uORF) reduces translation of the downstream ORF.4 However, the discovery of 

hundreds to thousands of previously non-annotated smORFs and microproteins, which has 

come about due to advances in computational,5–8 genomic,9–13 and proteomic7, 14–16 

technologies, revealed many smORFs that are not uORFs. Evolutionary conservation 

indicated that some of these smORFs would be translated into functional microproteins and 

recent work in the field has validated this thinking.17–21

Functional studies in flies and mammals, for instance, have demonstrated that at least some 

of the microproteins play fundamental biological roles in development, metabolism and 

muscle function.22–24 Knockout of tarsal-less/polished rice (Tal/Pri) gene in flies led to 

pronounced developmental phenotypes.25 Tal/Pri is a polycistronic mRNA with four 

smORFs that encode three 11-amino acid and one 32-amino acid microproteins that are 

required for proper Drosophila embryogenesis.23, 26 Subsequent studies of the Tal/Pri 

microproteins revealed that these microproteins bind to the Ubr3 ubiquitin ligase in flies and 

promotes the limited proteolysis and thus activation of the Shaven baby (Svb) transcription 

factor driving epidermal differentiation.17, 18

There are also biologically active microproteins in mammals.19–21, 27, 28 For example, 

myoregulin (MLN) is a conserved microprotein that is encoded by a skeletal muscle-specific 

transcript that interacts with the SERCA cation channel to impede Ca2+ uptake into 

sarcoplasmic reticulum (SR) and controls muscle function. Deletion of MLN from mice 

enhances Ca2+ handling in skeleton muscles and improves exercise performance in vivo, 
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highlighting the role of MLN as a regulator of skeleton muscle physiology.19 CYREN is a 

mammalian microprotein that interacts with the Ku70/80 heterodimer to inhibit error-prone 

DNA repair during the S and G2 phases of the cell cycle.20, 21 These examples highlight the 

importance of studying microproteins to understand critical biological processes.

Here, we focus on the molecular and biochemical characterization of a uORF located in the 

5’ UTR of mitochondrial dynamics protein MID51 (MIEF1) gene. MIEF1 regulates 

mitochondrial fission,29 and the initial characterization of the MIEF1 uORF which encodes 

the MIEF1 microprotein (MIEF1-MP) revealed a mitochondrial microprotein that is also 

involved in mitochondrial fission.30 MIEF1-MP is 70-amino acid long and has been detected 

by proteomic analysis in several cell lines including HEK293, HeLa, and THP1 cells as well 

as in vivo in the intestinal tissue.7, 31 Publicly available ribosome profiling data also 

confirmed the translation of the MIEF1 uORF in HEK293, HeLa, PC3, and THP1 cells.32 

MIEF1-MP is evolutionarily conserved in vertebrates and contains an LYR motif. The LYR 

motif is found in 11 mammalian proteins and six of these interact with the mitochondrial 

respiration machinery.33–37 Others are involved in Fe-S Cluster Biogenesis (LYRM4),38 

insulin signaling (LYRM1),39 complex I phylogenetic profile COPP (LYRM5),37 or have 

unknown functions.40 Previous work indicates that MIEF1-MP promotes mitochondrial 

fission using the LYR domain, as LYR mutants were inactive.30 One caveat in these 

functional studies is that they relied on MIEF1-MP overexpression, and in this study, we 

observe that overexpression results in detection of non-functional MIEF1-MP-protein 

interactions.

We utilized a biochemical approach to identify the MIEF1-MP protein interactors using an 

in vivo proximity method that relies on the engineered APEX2 (APEX) protein.41, 42 Using 

this approach, we found that MIEF1-MP interacts with the mitochondrial ribosome 

(mitoribosome). The mitochondrial genome encodes 38 genes: 14 protein coding, 22 for 

mitochondrial tRNA, and 2 for mitochondrial rRNA. The mitoribosome translates several 

mitochondrially encoded mRNAs to produce the 13 subunits of respiratory complexes I, III, 

IV, and V.43 We measured the levels of newly synthesized mitochondrial-encoded proteins 

and found that MIEF1-MP is a regulator of mitochondrial translation. Loss of MIEF1-MP 

decreases the rate of global mitochondrial translation while elevated levels of MIEF1-MP 

increase the rate of newly synthesized mitochondrial proteins. These results reveal MIEF1-

MP as a new gene involved in regulating mitochondrial translation.

MATERIALS AND METHODS

Immunofluorescence and Confocal Imaging

HeLa cells were seeded onto a coverslip (Fisher Scientific, #12-541-B) in a six-well plate, 

which was pretreated with 50 μg/mL poly-L-lysine (Sigma, #P1399). The next day, cells 

were transfected with 1 μg of C-terminal FLAG tagged MIEF1 microprotein (MIEF1-MP-

FLAG) or C-terminal APEX-MYC tagged MIEF1-MP (MIEF1-MP-APEX-MYC) plasmid 

using Lipofectamine 2000. Forty-eight hours post-transfection, cells were fixed with 4% 

paraformaldehyde (Polysciences, Inc., #18814) and permeabilized with 0.1% saponin (Alfa 

Aesar, #A18820). After being incubated with 4% BSA in phosphate buffered saline (PBS) 

for 1 hour at room temperature, cells were stained with primary antibodies (mouse anti-
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FLAG and rabbit anti-TOM20 or rabbit anti-MYC and mouse anti-TOM20) at a 1:1000 

dilution overnight at 4 °C. Cells were washed three times with PBS, followed by incubation 

with secondary antibodies (goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa 

Fluor 546 or goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 546, 1:500 in 

PBS) for 1 hour at room temperature. Nuclei were counterstained with Hoechst 33258 

(Sigma, # 94403; 1:2000 in PBS). After three PBS washes, the coverslip was mounted with 

Prolong Gold Antifade Mountant (Life Technologies, # P36930) and analyzed by confocal 

imaging using a Zeiss LSM 710 laser scanning confocal microscope with a 63× oil 

immersion objective. Images were analyzed with FIJI software.

Proteinase K Protection Assay for Sub-Mitochondrial Localization

HEK293T cells were seeded in 10 cm cell culture plates and next day the cells were 

transfected with MIEF1-FLAG plasmid using Lipofectamine 2000. The following day, cells 

were harvested, suspended in isolation buffer (225 mM Mannitol 75 mM Sucrose 50 mM 

NaHEPES pH 7.4 supplemented with Roche complete protease inhibitor cocktail tablet), 

dounce homogenized, and spun to isolate different cellular fractions44. The isolated 

mitochondrial pellet was washed three times and then suspended in isolation buffer, 2 mM 

HEPES or 0.3% Triton X-100, followed by addition of Proteinase K to select samples. After 

30 minutes incubation on ice, 1 mM phenylmethanesulfonylfluoride (PMSF) was added to 

quench the protease and trichloroacetic acid (TCA, 12% final concentration) was added to 

precipitate the samples, which were then washed with acetone. The pellets were dissolved in 

2X SDS loading dye, separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS– PAGE) and analyzed by Western blotting using the indicated 

antibodies.

Co-Immunoprecipitation

FLAG-tagged microprotein constructs or the empty pcDNA3.1 (+) vector were transfected 

into a 10-cm dish of HEK293T cells using Lipofectamine 2000 according to the 

manufacturer’s protocol. Twenty-four hours post-transfection, cells were harvested and lysed 

in IP lysis buffer (ThermoFisher, # 87787) supplemented with a Roche complete protease 

inhibitor cocktail tablet and 1 mM PMSF. Cells were lysed on ice for 10 min followed by 

centrifugation at 20,000g for 20 min at 4 °C to remove cell debris. Cell lysates were added 

to prewashed mouse IgG agarose beads (Sigma, # A0919) and rotated at 4 °C for 1 hour. 

The supernatants were collected and added to prewashed anti-FLAG M2 Affinity Gel 

(Sigma, # A2220). The suspensions were rotated at 4 °C for 2 hours and washed three times 

with TBST. Bound proteins were eluted with 3×FLAG peptide (Sigma, # F4799) at 4 °C for 

1 hour.

Biotin-Phenol Labeling in Live Cells and Streptavidin Pull Down

Biotin-phenol labeling in live cells was performed according to previously published 

protocols.41, 45 Briefly, constructs harboring the MIEF1-MP–APEX fusion proteins or 

APEX (control sample) was transfected into HEK293T cells using Lipofectamine 2000. 

Twenty-four hours post-transfection, cell culture medium was changed to fresh growth 

medium containing 500 μM biotin-tyramide (CDX-B0270, Adipogen). After incubation at 

37 °C for 30 min, H2O2 was added to each plate at a final concentration of 1 mM, and the 
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plates were gently agitated for 1 min. Cells were then washed three times with a quenching 

solution (5 mM Trolox, 10 mM sodium azide, and 10 mM sodium ascorbate in PBS), and 

pelleted by centrifugation at 1000g for 5 min. Cell pellets were lysed on ice for 20 min in 

RIPA buffer (Thermo catalog no. 89901) supplemented with a Roche complete protease 

inhibitor cocktail tablet and 1 mM PMSF followed by centrifugation at 20,000g for 20 min 

at 4 °C to remove cell debris. Cell lysates were added to prewashed streptavidin agarose 

resin (ThermoFisher, # 20359), rotated at 4 °C overnight, and then washed three times with 

TBST and 0.5% (v/v) sodium dodecyl sulfate (SDS) at room temperature. Bound proteins 

were eluted with 2×SDS by boiling at 95 °C and analyzed by proteomics and Western 

blotting.

Proteomic Analysis of Co-Immunoprecipitation and Biotin-Phenol Labeling

For proteomics, eluted samples were precipitated with trichloroacetic acid (TCA, MP 

Biomedicals, # 196057) overnight at 4 °C or using Methanol-Chloroform. Dried pellets were 

dissolved in 8 M urea, reduced with 5 mM tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP, ThermoFisher, #20491), and alkylated with 10 mM iodoacetamide (Sigma, # I1149). 

Proteins were then digested overnight at 37 °C with trypsin (Promega, # V5111). The 

reaction was quenched with formic acid at a final concentration of 5% (v/v). Digested 

samples were analyzed on a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer.

Metabolic Labeling of Mitochondrial Translation Products Using AHA

HEK293T cells were transfected with MIEF1-MP-FLAG (1 µg per well) for 24 hours or 

MIEF1 siRNA (100 pmol) for 72 hours in triplicates with respective controls pcDNA vector 

and negative siRNA. Similarly, for the rescue experiment, 293T cells were treated with 

MIEF1 siRNA (100 pmol) for 48 hours followed by pcDNA vector or MIEF1-MP-FLAG (1 

µg per well) for 24 hours in triplicates. The pulse labeling of mitochondrial translation 

products was then performed as per a reported protocol with modifications46. Specifically, 

cells at 80% confluence were incubated with 100 μM AHA in HBS buffer co ntaining 100 

μg/ml of cytosolic translation inhibitor emetine for 3 hours. After AHA labeling, the cells 

were lysed, normalized and a “click” reaction was performed by incubating the cell lysates 

with IRDye800® conjugated alkyne (LI-COR, #929–60002) for 3 hours at room 

temperature. The proteins were TCA precipitated, washed by ice-cold acetone and air-dried 

before being subjected SDS-PAGE separation using the Bolt 4–12% Bis-Tris Protein Gel 

(Invitrogen). The gel was visualized, and the images analyzed using LI-COR Odyssey CLx.

RESULTS AND DISCUSSION

MIEF1 microprotein translates from the smORF upstream of the MIEF1 gene

MIEF1 is an outer mitochondrial membrane protein that regulates mitochondrial membrane 

dynamics. MIEF1 interacts with Drp1 and Mff in a trimeric complex to regulate Mff-

induced Drp1 accumulation. Overexpression of MIEF1 sequesters Drp1 to the outer 

mitochondrial membrane and promotes mitochondrial fusion and elongation. MIEF1 

knockdown resulted in mitochondrial fission and fragmentation.47, 48
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Recently, a protein-coding smORF was identified in the 5’ UTR region of MIEF1 gene that 

produces the MIEF1 microprotein (MIEF1-MP). Currently, there are no antibodies for 

MIEF1-MP so we needed to assure ourselves that it is being expressed in the HEK293T 

cells that we were using. Ribosome profiling (Ribo-Seq) is a ribosome footprinting method 

that identifies translated regions of the transcriptome. Analysis of publicly available 

HEK293T Ribo-Seq data indicates translation of MIEF1-smORF (Figure 1A) and our 

proteomics data validated this result through detection of a tryptic peptide, 

“YTDRDFYFASIR”, from MIEF1-MP (Figure 1B). MIEF1-MP is a 70-amino acid long 

microprotein that is conserved between humans and zebrafish (Figure 1C). Previous work 

indicated a role for MIEF1-MP in mitochondrial fission.30 Here, we sought to obtain a 

molecular understanding of MIEF1-MP biochemistry and use this information to explain or 

predict MIEF1-MP function.

MIEF1 microprotein localizes to the mitochondrial matrix

Mitochondria are essential organelles found in mammalian cells and eukaryotes. 

Mitochondria are cellular powerhouses that produce more than 60% of the ATP in a cell 

through mitochondrial oxidative phosphorylation (OXPHOS) pathway. OXPHOS requires 

five multiprotein complexes in the inner mitochondrial membrane comprised of proteins 

encoded by the nuclear and mitochondrial genomes. In addition to energy production, 

mitochondria have additional roles, such as mediating programmed cell death (apoptosis).
49, 50 Our goal in this study is to understand the mitochondrial pathways regulated by 

MIEF1-MP.

Sequence analysis of MIEF1-MP with TargetP51 predicts mitochondrial localization and 

MitoFates52 also predicts a TOM20 recognition motif (amino acids 12–16 and 66–70). 

Transient expression of MIEF1-MP-FLAG resulted in mitochondrial localization (Figure 

2A), demonstrating that the FLAG epitope does not disrupt MIEF1-MP localization.30 The 

localization of MIEF1-MP-FLAG to the mitochondria is consistent with previous reports 

that utilized higher resolution microscopy to localize GFP-tagged MIEF1-MP to 

mitochondrial networks.30

The localization of MIEF1-MP within the mitochondria is unknown. Determining the 

mitochondrial location of MIEF1-MP would help understand its function. We used a 

proteinase K protection assay, which tests protein stability under conditions that selectively 

permeabilize the mitochondria to determine where the protein resides between the outer- or 

inner-mitochondrial membranes or the matrix. Mitochondria were isolated from MIEF1-MP-

FLAG expressing 293T cells by differential centrifugation for the subcellular localization 

experiments.44 The isolated mitochondria were treated under three conditions that 

differentially regulate proteinase K access to sub-compartments of the mitochondria. 

Addition of proteinase K to mitochondria in isolation buffer degrades the mitochondrial 

outer membrane marker TOM20, but leaves TIM50, an inner mitochondrial membrane 

maker and HSP60, a mitochondrial matrix marker, unperturbed (Figure 2B, lane 2). Pre-

treatment of mitochondria with 2 mM HEPES results in osmotic swelling and selective 

rupture of the outer mitochondrial membrane resulting in the degradation of TIM50 (Figure 

2B, lane 4), and solubilizing mitochondria with Triton X-100 is necessary to proteolyze 
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HSP60 (Figure 2B, lane 6). MIEF1-MP-FLAG degradation in the proteinase K assay had an 

identical pattern to that of HSP60, indicating that MIEF1-MP is a mitochondrial matrix 

microprotein.

MIEF1 microprotein-protein interactions

MIEF1-MP contains a Complex1_LYR domain40 that is defined by a conserved tripeptide 

L-Y-R (leucine/tyrosine/arginine) sequence close to its N-terminus and a downstream F 

(phenylalanine) residue (Figure 3A). The human genome contains 11 LYR-containing 

proteins, and 8 of these are mitochondrial proteins.40 Most LYR proteins are subunits 

(LYRM3 and LYRM6) or assembly factors (LYRM7, LYRM8, ACN9, and FMC1) of the 

oxidative phosphorylation (OXPHOS) core complexes in mitochondria. Human LYRMs are 

linked with diseases, such as insulin-resistance (LYRM1),39 muscular hypotonia (LYRM3),
53 deficiency of multiple OXPHOS complexes (LYRM4),38 apoptosis in HIV-1 infection 

(LYRM6),54 encephalopathy and lactic acidosis (LYRM7/MZM1L),34 infantile 

leukoencephalopathy (LYRM8/succinate dehydrogenase assembly factor (SDHAF) 1)36 and 

alcohol dependence (acetate non-utilizing protein (ACN) 9/SDHAF3).35

Several of the known LYRMs (LYRM3, LYRM4, LYRM6, and FMC1) interact with ACPM/

NDUFAB1 which is part of complex I, 33, 40, 55, 56 and we sought to determine if MIEF1-

MP associates with ACPM/NDUFAB1 via its LYR domain. We carried out an 

immunoprecipitation (IP) of cell lysates overexpressing MIEF1-MP-FLAG or an empty 

pcDNA vector (mock) using an anti-FLAG antibody and then analyzed the 

immunoprecipitates by proteomics. We found ACPM/NDUFAB1 enriched in the MIEF1-

MP-FLAG overexpressing sample over the mock sample (Figure 3B). We mutated the L-Y-

R (leucine/tyrosine/arginine) and downstream F (phenylalanine) residues of MIEF1-MP to 

alanines and repeated the immunoprecipitation-mass spectrometry experiment and found 

that the MIEF1-MP: ACPM/NDUFAB1 interaction requires the LYR motif (Figure 3B). 

This experiment reassured us that MIEF1-MP could partake in predicted protein-protein 

interactions, but we are always cautious not to overinterpret lysate experiments with 

structurally unknown microproteins because we might be observing spurious, non-

endogenous interactions. We carried out a proximity labeling experiment using MIEF1-MP-

APEX fusion protein to obtain cellularly relevant interaction since proximity labeling 

identifies protein complexes in the context of a living cell.41, 45, 57 In this approach, the 

APEX fused protein of interest is expressed in cells, followed by treatment with hydrogen 

peroxide (H2O2) in the presence of biotin-phenol. H2O2 fuels the catalytic oxidation of 

biotin-phenol by APEX to generate a highly reactive biotin-phenoxy radical. The lifetime of 

the radical is <1 ms that restricts the labeling to 20 nm radius. This results in the covalent 

labeling of proteins proximal to the APEX fusion protein with biotin, which are then 

enriched and analyzed to identify protein interactors in vivo. Before performing the 

proximity labeling experiment, we validated that MIEF1-MP-APEX-MYC localizes to the 

mitochondria by immunofluorescence (Figure S1). The proximity labeling experiments 

indicate that ACPM/NDUFAB1 interacts with the MIEF1-MP-APEX-MYC fusion protein 

but not MIEF1mut-MP-APEX-MYC (LYR and F are all mutated to alanines), consistent 

with the FLAG immunoprecipitation experiments (Figure 3C). Together the data confirm 
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that overexpressed MIEF1-MP interacts with the ACPM/NDUFAB1 protein via its LYR 

motif.

ACPM/NDUFAB1 has a role in lipid biosynthesis and respiratory complex 1 activity,58 and 

this led us to hypothesize that MIEF1-MP might influence these pathways in the 

mitochondria. However, we observed no effects of MIEF1-MP using a mitochondrial 

complex 1 activity assay (Figure S2A) or lipid biosynthesis (Figure S2B) suggesting that 

MIEF1-MP: ACPM/NDUFAB1 interaction is not functionally relevant. One problem might 

come from the fact that we observed these protein-protein interactions in cells 

overexpressing MIEF1-MP, which might promote biologically irrelevant interactions with 

higher concentrations of MIEF1-MP. Even the functional characterization of MIEF1-MP 

relied on overexpression since knockdown of MIEF1 mRNA would result in a knockdown 

of MIEF1-MP and MIEF1. This led us to the realization that we needed a better strategy to 

find and validate microprotein interactions, especially when we have to overexpress the 

microprotein.

Bioinformatic Reciprocal Immunoprecipitations to Discover Relevant MIEF1-MP 
Interactions

We searched the proteomics data from MIEF1-MP-APEX-MYC experiments to determine 

whether we had missed other potentially significant interactors. Our informatics workflow 

consisted of analyzing the data using Significance Analysis of INTeractome Express 

(SAINTexpress),59 which uses a predicted distribution of spectral counts for a real protein-

protein interaction to filter out false positives, and Contaminant Repository for Affinity 

Purification (CRAPome),60 which removes proteins that are repeatedly, and non-specifically 

enriched in protein-interaction studies. Application of SAINT and CRAPome to the MIEF1-

MP-APEX-MYC dataset resulted in 153 enriched proteins with an average spectral count of 

greater than or equal to 5. Though our list of potential interactors is greatly reduced, 

validating 153 protein interactions would be an experimental challenge.

Reciprocal immunoprecipitations are the gold standard for validating protein-protein 

interactions. To do this for 153 proteins would require antibodies for each of the proteins and 

for human MIEF1-MP, which we do not have and are not commercially available. To solve 

this problem, we turned to a bioinformatic approach. First, we used the bioinformatics tool 

STRING61 (Figure 4A) to identify which of the 153 proteins are known to interact with each 

other. The idea here is that the identification of multiple proteins from known complexes 

increases confidence that MIEF1-MP is involved in a legitimate protein-protein interaction. 

We removed enriched proteins with less than or equal to 2 interactors (singletons or proteins 

that are not part of complexes that contained more than 3 proteins) and identified five 

MIEF1-MP bound protein clusters (Figure 4A, color-coded clusters). The five clusters 

include complexes linked to the mitochondrial ribosome, isocitrate/succinate/malate 

dehydrogenase, pyruvate dehydrogenase, hydroxyacyl CoA dehydrogenase and electron 

transport chain.

This analysis reduced the number of likely MIEF1-MP interactors to 100 proteins, but we 

are still limited by a lack of suitable antibodies to validate these interactions. Instead, we felt 

that we could obtain the information we needed by searching publicly available proteome-
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wide, protein-protein interaction datasets. We decided to search the Bioplex protein 

interaction network database,62 generated from affinity-purification mass spectrometry data 

for more than 2500 human proteins in HEK293T cells. Lentiviral library of FLAG-HA-

tagged ORFs were constructed and infected in HEK293T cells followed by immuno-

purification, trypsin digestion, and analysis by LC-MS. Specific interactors for each bait 

protein was identified and assembled into the Bioplex human interactome network. The 

resulting database contains more 23,744 interactions among 7,668 proteins. This unbiased 

mapping of interactions also aids in the characterization of unknown or poorly studied 

proteins by suggesting possible cellular localization, biological process, and molecular 

function.62 Our strategy is to use this database to determine whether any MIEF1-MP-

binding proteins enriched MIEF1-MP when they were used as bait proteins, providing us 

with reciprocal IP data without the need for any antibodies.

We downloaded the proteomics data for MIEF1-MP binding partners, which were the baits 

in this experiment, from the Bioplex database, if available. When the Bioplex data was 

collected and analyzed, MIEF1-MP was not annotated in the human RefSeq or UniProt 

databases and, therefore, would not appear as a member of any protein complex during the 

original analysis of the Bioplex data. We searched the downloaded Bioplex data against the 

human UniProt database with MIEF1-MP included. The analysis of ACPM/NDUFAB1 

detected only a single spectral count from MIEF1-MP and while the mitoribosome proteins 

MRPL4, MRPL10, MRPL12, MRPL21, and MRPL39 had many spectral counts for MIEF1-

MP (Table 1). Multiple mitoribosome proteins had high spectral counts (Figure 4B) in 

MIEF1-MP-APEX-MYC experiment. Overall, the mitoribosome proteins were the only 

cluster with substantial evidence of MIEF1-MP binding indicating that under endogenous 

conditions (i.e., no overexpression of MIEF1-MP) MIEF1-MP interacts primarily with the 

mitoribosome. We validated the MRPL4 and MRPS27 interaction by Western blot (Figure 

4C and Figure S3). Lastly, we analyzed additional mitoribosome proteins in the Bioplex 

database, though these were not enriched in our MIEF1-MP-APEX-MYC experiment and 

discovered eight additional mitoribosome proteins that enriched MIEF1-MP (Figure 4D and 

Table S1). Also, we find that other mitochondrial proteins (COX4I1, Figure 4D) do not 

enrich MIEF1-MP demonstrating that MIEF1-MP selectively binds to mitoribosome. Our 

proteomics data support the results from an cryo-EM structure of the human mitoribosome 

isolated from HEK293S cells that identified MIEF1-MP as binding partner of the 

mitoribosome32 (referred to as L0R8F8 in this publication). Furthermore, MIEF1-MP was 

hypothesized to be a mitoribosome assembly factor because of its localization in the 

mitoribosome structure32, and this proposed model is in agreement with our translation 

results where the loss of MIEF1-MP inhibits mitoribosome translation while overexpression 

of MIEF1-MP accelerates translation (See below).

Effect on the Rate of Mitochondrial Translation

The mitoribosome is responsible for the translation of mitochondrial RNAs, and the data 

indicated a role for MIEF1-MP in this process (Figure S4). Although nuclear DNA encodes 

most mitochondrial proteins, several vital proteins are encoded by mitochondrial DNA 

(mtDNA) and synthesized by an independent mitochondrial translation system43. 

Mitochondrially encoded mRNA produce 13 subunits of respiratory complexes; NADH 
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dehydrogenase subunits of complex I (MT-ND1, MT-ND2, MT-ND3, MT-ND4L, MT-ND4, 

MT-ND5, MT-ND6), cytochrome b of complex III (MT-CYB), cytochrome c oxidase 

subunits of complex IV (MT-CO1, MT-CO2, MT-CO3), and ATP synthase subunits of 

complex V (MT-ATP6, MT-ATP8). To determine whether MIEF1-MP modulates 

mitochondrial translation, we began by measuring the steady-state levels of the mtDNA 

encoded proteins by quantitative proteomics in the MIEF1-MP over-expressing cells. We 

observed a 6-fold increase in MIEF1-MP levels, but no change in the concentrations of 

mtDNA encoded proteins (Figure S5), indicating that MIEF1-MP does not affect steady 

state levels of mitochondrial encoded proteins. Next, we used a mitochondrial translational 

assay that measures newly synthesized proteins to determine whether MIEF1-MP can 

influence the translation rate of the mitochondrial proteome, which has been observed for 

other proteins in this complex.63, 64

The newly synthesized mtDNA-encoded proteins were quantified using the BioOrthogonal 

Non-Canonical Amino Acid Tagging (BONCAT) approach.46 BONCAT introduces a 

chemical handle into newly synthesized proteins that can be used to enrich and detect the 

protein(s). BONCAT relies on the introduction of the non-canonical amino acid 

azidohomoalanine (AHA) in place of methionine into newly synthesized proteins. Labeling 

with AHA places an azide functional group onto new proteins, and these proteins are 

subsequently enriched, detected, and quantified by clicking on a fluorophore or biotin.46 We 

overexpressed or knocked down MIEF1-MP in HEK293T cells and then incubated these 

cells with azidohomoalanine (AHA) to allow protein synthesis and AHA incorporation. 

These experiments were carried out in the presence of emetine, a cytosolic translation 

inhibitor so that we could solely focus on the products of mitochondrial translation. After 

incubation, the cells were lysed, and click chemistry was used to append an alkyne-bearing 

dye to newly synthesized mitochondrial proteins.

SDS-PAGE separation of the labeled mitochondrial translation products revealed the role of 

MIEF1-MP in mitochondrial translation. Comparison of MIEF1-MP overexpressing to 

control samples revealed increased band densities for most proteins particularly MT-ND4, 

MT-CYB, MT-CO2/ MT-ATP6 and MT-ND3 indicating that MIEF1-MP promotes 

mitochondrial translation (Figure 5A and S5A), and we validated overexpression of MIEF1-

MP in these samples (Figure S6). By contrast, knockdown of MIEF1-MP led to lower band 

densities for most proteins including MT-CO1, MT-ND4, MT-CYB, MT-ND2, MT-CO3, 

MT-CO2/ MT-ATP6, MT-ND6 and MT-ND3, indicating decreased mitochondrial translation 

(Figure 5B and S5B). Quantitative analysis of the mtDNA-encoded protein band densities 

revealed a robust increase (54%) in protein levels upon MIEF1-MP overexpression, and 

significant decreases (32%) in cells lacking MIEF1-MP (Figure 5C). Knockdown of MIEF1-

MP also results in the knockdown of MIEF1 and we needed to validate that these changes 

were due to MIEF1-MP. We expressed a siRNA resistant MIEF1-MP in cells treated with 

siRNA against the MIEF1-MP transcript and found that expression of MIEF1-MP rescued 

the loss of protein translation (Figure 6) supporting a role for MIEF1-MP and not MIEF1 in 

the mitochondrial translation. These numbers compare favorably to other mitoribosome 

components such as MRPL14 and DAP3 that modulate nascent mitochondrial translation by 

~40– 50%.63, 64 MIEF1-MP is a biologically active component of mitochondrial translation 

pathway through its interaction with the mitoribosome.
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CONCLUSION

Here, we characterized a 70-amino acid microprotein encoded upstream of MIEF1 gene, 

MIEF1-MP. We demonstrated that MIEF1-MP is a mitochondrial microprotein and interacts 

with mitoribosome. In addition, exogenous expression of a C-terminal FLAG tagged 

MIEF1-MP (MIEF-MP-FLAG) showed the same intracellular localization and association to 

the mitoribosome, suggesting that the FLAG tag does not interfere with MIEF1-MP 

functions. Previous success with using protein-protein interactions to discover micropeptide 

functions prompted a similar approach to be used in this study. MIEF1-MP enriched many 

proteins but functional follow up of the MIEF1-MP and ACPM/NDUFAB1 interaction 

suggested that this interaction is not functionally relevant. We reasoned that MIEF1-MP 

overexpression led to the appearance of non-functional interactions, such as ACPM/

NDUFAB1, which required a better approach for validating MIEF1-MP interaction partners. 

We settled on a two-prong computational approach that looked for MIEF1-MP protein 

interaction partners that are already known to interact, reducing the total number of proteins, 

and an “in silico” reciprocal IP that utilized Bioplex data to identify proteins that could 

enrich MIEF1-MP from HEK293T cells. This analysis revealed proteins that are part of the 

mitoribosome as the most relevant MIEF1-MP interaction partners, which we validated 

experimentally by IP using MRPL4 and MRPS27 antibodies (Figure 4C). These results are 

also consistent with an earlier cryo-EM structure of the mitoribosome that detected 

additional electron density on the mitoribosome that belongs to MIEF1-MP.32 We tested the 

hypothesis that MIEF1-MP might be a functional component of the mitoribosome and 

obtained data from overexpression and knockdown studies that indicates that MIEF1-MP 

can regulate mitochondrial translation, which supports the hypothesis that MIEF1-MP is a 

mitoribosome assembly factor.32

Mitochondrial protein synthesis is an essential process in mammals responsible for encoding 

key components of the oxidative phosphorylation (OXPHOS) complexes. Complete 

molecular details of this deceptively simple process still remain unclear. Problems in 

mitochondrial protein synthesis are leading cause of OXPHOS dysfunction resulting in 

metabolic and developmental disorders. Heart and brain are particularly sensitive to defects 

in the mtDNA-encoded protein synthesis during late embryonic or early postnatal 

development, due to massive mitochondrial biogenesis at that stage. Impaired mitochondrial 

translation causes severe pediatric cardiomyopathy and brain disease with OXPHOS 

abnormalities.65 Furthermore, MIEF1-MP is part of a growing class of recently discovered 

mitochondrial microproteins. The most interesting being mitoregulin66/MOXI67, which has 

been shown to regulate beta oxidation67, mitochondrial assembly66, and other mitochondrial 

functions. Similarly, MIEF1-MP is reported to control mitochondrial fission30 and here we 

link it to ribosome biosynthesis. These findings could be important as they may reveal a new 

connection between disparate cellular pathways. For example, we reason that mitochondrial 

fission by MIEF1 the longer ORF on the MIEF1 gene may require MIEF1-MP promoting 

translation of mitochondrial proteins. The identification of MIEF1-MP reveals a new gene 

involved in regulating mitochondrial translation, thus, highlighting the need for further 

investigation and the value in characterizing microproteins.
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Figure 1. 
MIEF1-MP expression and conservation. (A) MIEF1-MP is encoded by an upstream 

smORF (uORF) in the MIEF1 mRNA. RNA-Seq (magenta) and Ribo-Seq (green) data from 

HEK293T cells indicates translation of the MIEF1-MP smORF and the MIEF1 (ORF) . (B) 
A tryptic peptide from the MIEF1 microprotein detected by shotgun mass spectrometry 

validates that MIEF1-MP is a stable member of the proteome. (C) Sequence alignment of 

the MIEF1-MP demonstrates that this microprotein is conserved in numerous species at the 

protein level.
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Figure 2. 
MIEF1-MP is a mitochondrial matrix microprotein. (A) MIEF1-MP-FLAG colocalizes with 

the mitochondrial marker TOM20 in Hela cells verifying its mitochondrial localization 

(Hoechst (blue) nuclear stain, TOM20 (red), MIEF1-MP (green), yellow/orange overlap). 

(B) Proteinase K digestion of MIEF1-MP-FLAG had a similar pattern to HSP60, a 

mitochondrial matrix marker, confirming its sub-cellular localization to the mitochondrial 

matrix in HEK293T cells.
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Figure 3. 
MIEF1-MP contains an LYR motif and interacts with ACPM/ NDUFAB1 when 

overexpressed. (A) A LOGO plot of MIEF1-MP with known LYR motif containing proteins 

highlights the conserved tripeptide L-Y-R (leucine/tyrosine/arginine) and downstream F 

(phenylalanine) (LYR and F) motif. (B) Immunoprecipitation (IP) of the MIEF1-MP-FLAG 

enriches ACPM/NDUFAB1 while mutating the LYR and F. to alanines abrogates this 

binding. (C) Proximity labeling with MIEF1-MP-APEX-MYC demonstrates ACPM/

NDUFAB1 enrichment in living cells.
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Figure 4. 
MIEF1-MP interacts with the mitoribosome. (A) The interaction network of the proteins 

enriched in the MIEF1-MP-APEX-MYC experiment after STRING analysis reveals MIEF1-

MP enriched proteins that interact with each other. (B) Spectral counts for different members 

of the mitoribosome after the MIEF1-MP-APEX-MYC experiment. (C) Western blot 

validation of MIEF1-MP protein-protein interaction with some members of the 

mitoribosome (MRPL4 and MRPL27) by proximity labeling. The experiment used an 

MIEF1-MP-APEX-MYC expression construct for the proximity labeling and expression of 

MIEF1-MP-APEX-MYC was confirmed by western blot using anti-MYC antibodies. (D) 
An “in silico” reverse IP searching for MIEF1-MP peptides in mitoribosome protein data 

from the Bioplex database. Bar graph shows the number of spectral counts for MIEF1-MP 

peptides in the pulldown data for each of the mitoribosome proteins on the x-axis from the 

Bioplex database. In addition to the mitoribosome proteins enriched in the proximity 

labelling experiment (grey) additional mitoribosome proteins that were able to enrich 

MIEF1-MP were identified (blue).
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Figure 5. 
MIEF1-MP modulates the mitochondrial translation rate. (A) Using the BONCAT method, 

newly synthesized mtDNA encoded proteins are labelled with IRDye® 800CW dye and 

visualized on a gel. MIEF1-MP-FLAG overexpression in HEK293T cells increases the 

amount of newly synthesized mitochondrial proteins versus the control (pcDNA vector). (B) 
MIEF1 siRNA-treated HEK293T cells led to decreased levels of translation of newly 

synthesized proteins compared to control siRNA treated cells. (C) Quantitative analysis 

showed robust change for the newly synthesized mtDNA encoded protein levels on MIEF1 

microprotein overexpression and knockdown. Comparison of the MIEF1-MP perturbed 

sample to the control was used to determine statistical significance. For example, MIEF1-

MP overexpression leads to a statistically significant increase in MT-ND4 versus the pcDNA 

control, and MIEF1-MP siRNA leads to a statistically significant decrease in MT-ND4 

translation versus the siRNA control (*, p-value <0.05 using t-test).
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Figure 6. Rescuing the effect of MIEF1 siRNA treatment on mitochondrial translation rate.
Using the BONCAT method, newly synthesized mtDNA encoded proteins are labelled with 

IRDye® 800CW dye and visualized on a gel. A) In the MIEF1 siRNA treated sample 

expressing MIEF1-MP-FLAG increases the amount of newly synthesized mitochondrial 

proteins versus the control (pcDNA vector). B) Quantitative analysis showed robust change 

for the newly synthesized mtDNA encoded protein levels on MIEF1 microprotein 

knockdown and re-expression. Comparison of the MIEF1 siRNA treated with MIEF1-MP 

re-expressed sample to the control was used to determine statistical significance (*, p-value 

<0.05 using t-test).
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Table 1.

Spectral counts of MIEF1-MP for different baits in the Bioplex database (colors correspond to clusters in 

Figure 4A).

Protein Name MIEF1-MP Spectral Count

MRPL4 9

MRPL10 5

MRPL12 3

MRPL21 3

MRPL39 4

MRPS2 0

MRPS7 0

MRPS27 0

MRPS31 0

PTCD3 0

FH 0

GOT2 0

IDH3A 0

SDHA 0

TIMM44 0

ALDH1B1 0

ETFA 0

ECHS1 0

HADHB 0

HSD17B10 0

ACADSB 0

DLD 0

GLUD2 0

IVD 0

PDHB 0

PDK1 0

PDK3 0

SHMT2 0

SUCLA2 0

ALDH1L2 0

IDH3B 0

ETFB 0

PYCR1 0

PYCR2 0

ATP5C1 0

ATP5F1 0
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Protein Name MIEF1-MP Spectral Count

COX4I1 0

COX5A 0

NDUFAB1 1

NDUFS1 0

NDUFS3 0

NDUFA10 0
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