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Microproteins are peptides and small proteins encoded by small open reading frames 

(smORFs). Newer technologies have led to the recent discovery of hundreds to thousands of new 

microproteins. The biological functions of a few microproteins have been elucidated, and these 

microproteins have fundamental roles in biology ranging from limb development to muscle 

function, highlighting the value of characterizing these molecules.  Additionally, a majority of 

smORFs are found upstream of long open reading frames, called the uORFs, that have been 

shown to play critical role in regulating translation of the main ORF.  
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The identification of microprotein-protein interactions (MPIs) has proven to be a successful 

approach to the functional characterization of these genes; however, traditional 

immunoprecipitation methods result in the enrichment of non-specific interactions for 

microproteins. Here, we test and apply an in-situ proximity tagging method that relies on an 

engineered ascorbate peroxidase (APEX) to elucidate MPIs. The results demonstrate that APEX 

tagging is superior to traditional immunoprecipitation methods for microproteins. Furthermore, the 

application of APEX-tagging to an uncharacterized microprotein called C11orf98 revealed that 

this microprotein interacts with nucleolar proteins nucleophosmin and nucleolin, demonstrating 

the ability of this approach to identify novel hypothesis-generating MPIs.  

 

We also 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 levels of MIEF1-MP increases the translation rate. The 

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

 

Lastly, we report a smORF present upstream and partially overlapping with the 

Steroidogenic Acute Regulatory (StAR) gene, that encodes a 109 amino acid long StAR 

microprotein (StAR-MP).  Expression studies at transcript and peptide level show highly tissue-

specific expression of the StAR microprotein correlating with StAR protein expression in sites of 

steroidogenesis. Genetic analysis of the smORF start codons revealed translational repression 

of downstream StAR ORF (dORF) due to the presence of upstream smORF, pointing towards an 

additional mode of StAR protein regulation.   
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1.1 Introduction 

The genome of any organism contains thousands of open reading frames (ORFs),1-3 

defined as the protein-coding sequence between in-frame start and stop codons. The 

identification of protein-coding ORFs from the total pool of potential ORFs is challenging. The 

issue becomes more pronounced when focusing on small open reading frames (smORFs or 

sORFs) which encode peptides and small proteins, referred to as microproteins (<100 amino 

acids in length). The random chance of a start and stop codon occurring in frame decreases and 

the likelihood that the ORF encodes a real protein increases with length. For this reason, most 

genome annotation pipelines used a threshold length of 300 nucleotides, or 100 amino acids for 

detection, thus excluding the smORFs.1 For example, when plotting all ORFs in the yeast 

genome, Basarai, Hieter, and Boeke found ~260,000 smORFs between 2-99 codons,4 

highlighting the need for a length cutoff to identify bona fide ORFs. This manuscript defined the 

term “smORF” and was also prescient about the future of this field as they conclude their abstract 

by saying, “Yet the subset of small, functional ORFs (here abbreviated smORFs) probably encode 

very interesting proteins in all organisms, including humans.”  

Recent improvements in computational,5-7 genomic,8-12 and proteomic13 technologies have 

made it easier to identify protein-coding smORFs, revealing a larger proteome than was 

previously appreciated. New protein-coding smORFs have been identified in several 

organisms,14-15 including yeast,4, 16-18 flies,5 plants,19 mice and humans20. Moreover, at least some 

of these smORFs encode biologically relevant peptides and small proteins, or microproteins.21-22 

For instance, a new class of evolutionarily similar smORFs encoding petpides that regulate 

muscle function have been identified and characterized in flies and mice.23-26 The identification of 

biologically active microproteins fuels efforts to identify and characterize smORFs.   

Here we discuss examples of smORFs and microproteins that have been shown to play 

important role in a variety of cellular processes. We also overview the development and 

application of computational and experimental methods to identify novel smORFs. Lastly, we 
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highlight the possible approaches for functional characterization going forward and biological 

implications of these studies in human health. 

 

1.2 Functions of Small Open Reading Frames and Microproteins  

Functional smORFs:  

Most of the detected smORFs are found upstream of longer open reading frames 

(ORFs).13 Originally it was unclear whether these upstream smORFs, or uORFs, were coding, but 

recent studies demonstrate that they are indeed translated.27-30 Computational analysis 

determined that over 40% of mammalian mRNAs contains uORFs, and the translation of these 

smORFs correlates with reduced levels of the downstream protein from a longer downstream 

ORF (CDS).31 The presence of a uORF could control mRNA translation of the downstream ORF 

and mRNA stability by several potential mechanisms: (1) translational reinitiation at the 

downstream CDS after uORF translation, (2) impeding downstream CDS translation due to 

ribosome stalling on a uORF, (3) ribosome dissociation from the mRNA after uORF translation, 

(4) a CDS with an overlapping out-of-frame uORF that results in ribosome termination 

downstream of CDS start codon or (5) detection of the uORF stop codon as a premature stop 

codon leading to activation of the nonsense-mediated decay pathway and degradation of the 

mRNA.31-34 uORF use the canonical AUG start codon as well as non-canonical initiation codons 

to initiate translation, increasing the number of genes with uORFs but also making it more 

challenging to use sequence alone to identify uORFs.35-37 Hence, uORFs represent a class of 

prevalent translational repressors of the downstream ORF genome-wide, a feature well 

conserved across species.28, 38-39  

One of the earliest examples of a regulatory uORFs comes from the 5’-untranslated region 

(UTR) of the transcriptional activator GCN4 in yeast (ATF4 in vertebrates). GCN4 is a transcription 

factor that increases expression of genes involved in nutrient import, metabolism, and alleviation 

of oxidative stress. The GCN4 mRNA contains four short uORFs encoding di- or tri-peptides.40 
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Mechanistic studies have led to a detailed model of how the four uORFs are involved in regulating 

GCN4 translation and these have revealed that uORFs have different abilities to allow for 

ribosome reinitiation and therefore can regulate downstream CDS translation to a different extent 

(Figure 1.1A).    With the GCN4 mRNA ribosomes bind to the mRNA and scan until they recognize 

and translate uORF1. After translation of uORF1 the ribosome remains attached to GCN4 mRNA 

it allows for reinitiate and translate downstream ORFs.41 uORF2 is similar to uORF1 and also 

allows reinitiation and translation of downstream ORFs.42 Based on these results, uORF1 and 

uORF2 downregulate but do not completely inhibit CDS translation. uORF3 and uORF4, on the 

other hand, favor release of ribosome from the mRNA and prevent it from reaching the GCN4 

AUG start codon42-43 to completely abrogate GCN4 expression. Under starvation conditions there 

are lower levels of the eIF2-GTP-Met-tRNAi ternary complex (TC), which is required for translation 

initiation (and reinitiation), resulting in fewer ribosomes initiating at uORF2-4 which increases CDS 

translation. The uORFs provide a cis-regulatory mechanism for the GCN4 translation under stress 

conditions.44-45  

The mammalian ATF4 mRNA uses two uORFs to regulate the expression of the ATF4 

transcription factor but uses a different strategy from GCN4 (Figure 1.1B). uORF2 is 59 codons 

long and it overlaps with the ATF4 CDS but is out-of-frame. Through this arrangement under 

stress-free conditions, translates uORF2 and in the process bypasses the ATF4 CDS start site to 

inhibit ATF4 production. The induction of cell stress due results in lower ternary complex levels 

leading to ribosome to scan past uORF2 and initiate translation of ATF4. Increased ATF4 

production leads to the transcription of several key target genes that are necessary for the cellular 

stress response.46-47 One advantage of this strategy is that it produces proteins faster by obviating 

the need for mRNA transcription, and a faster response to the cellular stress is likely vital for 

preventing cell and tissue damage.   

CHOP is another example of a mammalian gene whose expression is controlled by the 

presence of conserved uORF in the 5’ UTR region, but in this case the regulation depends on the 
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sequence of the smORF. CHOP encodes a transcription factor related to the CCAAT/enhancer-

binding protein (C/EBP) family of transcription factors that regulates cellular processes such as 

growth, differentiation, and programmed cell death. Cell stress promotes ribosomes to bypass the 

uORF and facilitating the expression of CHOP which leads to apoptosis (Figure 1.1C). What is 

unique about the CHOP uORF is that the protein sequence of the uORF dictates the efficiency of 

the uORF inhibition of CHOP expression, and the working hypothesis is that certain elements of 

this sequence stall the ribosome elongation by preventing efficient exit of the peptide from the 

ribosome peptide exit tunnel.34, 48 CHOP uORF demonstrates evolutionary selection of smORFs 

for protein sequences.   

Though most studied examples of uORFs highlight their cis- acting modulators of 

translation,49 however, it remains unclear whether uORFs can produce trans-acting functional 

peptides. An example of uORF encoded peptide functional in a process other than translational 

regulation is the 70 amino acid long MIEF1 microprotein (MIEF1-MP) translating from a smORF 

upstream of Mitochondrial Elongation Factor 1 (MIEF1) gene. The mitochondrial MIEF1-MP 

regulates mitochondrial fission process through Drp1 pathway, similar to the MIEF1 protein 

function.50 Overall, it highlights the prevalence of functional uORFs regulating translation of 

downstream coding sequences or producing functional peptides. Overall, these examples 

highlight the prevalence of uORF mediated translational control of multiple coding sequences in 

the genome.  

Functional microproteins: 

In this section, we highlight significant examples, including the newest examples, of 

functional microproteins. Identifying functions for these molecules reveals important molecular 

pathways that influence important biology and provides a rationale for continued investigation into 

the discovery of smORFs and microproteins as the numbers of functional microproteins 

increases. This section is divided into three parts. The first section provides an overview of 

smORFs and microproteins with varied function. Muscle-regulating smORFs and microproteins 
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from the largest class of physiologically active smORFs and the second section is dedicated to 

outlining the important contributions from this area. Lastly, we highlight examples of smORFs that 

were identified during the search for disease-regulating genes. We apologize because we have 

not been able to cover all the work in this area and, in particular, have excluded work in plants.  

A. smORFs and Microproteins have roles in many different Biological Processes 

Recent interest in smORFs and microproteins can be traced to two contemporaneous 

manuscripts that describe the discovery of a set of smORFs that produced microproteins 

responsible for development in flies. Genetic screening identified tarsal-less (tal)51 or polished 

rice (pri)52 (referred to as tal/pri) as a putative non-coding RNA in Drosophila that is regulated 

during development.53 Though initially suspected to be a non-coding RNA, there were no obvious 

non-coding functions such as antisense regulation of other genes that could be found. Additional 

analysis of this transcript revealed the existence of four smORFs that were hypothesized to code 

for three 11- and one 32-amino acid microproteins. This unexpected discovery was validated to 

ensure that these were actually protein-coding smORFs, including placement of a GFP that could 

only be expressed if the smORFs are translated.51-52 Functional experiments demonstrated that 

the peptides were sufficient for the biological activity to reveal a new class of developmental 

regulators that are as short as 11-amino acids. The tal/pri microproteins are likely some of the 

shortest unprocessed biologically active proteins reported. Subsequent reports have provided a 

mechanistic rationale for tal/pri function by showing that the these microproteins control epidermal 

differentiation by activating the transcription factor Shavenbaby (Svb) by mediating the formation 

of a key protein interaction,54 which drives the developmental program and through Svb 

ubiquitination and processing.55 

The discovery of the non-annotated but functional tal/pri suggested that genomes, 

especially the Drosophila genome, might harbor additional bioactive, yet non-annotated smORFs 

and microproteins. An elegant study searching for putative functional smORFs in Drosophila 

genome5 validated this hypothesis by identifying Hemotin (hemo), as an uncharacterized 
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regulator of phagocytosis that regulates the flies ability to fight infections. Proteomics56 and Ribo-

Seq9 analysis of fly S2 cells revealed that the hemo smORF is translated into a 88-amino acid 

long transmembrane microprotein. As its name implies Hemotin is expressed in hemocytes, which 

are insect immune cells that regulate phagocytosis. Subcellular localization experiments localized 

hemotin to early endosomal vesicles that are responsible for trafficking of material between cell 

membrane and the cytoplasm. In hemocytes, endosomal trafficking has a fundamental role in 

phagocytosis of infectious particles and the localization of hemotin to endosomes suggested a 

role in immune processing of bacteria. Loss of hemotin resulted a vacuolation phenotype with 

enlarged and abnormal endosomes, delaying the digestion of phagocytosed bacteria and 

reducing immunity.57 Mechanistic experiments revealed that hemotin interacts with the 

multifunctional 14-3-3ζ protein to repress 14-3-3ζ activity with the phosphatidylinositol (PI) kinase 

PI3K68D.57 Genetic, cellular and biochemical evidence suggests that hemotin modulates the 

PI(3)P levels of early endosomes through its interaction with 14-3-3ζ to inhibit PI3K68D,57 

providing an example of a microprotein that can regulate kinase activity. Furthermore, a functional 

homologue of hemo in vertebrates is stannin (snn), a conserved 88-amino acid mitochondrial 

microprotein, involved in mediating cellular toxicity to metals.58 Like hemotonin, stannin also has 

a role in innate immunity, as loss of stannin led to dysfunctional phagocytosis. 

The discovery of new smORFs and microproteins in Drosophila inspired searches in other 

genomes for smORFs. One of these studies,13 led to the identification of a human microprotein 

that was named non-annotated P-body dissociating polypeptide (NoBody).59 The smORF 

that encodes NoBody was found on an mRNA annotated as non-coding at the time but has since 

been revised as a coding transcript. Experimental evidence of NoBody translation was observed 

during a proteogenomics analysis of K562 cells.13 NoBody is highly conserved, which was the 

first clue that this microprotein might be functional; however, NoBody has no homology to any 

functional proteins. NoBody immunoprecipitation followed by proteomics revealed that NoBody is 

bound to the mRNA decapping complex because of the enrichment of enhancer of decapping 
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protein 3 and 4 (EDC3 and EDC4) and decapping protein 1A, 1B, and 2 (Dcp1A, Dcp1B and 

Dcp2).  The decapping complex removes the 5’-cap from mRNAs to promote 5’-3’ decay. 

Biochemical and cross-linking experiments confirmed direct interaction between NoBody and 

EDC4. At low expression levels NoBody localizes to mRNA decay-associated RNA-protein 

granules called P-bodies providing cellular evidence for an interaction between NoBody and the 

decapping complex. When NoBody is overexpressed the number of P-bodies were dramatically 

reduced, and the higher the NoBody levels in a particular cell correlated with fewer P-bodies. 

Levels of key decapping proteins were similar in low and high expressing NoBody samples 

indicating that higher NoBody levels was regulating the aggregation state but not the degradation 

of P-body proteins. Mechanistic studies confirmed that the translated peptide, and not the RNA, 

along with its interaction with EDC4 is required for the observed changes in P-body numbers. 

Since the mRNA decapping complex has a role in the nonsense mediated decay (NMD) pathway, 

which degrades RNAs with premature termination codons60-61 to prevent translation of truncated 

protein products. This led to a hypothesis that NoBody may affect cellular levels of endogenous 

NMD substrates, which was tested by measuring the levels of a mutant p53 gene with a premature 

termination codon in Calu-6 cells. Loss of NoBody led to lower levels of the p53 NMD substrate 

indicating that loss of NoBody is coupled to increased decay, revealing a critical role for this newly 

identified microprotein.  

Originally annotated as modulator of retroviral infection (MRI)62 because of its function in 

a screen, CYREN (cell cycle regulator of NHEJ) is a microprotein with a critical function in cell 

biology. There are three CYREN mRNA isoforms that produce three different microproteins with 

isoforms 1 and 2 having an N-terminal domain required for CYREN activity. Isoform 2 of CYREN, 

a 69-amino acid microprotein, was first detected as an endogenous microprotein in a 

proteogenomics study in K562 cells,13 validating CYREN to be a stably expressed microproteins. 

CYREN was characterized as a functional microprotein regulator of retroviral infection but the 

mechanism underlying such regulation remained enigmatic. Protein interaction studies revealed 
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that CYREN interacts with the Ku70/80 heterodimer, the key protein complex for DNA double-

strand repair by non-homologous end joining (NHEJ),62 but the significance of CYREN only 

became clear after its role in cellular DNA repair was determined (Figure 2.1A). Cells can utilize 

the NHEJ and homologous recombination (HR) pathways for the repair of double strand breaks. 

NHEJ is the faster, more common, but more error prone process, while HR provides more fidelity 

it requires another chromosome to template the repair of the broken DNA. As a result, HR only 

occurs in the S and G2 phases of the cell cycle, when another chromosome is present. NHEJ is 

the faster of the two processes and, therefore, for HR to take place the cell must somehow inhibit 

NHEJ. Knockdown studies of CYREN reveled it to be an endogenous suppressor of NHEJ during 

the S and G2 phases of the cell cycle63 (Figure 2.1A). The characterization of CYREN’s critical 

role in DNA repair highlights the immense knowledge that can be gained from studying 

microproteins.  

B. Microprotein and smORFs in muscle biology 

Recently, two groups identified a biologically active skeletal-muscle enriched 56-amino 

acid long microprotein named mitoregulin (Mtln)64 or Micropeptide regulator of β OXIdation 

(MOXI)65 (herein referred to as Mtln/MOXI).  As with other microproteins, the RNA that encoded 

Mtln/MOXI was misannotated as a non-coding RNA prior to these reports. Both reports 

determined that Mtln/MOXI localizes to the mitochondrial inner membrane. Looking at protein lipid 

interactions showed Mtln/MOXI to be a cardiolipin binder,64 while protein interactions revealed 

binding of Mtln/MOXI to the Mitochondrial Trifunctional Protein.65 Cell biology experiments 

revealed a role of Mtln/MOXI in several cellular process. Expression of Mtln/MOXI in HeLa cells 

increased membrane potential, decreased levels of reactive oxygen species (ROS), and 

enhanced respiration, while knockdown reversed many of these effects.  Knocking out or 

overexpression of Mtln/MOXI in mice resulted in clear muscle phenotype with changes to the 

muscle fiber, size and structure of the mitochondria. Ex vivo measurements of fatty acid oxidation 

revealed enhanced capacity for fatty acid oxidation in transgenic animals, but knockout mice had 
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impaired β-oxidation leading to exercise intolerance. These studies revealed an exciting 

microprotein with roles in cellular and physiological energy extraction.  

Another group of muscle-regulating peptides that operate through intramembrane protein-

protein interactions with endoplasmic reticulum calcium channel called sarco-/endoplasmic 

reticulum Ca2+-ATPase (SERCA). Bioinformatic66 analysis of RNA-Seq data53 from Drosophila 

melanogaster identified two smORFs that was named sarcolambans (SCLs) A and B, from a 

misannoated long non-coding RNA. The SCLA and SCLB smORFs encode a 28 and 29 amino 

acid microproteins, respectively, that share a highly conserved transmembrane domain. Indeed, 

analysis of the sequence of these microproteins revealed their homology to a family of annotated 

microproteins called phospholamban (PLN) and sarcolipin (SLN),23 leading to their naming of 

the Drosophila genes sarcolambans. PLN and SLN bind to the transmembrane domain of SERCA 

and regulate the ability of this channel to pump calcium, which, in turn, regulates muscle 

performance. This led to the hypothesis that the Drosophila SCL microproteins might also bind to 

SERCA and control muscle performance in the fly. Localization of SCL gene expression revealed 

high levels in heart muscle and modeling of the SclA and SclB structures demonstrated that they 

are short transmembrane helices capable of associating with SERCA. Genetic studies in 

Drosophila revealed a clear phenotype with loss of SCL resulting in an irregular heartbeat, while 

gain-of-function overexpression of SCL resulted in an increased periodicity of the fly heartbeat. 

The discovery of SCL highlighted the existence of additional, functionally important, smORFs and 

microproteins in the fly genome and paved the way for similar discoveries in mammals.  

Myoregulin (MLN), a conserved microprotein encoded by a skeleton muscle-specific 

RNA annotated as a putative non-coding RNA that is related to SLN and PLN. Compared to SLN 

and PLN, which are expressed in cardiac and slow skeleton muscle in mice, respectively, MLN is 

expressed in all skeleton muscle suggesting a broad role in muscle function. Deletion of MLN in 

mice enhances Ca2+ handling and improves skeleton muscle performance67 with mice lacking 

MLN being able last longer than wild type mice on a treadmill distance test. In addition to 

https://en.wikipedia.org/wiki/Endoplasmic_reticulum
https://en.wikipedia.org/wiki/Endoplasmic_reticulum
https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/ATPase
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discovering myoregulin (MLN), the Olson group identified three additional transmembrane 

microproteins, endoregulin (ELN), another-regulin (ALN), and DWORF (dwarf open reading 

frame) that regulate SERCA activity. ELN and ALN inhibitor SERCA activity in non-muscle cell 

types,24 while the 34-amino acid DWORF localizes to SR membrane and enhances SERCA 

activity by displacing the SERCA inhibitors (SLN, PLN and MLN). It is the only endogenous 

peptide reported to activate SERCA pump by physical interaction and enhance muscle 

contractibility68 (Figure 2.1B). 

Microproteins also have an important role in muscle formation. A microprotein inducer of 

fusion independently discovered by three groups called minion, myomerger, or myomixer.69 

We will refer to this microprotein as minion for simplicity. Minion was identified through a whole 

transcriptome RNA-Seq analysis searching for transcripts that showed strong temporal regulation 

during mouse myoblast differentiation in vitro containing smORFs. Minion is an 84-amino acid 

long microprotein that is specifically expressed in the skeletal muscle. Minion is required for fusion 

of mononuclear progenitors to form myotubes, muscle fibers, during development (Figure 1.2C). 

Loss of minion resulted in failure to form syncytial myotubes and marked reduction in fused 

muscle fiber in mice leading to perinatal death. Functional studies suggested that minion and 

myomaker, a key regulator of muscle fusion, work synergistically to form muscle whereby 

myomaker induces the interaction of cell membranes,70 while minion drives the cytoskeleton 

organization needed for efficient fusion. Thus, the microprotein minion is part of a fundamental 

gene that is part of an intriguing two-component program to promote mammalian cell fusion along 

with rapid cytoskeletal rearrangement.  

C. Disease Conditions 

As microproteins are relatively new, very few have been linked to disease, but there are 

examples of microproteins that may be considered disease genes. Hashimoto and colleagues 

identified a microprotein called Humanin (HN) during a functional screen for genes that would 

inhibit neuronal death as to find new genes that could protect against Alzheimer’s disease. This 
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screen identified humanin as a 24-amino acid long microprotein derived from a mitochondrial 

ribosomal RNA that could prevent neuronal cell death induced by the beta amyloid (Aβ) peptide.71 

Subsequent mechanism of action studies revealed that humanin has anti-apoptotic activity 

through a physical interaction with Bax (Bcl2- associated X protein) that inhibits the proapoptotic 

functions of BAX72 (Figure 1.2D). Detection of this humanin microprotein could open avenues for 

the development of new therapeutics for Alzheimer’s disease targeting neuroprotection.73 

Cancer Associated Small Integral Membrane Open reading frame 1 (CASIMO1)74 an 

83-amino acid microprotein was discovered during an expression profiling study that sought to 

identify genes involved in hormone receptor-positive primary breast cancer samples. An RNA 

transcript, initially annotated as a putative non-coding RNA, containing a smORF showed 6-fold 

elevated levels in breast tumor compared to normal tissue. CASIMO1 was conserved between 

humans and rodents indicative of a functional microproteins. Deletion of CASIMO1 in MCF7 

ER/PR+ breast cancer cell line resulted in deregulation of actin cytoskeleton, impaired migration 

ability, a reduced proliferation rate, and accumulation of cells in the G0/G1- phase. Mechanism of 

action studies revealed that CASIMO1 interacts with squalene epoxidase (SQLE) to modulate 

cellular lipid levels and signal transduction. CASIMO1 is the first example of a microprotein with 

a role in breast cancer.74  

Most of the examples described above have be summarized (Figure 1.3) with information 

about the microprotein discovery and characterization methods along with biological function and 

mode of action. Biologically active smORFs and microproteins drive interest in this field, but since 

smORFs are difficult to identify there is still a great deal of interest in the development and 

application of strategies for smORF and microprotein discovery.  

 

1.3 Discovery of Small Open Reading Frames and Microproteins 

As sequencing technologies advanced, and it became possible to sequence whole 

genomes, the need for algorithms to annotate protein-coding genes within those genomes 
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emerged. In bacteria, gene annotation looked for in frame start-and-stop codons while eukaryotic 

genomes required steps to account for RNA splicing prior to the annotation of protein-coding 

genes. These methods have successfully identified most of the annotated protein-coding genes, 

but most smORFs are not annotated because they are too short and are difficult to detect by other 

means. To address this problem, additional efforts have been made to predict and validate the 

smORFs and microproteins with approaches focusing on computational, genomic and proteomic 

strategies.   

Computational Methods:  

Genome sequencing projects aimed to identify all protein-coding genes, which required 

algorithms to reveal ORFs from sequencing data. Because of the number of stop codons a 

random assembly of a genome should result in many in frame start and stop codons, and 

therefore any gene-finding analysis that relied solely on the location of in frame starts and stops 

would overestimate the number of protein coding genes. To understand the scale of this problem, 

in their 1999 paper Basrai, Hieter, and Boeke estimated that there are ~260,000 smORFs 

between 2-99 codons, highlighting the challenge of interesting smORFs amongst a group of 

irrelevant short ORFs.4 One way to thin the pile is to pick a length of sequence that is long enough 

that evolution would have had to select against the absence of stop codons to create a translated 

ORF. The most common length for gene-finding algorithms ended up being 100 codons, and 

histograms of protein length versus numbers reveal a precipitous drop in the number of annotated 

or predicted smORFs below 100 codons.20 Additionally, many smORFs use near cognate non-

ATG initation codons,13 which make it even more difficult to find these smORFs informatically.  

Despite these inherent challenges, several groups have developed valuable 

computational methods to identify non-annotated smORFs.5-9, 12, 20, 75 The reanalysis of the human 

or mouse genomes using a tool called CRITICA (Coding Region Identification Tool Invoking 

Comparative Analysis) led to the identification of ~3000 additional smORFs20 providing a valuable 

estimate for the number of missed smORFs. An informatic analysis of Drosophila melanogaster 
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non-coding euchromatic DNA in search of smORFs revealed ~600,000 potential smORFs. This 

large number was trimmed ~400-4,500 smORFs depending on the stringency by utilizing 

conservation between D. melanogaster and Drosophila pseudoobscura, the presence of RNAs in 

the transcribed regions of the genome, and the ratio of conservative versus non-conservative 

nucleotide changes (indicative of protein-coding potential76).5 Mackowiak and colleagues used a 

similar approach to develop an integrated computational pipeline for the identification of 

conserved smORFs in human, mouse, zebrafish, fruit fly and C. elegans. They identified ~2,000 

novel smORFs located in the untranslated regions of canonical mRNAs or on transcripts that were 

thought to be non-coding.7 Of these, the translation of more than 100 and 70 novel smORFs was 

supported by the published ribosome profiling data and mass spectrometry evidence, 

respectively. The encoded peptides showed little homology to know proteins,7, 20 but were rich in 

protein interaction motifs and in some cases conserved over large evolutionary distances,6-7 as 

reported in previous studies. Overall, computational methods based on sequence analysis, 

conservation scores, scanning for functional domains/ motifs and homology (Figure 1.4A) have 

played critical role in discovery and function prediction of smORF-encoded microproteins, thus 

expanding our understanding of human proteome. 

 Newer efforts to find new ORFs, including smORFs, analyze genomes and are committed 

to putting the information on the internet for global access. sORF.org77 is a public database 

created to identify smORFs and assess their coding potential. It contains smORFs identified by 

ribosome profiling using state-of-the-art tools and metrics. The coding potential of each smORF 

was assessed using a variety of distinct methods including PhyloCSF,78 ribosome profiling data 

analysis with FLOSS,12, 79 and MS data. The repository identified a total of 263,354 smORFs 

across 3 different cell lines from human (HCT116), mouse (E14_mESC) and fruit fly (S2) (Figure 

1.5). More recently, SmProt, an online database that contains more than 255,000 microproteins 

identified computationally and experimentally in 291 cell lines/ tissues derived from eight popular 

species was published.80 In addition to basic information (sequence, location, organism, etc.) the 
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database also provides specific information (function, disease type etc.). The microprotein 

functions were predicted using InterProScan,81 and confirmed using the already published 

literature for some microproteins that showed specific functions (Figure 1.5).  

 Another tool functional smORF encoded peptides predictor (FSPP) was developed to 

predict microproteins and their function in a high throughput manner. FSSP uses the overlap 

results of microproteins detected from Ribo-Seq82 and mass spectrometry83 methods as the 

authentic microprotein targets. Using the transcriptional and translational expression data, along 

with co-location information, a relation network was built. FSPP annotated the microprotein 

function based on the sub-network which the target microprotein belonged to and the functions of 

known neighbors. The FSPP model was evaluated by successfully predicting the function of 856 

out of 960 annotated proteins. The method was then used to predict 568 functional microproteins 

and some were confirmed to be consistent with the known functions.84  

Genomic Methods:  

Computational methods, discussed above, have predicted hundreds to thousands of 

smORFs across species, however, the actual number of translated smORFs is still an open 

question. Ribosome profiling (Ribo-Seq) is a strategy based on the deep sequencing of ribosome 

protected mRNA fragments called ribosome footprints and these footprints are used to identify 

translated regions of the transcriptome85 (Figure 1.4B). Ribosome-profiling provided the first 

experimental evidence that  non-coding regions, including the untranslated regions of mRNA 

(UTRs)9, 79 and long non-coding RNAs (lncRNAs)9, 79, 86 contain protein-coding smORFs. Ribo-

Seq has also provided a method to identify non-AUG start codon10, 35 usage and polycistronic 

transcripts9, 35 which has helped identify new smORFs.9-10, 12, 35 Ribo-Seq is ideal because it 

provides the most sensitive and broad view of the protein translation and has been instrumental 

in the detection of non-annotated smORFs and accessing their protein-coding potential in yeast,11 

flies,9 zebrafish,12 mice,8 and humans.12, 87 One issue with Ribo-Seq is that ribosome binding does 

not always correlate with translation as non-productive binding of single ribosomes or scanning 
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40S ribosomal subunits could result in footprints but not translation of smORFs; however, 

improvements on the informatics analysis of Ribo-Seq has solved this problem by accounting for 

a 3-nt periodicity that is a signature of active translation (Figure 1.4B). 

Ribosome profiling was used to identify novel protein-coding smORFs in in zebrafish and 

mice. Crappé and colleagues used bioinformatics method to search for putative smORFs in the 

mouse genome and combined this information with conservation and Ribo-Seq to annotate 

translated smORFs.8 Similarly, Bazzini and colleagues, analyzed zebrafish transcriptome using 

ribosome profiling to define actively translating smORFs, and identified 190 smORFs in long non-

coding RNAs, 311 ORFs in the 5’ UTR and 93 in the 3’UTR, of which some were validated by 

mass spectrometry.12 Ribo-Seq has also been used to annotate protein-coding smORFs in 

yeast11 and flies.9 In yeast, more than 1100 unannotated transcripts thought to lack protein-coding 

capacity were analyzed with Ribo-Seq.11 These uncharacterized RNAs were enrich with 

polysomes indicating that they might be translated, and sequence analysis predicted that these 

transcripts contain smORFs between 10-96 codons in length. In flies, Ribo-Seq more than 

doubled the number of annotated smORFs in the Drosophila genome from 107 smORFs to 228 

smORFs with evidence of translation. Thus, Ribo-Seq has proven to be the ideal method for 

assigning novel smORFs.  

Proteomic Methods:  

Though a large number of coding smORFs were predicted by computational methods20 

and detected by Ribo-Seq,10 these methods do not indicate how much microprotein is being 

produced or the stability of the translated product. Thus, the ultimate validation that a smORF is 

producing a stable microprotein is the detection of that microprotein by proteomics. These 

methods require a proteomics database that contains microproteins, which can be predicted, 

measured by Ribo-Seq, or an in silico translated transcriptome to account for all possibilities.  

Vanderperre and colleagues utilized their computationally predicted alternate open 

reading frames (AltORFs) database to generate a searchable proteomics database. Using this 
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database in the analysis of the several human tissue samples provided proteomics evidence for 

1259 microproteins. Proteomics can also be used to discover smORFs through the unbiased 

detection of microproteins by translating the entire transcriptome of a cell or tissue in three reading 

frames to generate a proteomics database that contains all possible translated products. 

Searching this database with proteomics data from the same cells and tissues can detect 

microproteins and reveal new smORFs.88-89 Initial attempts at using this approach were successful 

but required better mass spectrometers to dig deeper into the proteome. For example, Oyama 

and colleagues applied this approach to K562 cells and identified a four non-annotated ORFs 

including one smORF of less than codons.90 Improvements in mass spectrometers and next-

generation RNA sequencing (RNA-Seq) led to the discovery of 90 microproteins, 86 of which 

were from novel smORFs in K562 cells13 (Figure 1.4C). Based on the length assignment using 

AUG –to-top, kozak sequence-to-Stop or upstream stop-to-stop for microproteins detected by 

proteomic methods, microproteins showed length distribution between 18-149 amino acids, 

majority being less than 100 aa.13 

Improved fractionation methods increased the number of new human smORFs with an 

additional 237 microproteins detected from MCF10A, MDAMB231, K562, and a breast tumor 

sample.91 These experiments also revealed one limitation of proteomics in that it has limited 

sensitivity compared to Ribo-Seq as increased fractionation continues to increase the numbers 

of microproteins/smORFs. Several factors have a role in this limited sensitivity including the 

natural abundance or stability of microproteins, and smaller microproteins often yield only a single 

tryptic peptide making their detection difficult.   

Overall, these studies have demonstrated that microproteins represent an important class 

of non-annotated cellular polypeptides which expanded our understanding of the human 

proteome and requires further investigation. 

 

1.4 Characteristics of Small Open Reading Frames and Microproteins   



 18 

Position of smORFs within RNAs: Sequencing studies have revealed that only a fraction 

of the eukaryotic genome encodes protein-coding mRNAs. About half of mammalian RNAs are 

considered to be non-coding and referred to as long noncoding RNAs (lncRNAs).92-96 However, 

the prevalence of smORFs and evidence for their translation across organisms is suggests that 

at least some of these lncRNAs might be coding.5, 10-11, 97-102 smORFs have been reported in the 

several non-coding RNAs including introns of pre-mRNAs,103-104 lncRNAs,10, 51-52, 97 primary 

transcripts of miRNAs105 and rRNAs106-107 (Figure 1.6). 

Non-Canonical Start Sites: Initiation codon usage analysis for the putative smORFs 

reveal that approximately 40% translate with the canonical AUG start codon, however, a large 

fraction uses non-AUG start sites with or without strong kozak sequence,13 consistent with 

findings in mouse genome predicted by Ribo-Seq that show translation initiation of most ORFs at 

non-AUG start sites.10 The FRAT2 microprotein, for example, is translated using an ACG start 

codon but still uses a methionine to initiate translation.13 

Subcellular Localization: Transient expression of cloned microproteins have confirmed 

localization into specific cellular compartments such as, cytoplasm (ASNSD1-MP, PHF19-MP, 

DNLZ-MP, EIF5-MP, FRAT2-MP, YTHDF3-MP, CCNA2-MP, DRAP1-MP, TRIP6-MP, and 

C7ORF47-MP H2AFx-MP),13 nucleus (c11orf98-MP108), mitochondria9 (MKKS-MPs,109 MIEF1-

MP,110 DEDD2-MP13), ER (sarcolambam-MP23, 25) etc. 

Amino Acid Composition: To further understand the smORF features and indicators of 

smORF translation, amino acid composition of translated smORFs was compared to canonical 

long proteins.9 Annotated smORFs showed a lower than random usage of arginine, which is 

characteristic of translated proteins.111 However, several amino acids that are characteristic of 

alpha-helices in canonical proteins, showed dissimilar usage in smORF translation products like 

enrichment of lysine and phenyalanine and depletion of serine.112 This supports the abundance 

of putative transmembrane alpha-helix motifs in about a third of the translated and predicted 

smORFs, compared to about 20% observed in canonical proteins.113 Similar observations are 
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made in bacteria114 and suggests that smORFs may present a class of uncharacterized 

transmembrane peptides. 

 

1.5 Approach for Functional Characterization 

One of the biggest questions in the field remains, are microproteins functionally important. 

The examples of biologically functional smORF encoded microproteins discussed above, 

highlight the importance of their characterization. One of the approaches for characterization of 

microproteins is based on the identification of microprotein-protein interactions. Several examples 

in this review highlight that since microproteins are small, they are likely to function via interactions 

with other protein complexes within the cell. Humanin and tal/pri were initially identified in 

transcripts previously annotated as non-coding functional genetic screens. Functional studies to 

understand the molecular mode of action elucidated that the microproteins operate through their 

interaction with protein complexes. Later, a similar strategy of functional proteomics helped 

characterize microproteins like MRI-2, NoBody, CASIMO1 etc.  

Though the traditional FLAG tagged immunoprecipitation method has been successful in 

the identification of MPIs, however, they result in the enrichment of non-specific interactions in 

the lysate.62 To overcome this, an improved method is required for capturing microprotein 

interactions in vivo. In subsequent chapter, I show that application of engineered ascorbate 

peroxidase 2 (APEX) tagging method successfully captured endogenous microprotein 

interactions in living cells with a lower background.108, 115 Overall, these examples demonstrate 

the ability of this approach to identify novel hypothesis-generating MPIs and elucidating biological 

functions. 

 

1.6 Conclusion and Future Directions 

As discussed in this review, the identification of smORFs and encoded microproteins have 

advanced rapidly in the recent years. Advanced computational and experimental methods have 



 20 

allowed functional studies to highlight their role in a wide spectrum of biological events such as 

transcriptional and translational regulation, essential cellular processes and diseases. Discovery 

of microproteins such as humanin and CASIMO1 in disease specific cell lines or patients raises 

the question if there are other disease specific microproteins. Targeted approaches for identifying 

microproteins in disease states can potentially improvement therapeutics development. Several 

of the novel sORF peptides discovered have been found to bind intracellular protein complexes 

to be functional in cellular context, suggesting that the sORF- encoded peptides provide an 

unexplored reservoir of protein interactors to regulate a wide range of cellular activities. Here, I 

have developed methods and characterized a few of the smORF encoded microproteins. 
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1.7 Figures 

Figure 1.1 uORF mediated regulation of downstream ORF expression. (A) GCN4 in yeast is 
translationally regulated by four smORFs upstream of the CDS. Under normal conditions, 
ribosome continues to scan after the translation of uORF1 and uORF2, however, dissociates after 
uORF3 or uORF4 translation, downregulating GCN4 translation. In stress conditions, limited 
availability of the ternary complex (TC) results in delayed translation reinitiation at the GCN4 CDS 
Start codon, thus, upregulating GCN4 translation. (B) GCN4 homolog is vertebrates, ATF4 is also 
regulated by the presence of two smORFs upstream. In normal conditions, translation of the 
uORFs results in the ribosome to pass across the CDS start codon as uORF2 overlaps with the 
CDS. In stress conditions, the limited availability of TC complex results in delayed translation 
initiation at the CDS start site and not uORF2, therefore, upregulating the ATF4 expression. (C) 
CHOP translation is inhibited by the uORF in a peptide dependent manner under normal 
conditions, however, under stress conditions the ribosome bypasses uORF to initiate translation 
at CHOP start codon. 
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Figure 1.2 Biologically active microproteins. (A) Human MRI-2/CYREN (cell cycle regulator of 
NHEJ) microprotein is a cell-cycle-specific inhibitor of classical NHEJ (cNHEJ) that promotes 
error-free DNA repair by homologous recombination during S and G2 phases by interacting with 
the Ku70/80 heterodimer. (B) DWORF (dwarf open reading frame) is a 34 amino acid long 
microprotein that localizes to SR membrane and enhances SERCA activity by displacing the 
SERCA inhibitors like Sarcolipin (SLN) and in turn controls muscle contraction. (C) Minion 
(Microprotein inducer of fusion), an 84 amino acid long microprotein is required for fusion of 
mononuclear progenitors to form myotubes during muscle development. (D) Humanin (HN) is a 
24-amino acid long translated polypeptide from mitochondrial genome that rescues neuronal cell 
death. It also exhibits anti-apoptotic activity by interacting with Bax (Bcl2- associated X protein), 
an apoptosis inducing protein, to prevent its translocation from cytosol to mitochondria and 
downstream release of cytochrome C and other apoptotic proteins. HN also functions 
extracellularly by suppressing the c-Jun N-terminal kinase (JNK) and ASK/ JNK-mediated 
neuronal cell death. 
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Figure 1.3 Summary table for smORF-encoded biologically active microproteins. The examples 
have been categorized based on crucial cellular and physiological roles of microprotein, and, in 
some cases, involvement in disease. The microprotein length, organism detected in, method of 
discovery, expression data, molecular mode of action and biological function are highlighted here. 
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Figure 1.4 Methods for smORF and microprotein discovery. (A) Computational methods of 
discovery are based on sequence analysis and conservation scores. Scanning for functional 
domains/ motifs and homology helps in the functional characterization. (B) Ribosome Profiling 
methods allows deep sequencing of ribosome protected mRNA fragments called ribosome 
footprints, to identify translated regions of the transcriptome in vivo, thus, improving smORF 
discovery platforms. (C) Proteomics approach enables detection of the translation products, thus, 
confirming protein-coding smORFs. The cells/ tissues are enriched for short proteome followed 
by trypsin digestion for detection via mass spectrometry. The detected peptides are searched 
against a custom RNA-Seq database for discovery of novel smORF encoded microproteins. 
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Figure 1.5 Web-Based integrated tools for smORF discovery and characterization. The online 
databases have been specifically designed to identify and provide functional evidence for 
smORFs/ microproteins across species. The resource weblink, method of ORF detection, coding 
potential evidence used, conservation and features used for predicting function are highlighted 
here. 
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Figure 1.6 Position of smORFs within RNAs. smORF with coding potential exist upstream of 
mRNAs (uORFs), within or overlapping mRNA CDS out-of-frame (CSD-ORFs), downstream of 
mRNAs (dORFs), in the introns of pre-mRNAs, on long non-coding RNAs (lncRNAs) and 
ribosomal RNAs (rRNAs). 
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Abstract 

Microproteins are peptides and small proteins encoded by small open reading frames 

(smORFs). Newer technologies have led to the recent discovery of hundreds to thousands of new 

microproteins. The biological functions of a few microproteins have been elucidated, and these 

microproteins have fundamental roles in biology ranging from limb development to muscle 

function, highlighting the value of characterizing these molecules. The identification of 

microprotein-protein interactions (MPIs) has proven to be a successful approach to the functional 

characterization of these genes; however, traditional immunoprecipitation methods result in the 

enrichment of non-specific interactions for microproteins. Here, we test and apply an in situ 

proximity tagging method that relies on an engineered ascorbate peroxidase (APEX) to elucidate 

MPIs. The results demonstrate that APEX tagging is superior to traditional immunoprecipitation 

methods for microproteins. Furthermore, the application of APEX-tagging to an uncharacterized 

microprotein called C11orf98 revealed that this microprotein interacts with nucleolar proteins 

nucleophosmin and nucleolin, demonstrating the ability of this approach to identify novel 

hypothesis-generating MPIs.  

 

2.1 Introduction  

Bioactive peptides have essential roles in biology. For example, the hormone insulin, 

which is secreted by β-cells in the pancreas, regulates blood glucose levels.1-3 Most peptide 

hormones and neuropeptides share a common biosynthetic pathway that produces the mature 

peptide after limited proteolysis of a longer precursor protein (i.e. a prepropeptide or propeptide).4-

5 Outside of some notable exceptions, such as angiotensin, most bioactive peptides were thought 

to be produced through this secretory pathway, but this view has begun to change as novel 

peptides, or microproteins, encoded by small open reading frames (smORFs) are steadily being 

discovered.6-7 
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smORFs were missed during genome annotations because they are too short for gene-

finding algorithms, or the RNAs that encode these smORFs were not known.8-9 Instead, the 

detection of smORFs and microproteins has relied on the advent and application of novel 

genomics and proteomics methods.10-11 So far, hundreds to thousands of smORFs and the 

corresponding microprotein products have been identified from prokaryotic and eukaryotic 

genomes.12-14 And biological studies in flies and mammals have demonstrated that at least some 

of these microproteins have fundamental biological functions in development, metabolism, and 

muscle function.15-17  

Because only a few of the discovered smORFs are characterized, the functional 

characterization of these microproteins represents a major challenge in the field. A common 

feature of functional microproteins is that they all seem to partake in protein-protein interactions 

or, more specifically, microprotein-protein interactions to regulate biology. For example, Magny 

and colleagues demonstrated that a Drosophila microprotein called sarcolamban (Scl) binds to 

an ER calcium channel, SERCA, regulating channel function and heart muscle contraction.17 And 

mammalian homologs of Scl that inhibit or activate SERCA have been identified and provide new 

insights into musculoskeletal biology.18-20 Other examples, such as a smORF that regulates limb 

development in flies16, 21-23 and a smORF called NoBody that regulates mRNA decapping24 also 

operate through microprotein-protein interactions. Consequently, the elucidation of the proteins 

and protein complexes that associate with microproteins can be used to characterize the functions 

of microproteins.  

Immunoprecipitation of FLAG-tagged microproteins provides a general approach for 

revealing microprotein-associated proteins. These proteins could be direct interactors of the 

microprotein or parts of a larger complex that contain the microprotein. For example, the 69-amino 

acid microprotein modulator of retroviral infection (MRI) associates with Ku70 and Ku80, two 

essential proteins that mediate cellular repair of double-stranded DNA breaks (i.e. non-

homologous end joining DNA repair).25 The interaction between the MRI microprotein and the 
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Ku70/Ku80 suggests that this microprotein is involved in cellular DNA repair, highlighting the utility 

of defining microprotein-associated proteins as a powerful hypothesis-generating approach.  

In addition to Ku70 and Ku80, the immuno-precipitation of MRI microprotein also enriched 

housekeeping and heat shock proteins. Imaging studies ruled out cytosolic heat shock proteins 

as bona fide interactors because MRI microprotein localizes to the nucleus where it associates 

with Ku70 and Ku80.25-26 We believe, however, that MRI may be intrinsically unfolded and that 

the interaction with heat shock proteins occurs after the cells are lysed during the 

immunoprecipitation. The identification of many of the same heat shock proteins during the 

immunoprecipitation of completely unrelated microproteins being studied in our lab (unpublished 

results) indicates that microproteins might be particularly susceptible to artifacts generated by 

lysate interactions with heat shock proteins. Therefore, we needed to find a better approach for 

identifying microprotein-associated proteins and protein complexes to characterize these novel 

genes. 

Ting and colleagues developed an ingenious in situ proximity labeling method using an 

engineered ascorbate peroxidase,27 and then optimized the stability and activity of this enzyme 

through evolution to afford APEX228-31 (which we used in this work and referred to as APEX in the 

text and figures throughout). In their approach, APEX is fused to a protein of interest. Expression 

of the APEX-fusion protein followed by treatment of cells with hydrogen peroxide (H2O2) in the 

presence of biotin-phenol covalently labels proteins proximal to the APEX-fusion protein with 

biotin. In this scheme, the H2O2 fuels the catalytic oxidation of biotin-phenol by APEX to generate 

a highly reactive biotin-phenoxyl radical. The lifetime of the radical is less than one millisecond 

(ms) which restricts the labeling radius to 20 nm. These biotinylated proteins can then be enriched 

and analyzed by mass spectrometry. And since proteins adjacent to the APEX-fusion protein are 

preferentially biotinylated, the resulting mass spectrometry data provides a read out of the protein 

environment around the fusion protein (Figure 2.1). 
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Using this method, Ting and coworkers comprehensively mapped proteins to distinct 

intracellular compartments such as mitochondrial intermembrane space and mitochondrial 

matrix.27, 32 APEX-fusions have also been used to identify the proteome at junctions between the 

plasma membrane (PM) and endoplasmic reticulum (ER) demonstrating the generality of this 

approach.33 We hypothesized that APEX-microprotein fusions could solve the background issues 

with identifying microprotein-associated proteins and protein complexes since the interactions 

take place in the context of a living cell, not a lysate. Here, we demonstrate that APEX-

microprotein fusions provide a superior approach to identify microprotein-protein interactions by 

comparing MRI-FLAG immuno-precipitation to an MRI-APEX experiment. Then we demonstrate 

that APEX-microprotein fusions can be used to identify novel microprotein interacting proteins 

and protein complexes using a microprotein from the C11orf98 gene. These results highlight the 

value of APEX tagging for discovering microprotein associated proteins.  

 

2.2 Results and Discussion 

Live Cell Proximity Labeling Using the MRI-APEX Fusion  

We used the MRI microprotein to optimize the elucidation of microprotein-associated 

proteins. As mentioned, MRI interacts with the Ku70/Ku80 heterodimer and, therefore, our 

readout would be the addition of biotin to these proteins. Our construct consists of an APEX-myc 

fusion at the C-terminus of an N-terminal FLAG-tagged MRI microprotein (MRI-APEX), and APEX 

was used as a control in these experiments (Figure 2.2A). We were concerned that the addition 

of the much larger APEX protein to MRI might interfere with Ku70/Ku80 binding and we used the 

FLAG tag to test whether the complex was intact. Transient transfection of HEK293T cells with 

MRI-APEX, followed by FLAG immunoprecipitation, enriched Ku70 and Ku80 and confirmed that 

the MRI-APEX still binds to Ku70/Ku80 heterodimer (Figures 2.2B and 2.3). 

Next, we tested whether Ku70 and Ku80 are biotinylated after treatment of MRI-APEX 

expressing HEK293T cells with biotin-phenol and H2O2. After H2O2 treatment, cells were lysed, 
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and biotinylated proteins were enriched from the lysate using streptavidin beads. Western blotting 

of the biotin pulldown revealed that Ku70 and Ku80 were biotinylated in cells transfected with 

MRI-APEX but not the APEX control or untransfected samples (Figure 2.2C), indicating 

successful labeling of known MRI-associated proteins. Furthermore, total cell lysates from MRI-

APEX and APEX are biotinylated to the same extent, showing that the increase in Ku70 and Ku80 

biotinylation is due to their proximity to MRI and not due to a difference in biotinylation activity 

between the two samples (Figures 2.4 and 2.5).  

To determine whether the APEX approach provided superior data to the FLAG 

immunoprecipitation, we performed a shotgun proteomics experiment and analyzed the 

enrichment of Ku70 and Ku80. The APEX conditions provided a dramatically improved fold 

enrichment for Ku70 and Ku80 (Figure 2.2D). In the FLAG sample, where the pulldown occurs in 

cellular lysates, we find a ~2-fold enrichment for Ku70 and Ku80 (MRI-FLAG vs. pcDNA3.1 

transfected samples), but in situ proximity labeling with MRI-APEX resulted in an 8-10-fold 

increase for the same proteins (MRI-APEX vs. APEX transfected samples). This superior 

enrichment is due to a significantly lower background of these proteins under the APEX 

conditions. Also, we analyzed the enrichment of tubulin (TUBB) and heat shock 70 kDa protein 9 

(HSPA9). These two proteins were enriched in our previous studies.25 FLAG pulldown enriched 

these proteins to about 2-fold, but they were not detected (n.d.) in the MRI-APEX samples. The 

observed enrichment of TUBB and HSPA9 by MRI-FLAG highlights the problem with 

immunoprecipitations from cellular lysates. The FLAG immunoprecipitation, which disrupts 

cellular localization due to cell lysis, indicates a protein interaction between MRI and TUBB and 

HSPA9. By contrast, the MRI-APEX experiment that takes place in an intact cell shows no 

enrichment of TUBB or HSPA9. Since the cytosolic TUBB or HSPA9 proteins should not interact 

with nuclear MRI microprotein, it follows that APEX provides a more accurate picture of cellular 

microprotein-protein interactions by avoiding interactions that only occur upon cell lysis. The 

power of this approach clearly demonstrates the benefit of using APEX tagging to identify 
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microprotein associated proteins while decreasing non-specific interactions and improving fold 

enrichment for target proteins. 

APEX Fusions of C11orf98 to Discover Interactors 

We sought to apply the APEX labeling approach to identify interaction partners for 

uncharacterized microprotein interactions. We chose an uncharacterized 123 amino acid 

microprotein encoded by the C11orf98 smORF. A tryptic peptide from this microprotein was 

detected in HEK293T cells by shotgun mass spectrometry (Figure 2.6A). The C11orf98 transcript 

is identified as a validated protein-coding gene in RefSeq, but this gene remains uncharacterized. 

And the C11orf98 microprotein is highly conserved between human and mouse, suggesting a 

potential function (Figure 2.6B). 

We expressed an N-terminal APEX-tagged C11orf98 (APEX-C11orf98) or a C-terminal 

APEX-tagged C11orf98 (C11orf98-APEX) fusion protein in HEK293T cells to characterize this 

microprotein (Figure 2.7). Cells were then treated with biotin-phenol and H2O2, followed by 

harvesting of the cells and cell lysis. Biotinylated proteins were isolated from each sample by 

streptavidin beads and analyzed by proteomics. Unfused APEX was used as the control in these 

experiments. 

Candidate C11orf98-interacting proteins were identified by filtering the proteomics data 

for proteins with a spectral count greater than 5, a greater than 2-fold increase versus the control 

sample, and a p-value less than 0.05. This analysis resulted in 112 proteins for APEX-C11orf98 

and 137 proteins for C11orf98-APEX, with 99 proteins present in both data sets. The strong 

overlap between the APEX-C11orf98 and C11orf98-APEX datasets provides additional 

confidence in the reliability of this data.  

The majority of proteins enriched by APEX-C11orf98 and C11orf98-APEX are reported to 

have a nuclear localization according to Human Protein Atlas (97 out of 112 for APEX-C11orf98 

and 115 out of 137 for C11orf98, (Figure 2.8). Two of the most robust C11orf98-associated 

proteins are nucleolin (NCL) and nucleophosmin (NPM1) (Figure 2.6C). NCL had the highest 
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number of spectral counts in both the APEX-C11orf98 and C11orf98-APEX datasets, and about 

an 80-fold increase with respect to the control. NPM1, an interaction partner of NCL, was also 

found amongst the top hits with a strong signal and a ~7-fold increase in the APEX-C11orf98 and 

C11orf98-APEX datasets. Given the high spectral counts and robust fold changes for NCL and 

NPM1, and the established interaction between NCL and NPM1,34-35 our data indicates that 

C11orf98 is associated with an NCL and NPM1 complex. These criteria led us to focus on 

characterizing the C11orf98/NPM1/NCL interactions, but we couldn’t completely rule out the 

possibility that C11orf98 may also interact with other proteins in the list, which might end up being 

important in the biology.  

Validation of C11orf98 Microprotein Interactions with NPM1/NCL  

To validate the association between NPM1, NCL, and C11orf98 microprotein, we repeated 

the APEX-C11orf98 and C11orf98-APEX experiments and performed Western blots using NPM1 

and NCL specific antibodies. Consistent with the proteomics data, we observed the enrichment 

of NPM1 and NCL after streptavidin enrichment of lysates from the APEX-C11orf98 and 

C11orf98-APEX samples. NPM1 and NCL were not enriched in the control sample with an 

unfused APEX (Figures 2.9A and 2.10). In addition, immunoprecipitation of a FLAG-tagged 

C11orf98 microprotein also enriched the NPM1 and NCL, which demonstrated that the 

interactions between C11orf98, NPM1 and NCL are mediated by C11orf98, and are not unique 

to the C11orf98-APEX fusions (Figures 2.11 and 2.12).  

Furthermore, we validated the C11orf98 microprotein association with NPM1 by a 

reciprocal immuno-precipitation experiment. Cells co-expressed a FLAG-tagged C11orf98 

microprotein and HA-tagged NPM1. As a control, cells were co-expressed with FLAG-tagged 

C11orf98 microprotein and an empty vector. Lysates were prepared and immunoprecipitated with 

an anti-HA antibody against HA-tagged NPM1. Western blot analysis of the eluates using anti-

HA and anti-FLAG antibodies revealed that HA-tagged NPM1 enriched FLAG-tagged C11orf98, 

further supporting an interaction between these proteins (Figures 2.9B and 2.13). Control 
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experiments using a control IgG did not enrich FLAG-tagged C11orf98, which provided additional 

evidence for an interaction between NPM1 and C11orf98 microprotein (Figures 2.14 and 2.15). 

Moreover, Gygi’s and Mann’s groups independently published a recent proteome wide protein 

interaction database, and the data is available to be searched.35-36 We downloaded MS raw files 

for NPM1 IP from Mann’s data, and both NPM1 and NCL IPs from Gygi’s Bioplex database. 

Reanalyzing this data using human UniProt proteome appended with C11orf98 microprotein 

revealed that C11orf98 is detected with multiple peptide and spectral counts (Figure 2.16). This 

experiment demonstrates that C11orf98 interacts with NPM1 and NCL even when it’s not 

overexpressed.  

C11orf98 Localizes to the Nucleolus 

NPM1 and NCL localize to the nucleolus, an organelle within the nucleus that is the site 

of ribosome biogenesis, and newly emerging functions in protein regulation using non-coding 

RNAs.37-38 The large percentage of nucleolar proteins enriched by C11orf98 indicates that this 

microprotein should also be localized to the nucleolus. Confocal imaging of overexpressed FLAG-

tagged C11orf98 in HeLa cells validated this hypothesis by revealing a nucleolar localization for 

this microprotein (Figure 2.17). Furthermore, the FLAG-tagged C11orf98 microprotein overlaps 

entirely with the HA-tagged NPM1 in the nucleoli providing additional evidence that NPM1 and 

C11orf98 microprotein are likely to interact with each other.  

Functional studies have revealed that both the NCL and NPM1 proteins are 

multifunctional, with roles in ribosome biogenesis, cell cycle and apoptosis, transcriptional 

regulation, and DNA replication and repair.39-40 As a putative interaction partner of NPM1 and 

NCL, we hypothesize that C11orf98 microprotein will likely have a role in at least some of these 

processes. This data highlights the value of MPIs for generating novel hypotheses that can lead 

to the functional characterization of microproteins. 

 

 



 49 

2.3 Conclusion 

 Here, we demonstrate the value of APEX for identifying MPIs. Unlike traditional 

approaches that immunoprecipitate from lysates, APEX captures endogenous interactions in the 

context of a living cell. This feature is particularly useful for microproteins since we have observed 

that microproteins undergoing immunoprecipitation enrich many non-specific interactors, which 

are not found in the APEX experiments. We suspect that microproteins are becoming 

unstructured during FLAG-based immunoprecipitations leading to more non-specific interactions. 

Furthermore, the reduction in background afforded by the APEX technology also leads to a 

greater fold increase for the MRI binding partners Ku70 and Ku80, which makes it much easier to 

identify bona fide microprotein interacting partners.  

Indeed, the application of APEX tagging to the C11orf98 microprotein led to the discovery 

that this microprotein interacts with NCL and NPM1, and several other nucleolar proteins. NCL 

and NPM1 are multifunctional proteins found in the nucleolus where they participate in synthesis 

and maturation of ribosomes. NCL and NPM1 are also reported to interact with each other. 

Mutations and amplifications of NPM1 have been linked to many cancers including acute 

myelogenous leukemia, though the exact mechanism for this connection is still being worked 

out.41-42 Thus, the identification of an MPI between C11orf98 microprotein, NCL, and NPM1 is of 

fundamental and clinical interest and will lead to new testable hypotheses about the function of 

the C11orf98 microprotein. Furthermore, the apparent improvement in the APEX data supports 

the application of APEX to the remaining uncharacterized microproteins. 

 

 

 

 

 

 



 50 

2.4 Figures  

 

 

 

Figure 2.1. Schematic illustration of identification of microprotein- associated proteins by APEX 

tagging. (A) Biotin-phenol is an APEX substrate and the phenol is converted to a phenoxyl radical 

by APEX upon H2O2 treatment. The highly reactive phenoxyl radical forms covalent bonds with 

nearby aromatic residues such as tyrosine. (B) APEX tagging can be applied to the identification 

of microprotein-associated proteins by fusing the microprotein of interest (MPOI) to APEX. Cells 

expressing the MPOI-APEX fusion protein are pretreated with biotin-phenol followed by the 

addition of H2O2 to initiate biotin labeling. The hypereactivity of the biotin-phenoxyl radical results 

in a short half-life to favor labeling of nearby proteins, and any biotinylated proteins are considered 

to be near the microprotein. The biotinylated proteins are identified by streptavidin enrichment 

and proteomics. 
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Figure 2.2. Identification of MRI microprotein-protein interactions in live cells by APEX tagging. 
(A) Schematic illustration of APEX and MRI-APEX constructs. (B) Anti-FLAG immunoprecipitation 
of HEK293T cells expressing APEX or MRI-APEX. Eluted proteins were separated by SDS-PAGE 
and visualized by Western blotting using indicated antibodies. (WCL = whole cell lysate) (C) 
Western blot of MRI-APEX labeling proteome indicating that Ku70/Ku80 complex is selectively 
biotinylated by MRI-APEX. (D) Spectral counts analysis indicated that APEX labeling has an 
improved fold change and lower background compared to FLAG IP. Error bars represent S.E.M. 
of three biological triplicates. 
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Figure 2.3. Loading control of APEX and MRI-APEX FLAG immunoprecipitation (Figure 2B). Anti-
FLAG immunoprecipitation of HEK293T cells expressing APEX or MRI-APEX. Eluted proteins 
were separated by SDS-PAGE and visualized by Coomassie staining. (WCL = whole cell lysate) 
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Figure 2.4. Biotinylated proteomes of untransfected, APEX and MRI-APEX transfected cells. 
HEK293T cells were transfected with FLAG-MRI-APEX or APEX control construct. 24 hours post-
transfection, cell culture medium was changed to fresh growth media containing 500 µM biotin-
tyramide. After incubation for 30 min, H2O2 was added at a final concentration of 1 mM and treated 
for 1 min. Cells were then lysed and biotinylated proteins were enriched by streptavidin beads 
and analyzed by western blotting using anti-biotin antibody, (A) short exposure and (B) long 
exposure. Biotin-ladder was purchase from Cell Signaling #7727. 
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Figure 2.5. Loading control of MRI-APEX biotinylation (Figure 2C and S2). HEK293T cells were 
transfected with FLAG-MRI-APEX or APEX control construct. 24 hours post-transfection, cell 
culture medium was changed to fresh growth media containing 500 µM biotin-tyramide. After 
incubation for 30 min, H2O2 was added at a final concentration of 1 mM and treated for 1 min. 
Cells were then lysed and biotinylated proteins were enriched by streptavidin beads and analyzed 
by Coomassie staining. 
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Figure 2.6. Identification of C11orf98 microprotein associated proteins. (A) MS/MS spectrum of 
the unique C11orf98 tryptic peptide, with detected fragment ions marked in blue (b-ions) and red 
(y-ions). (B) Multiple sequence alignment of C11orf98 microprotein indicates that it is highly 
conserved in mammals. (C) Semi-quantitative proteomics by spectral counting revealed that 
NPM1 and NCL were enriched about 7-fold and 80-fold respectively in both N- and C-term APEX 
fusion samples compared to APEX control samples. Error bars represent the standard deviation 
of three biological triplicates. 
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Figure 2.7. Schematic illustration of APEX control and C11orf98-APEX constructs 
 
 

 
 
 
 
 
 
 
 



 57 

 
 

Figure 2.8. Sub- cellular localization of biotinylated enriched proteins. The majority of proteins 
enriched by APEX-C11orf98 and C11orf98-APEX are reported to have a nuclear localization. 
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Figure 2.9. Validation of C11orf98 microprotein interaction with NPM1 and NCL. (A) Western blot 
of C11orf98 APEX labeling proteome with anti-NCL, anti-NPM1 and anti-myc tag antibodies. (B)  
Reciprocal anti-HA immuno-precipitation of NPM1-HA from HEK293T cells co-expressing 
C11orf98-FLAG, with cells expressing C11orf98-FLAG alone as a control. Eluted proteins were 
analyzed by Western blotting. 
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Figure 2.10. Loading control of C11orf98-APEX and APEX-C11orf98 biotinylation (Figure 4A). 
HEK293T cells were transfected with C11orf98-APEX, APEX-C11orf98 or APEX control 
construct. 24 hours post-transfection, cell culture medium was changed to fresh growth media 
containing 500 µM biotin-tyramide. After incubation for 30 min, H2O2 was added at a final 
concentration of 1 mM and treated for 1 min. Cells were then lysed and biotinylated proteins were 
enriched by streptavidin beads and analyzed by Coomassie staining. 
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Figure 2.11. Validation of C11orf98 interaction with NPM1 and NCL by FLAG 
immunoprecipitation. HEK293T cells were transfected with C11orf98-FLAG or pcDNA3.1(+) 
empty vector. 48 hours post-transfection, cells were harvested, and cell lysates were subjected 
to FLAG immunoprecipitation by anti-FLAG M2 affinity gel. Bound proteins were eluted by 
incubating the beads with 3× FLAG peptide for 1 hour and analyzed by western blotting with 
indicated antibodies. 
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Figure 2.12. Loading control of C11orf98-FLAG FLAG immunoprecipitation (Figure S7). Anti-

FLAG immunoprecipitation of HEK293T cells expressing C11orf98-FLAG or pcDNA3.1 control 

vector. Eluted proteins were separated by SDS-PAGE and visualized by Coomassie staining. 

(WCL = whole cell lysate)  
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Figure 2.13. Loading control of reciprocal anti-HA immunoprecipitation (Figure 4B). Reciprocal 
anti-HA immunoprecipitation of NPM1-HA from HEK293T cells co-expressing C11orf98-FLAG, 
with cells expressing C11orf98-FLAG alone as a control. Eluted proteins were analyzed by 
Coomassie staining. 
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Figure 2.14. Validation of C11orf98 interaction with NPM1 and NCL by reciprocal 
immunoprecipitation. HEK293T cells were co-transfected with C11orf98-FLAG and NPM1-HA. 48 
hours post-transfection, cell lysates were subjected to immunoprecipitation using anti-HA agarose 
beads (mouse IgG beads as control). Bound proteins were eluted and separated by SDS-PAGE. 
NPM1 and C11orf98 proteins were visualized by western blotting using anti-HA and anti-FLAG 
antibodies. 
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Figure 2.15. Loading control of reciprocal anti-HA immunoprecipitation (Figure S11). HEK293T 
cells were co-transfected with C11orf98-FLAG and NPM1-HA. 48 hours post-transfection, cell 
lysates were subjected to immunoprecipitation using anti-HA agarose beads (mouse IgG beads 
as control). Bound proteins were eluted and separated by SDS-PAGE. NPM1 and C11orf98 
proteins were visualized by Coomassie staining. 
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Figure 2.16. C11orf98 microprotein was identified in public protein interaction database. 
Searching IP-MS raw data of NPM1 (from Mann’s dataset and Gygi’s Bioplex) and NCL (from 
Gygi’s Bioplex) revealed multiple A) spectral counts and B) peptide fragments of C11orf98 
microprotein. 
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Figure 2.17. Co-localization of C11orf98 microprotein and NPM1 in cell nucleolus. HeLa cells 
were transfected with C11orf98-FLAG and NPM1-HA, fixed and stained with anti-FLAG and anti-
HA antibody to visualize C11orf98 and NPM1 proteins. Nuclei were stained with Hoechst. Scale 
bars, 5 µm. 
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2.5 Materials and Methods  

Biotin-phenol labeling in live cells.  

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

protocols.29 Briefly, constructs harboring microprotein-APEX fusion proteins or APEX control were 

transiently transfected into HEK293T cells using Lipofectamine 2000. 24 hours post-transfection, 

cell culture medium was changed to fresh growth medium containing 500 μM biotin-tyramide 

(CDX-B0270, Adipogen). After 30 min incubation at 37°C, H2O2 was added to each plate at a final 

concentration of 1 mM and the plates were gently agitated for 1 min. Cells were then washed 

three times with quenching solution (5 mM Trolox, 10 mM sodium azide and 10 mM sodium 

ascorbate in PBS) and the pellet was collected by centrifugation at 1,000×g for 5 min. 

Western blot and proteomic analysis of biotin-phenol labeling.  

Cell pellets were lysed on ice for 20 min in RIPA buffer (Thermo #89901) supplemented 

with Roche complete protease inhibitor cocktail tablet and 1 mM PMSF followed by centrifugation 

at 20,000×g for 20 min at 4°C to remove cell debris. Cell lysates were added to pre-washed 

streptavidin agarose resin (Thermo #20359) and rotated at 4°C for 4 hours, then washed three 

times with TBST + 0.5% SDS (v/v). Bound proteins were eluted with 2× SDS loading buffer and 

analyzed by western blotting. For proteomics, eluted samples were precipitated with 

trichloroacetic acid (TCA, MP Biomedicals #196057) overnight at 4°C. Dried pellets were 

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

Thermo #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 Q Exactive Hybrid 

Quadrupole-Orbitrap Mass Spectrometry.Biotin-phenol labeling in live cells.  

Co-immunoprecipitation.  

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

into a 10-cm dish of HEK293T cells using Lipofectamine 2000 according to manufacturer’s 
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protocol. 48 hours post-transfection, cells were harvested and lysed in RIPA buffer (Thermo 

#89901) supplemented with Roche complete protease inhibitor cocktail tablet and 1 mM PMSF. 

Cells were lysed on ice for 20 min followed by centrifugation at 20,000×g for 20 min at 4°C to 

remove cell debris. Cell lysates were added to pre-washed mouse IgG agarose beads (Sigma 

A0919) and rotated at 4°C for 1 hour. The supernatants were collected and added to pre-washed 

anti-FLAG M2 Affinity Gel (A2220, Sigma). The suspensions were rotated at 4°C overnight and 

washed four times with TBST. Bound proteins were eluted with 3× FLAG peptide (F4799, Sigma) 

at 4°C for 1 hour. The eluents were then separated by SDS-PAGE and analyzed by western 

blotting using indicated antibodies. 

Reciprocal immunoprecipitation.  

HEK293T cells were co-transfected with C11orf98-FLAG and NPM1-HA (empty vector as 

control). Lysates from both samples were incubated with mouse anti-HA agarose beads (A2095, 

Sigma) to immunoprecipitate HA-tagged NPM1. Alternatively, lysates from HEK293T cells co-

expressing C11orf98-FLAG and NPM1-HA were incubated with either mouse IgG beads (A0919, 

Sigma) or mouse anti-HA agarose beads. After washing three times with TBST, bound proteins 

were eluted with HA peptide (I2149, Sigma) at 4°C for 1 hour. The eluents were then separated 

by SDS-PAGE and analyzed by Western blotting using indicated antibodies. 

Immunofluorescence and confocal imaging.  

HeLa cells were seeded onto a coverslip (12-541-B, Fisher Scientific) in a 6-well plate, 

which was pre-treated with 50 µg/mL poly-L-lysine (P1399, Sigma). The next day, cells were co-

transfected with 1 µg NPM1-HA and 1 µg C11orf98-FLAG using Lipofectamine 2000. 48 hours 

post-transfection, cells were fixed with 4% paraformaldehyde (#18814, Polysciences, Inc.) and 

permeabilized with 0.1% saponin (A18820, Alfa Aesar). After incubating with 4% BSA in PBS for 

1 hour at room temperature, cells were stained with primary antibodies (rabbit anti-FLAG and 

mouse anti-HA) at 1:1000 dilution overnight at 4°C. Then cells were washed three times with PBS, 

followed by incubating with secondary antibodies (goat anti-mouse Alexa Fluor 647 and goat anti-
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rabbit Alexa Fluor 488, 1:500 in PBS) for 1 hour at room temperature. Nuclei were counterstained 

with Hoechst 33258 (#94403, Sigma, 1:2000 in PBS). After three PBS washes, the coverslip was 

mounted by Prolong® Gold Antifade Mountant (P36930, Life Technologies) and submitted for 

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

objective. Images were analyzed by FIJI software. 

Mass Spectrometry and Data Analysis.  

The digested samples were analyzed on a Q Exactive mass spectrometer (Thermo). The 

digest was injected directly onto a 30cm, 75µm ID column packed with BEH 1.7µm C18 resin 

(Waters). Samples were separated at a flow rate of 200nl/min on a nLC 1000 (Thermo). Buffer A 

and B were 0.1% formic acid in water and acetonitrile, respectively. A gradient of 5-40%B over 

110min, an increase to 50%B over 10min, an increase to 90%B over another 10min and held at 

90%B for a final 10min of washing was used for 140min total run time. Column was re-equilibrated 

with 20µl of buffer A prior to the injection of sample. Peptides were eluted directly from the tip of 

the column and nanosprayed directly into the mass spectrometer by application of 2.5kV voltage 

at the back of the column. The Q Exactive was operated in a data dependent mode.  Full MS44 

scans were collected in the Orbitrap at 70K resolution with a mass range of 400 to 1800 m/z and 

an AGC target of 5e6. The ten most abundant ions per scan were selected for MS/MS analysis 

with HCD fragmentation of 25NCE, an AGC target of 5e6 and minimum intensity of 4e3. Maximum 

fill times were set to 60ms and 120ms for MS and MS/MS scans respectively. Quadrupole 

isolation of 2.0m/z was used, dynamic exclusion was set to 15 sec and unassigned charge states 

were excluded. 

Protein and peptide identification were done with Integrated Proteomics Pipeline – IP2 

(Integrated Proteomics Applications). Tandem mass spectra were extracted from raw files using 

RawConverter44 and searched with ProLuCID45 against human UniProt database appended with 

microprotein sequences. The search space included all fully-tryptic and half-tryptic peptide 

candidates with maximum of two missed cleavages. Carbamidomethylation on cysteine was 
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counted as a static modification. Data was searched with 50 ppm precursor ion tolerance and 50 

ppm fragment ion tolerance. Data was filtered to 10 ppm precursor ion tolerance post search. 

Identified proteins were filtered using DTASelect46 and utilizing a target-decoy database search 

strategy to control the false discovery rate to 1% at the protein level. 

Materials.  

Primary antibodies: rabbit anti-myc tag (#2272, Cell Signaling Technology), mouse anti-

FLAG (F1804, Sigma), rabbit anti-FLAG (#2368, Cell signaling Technology), anti-biotin, HRP-

linked antibody (#7075, Cell Signaling Technology), rabbit anti-Ku70 (#4104, Cell Signaling 

Technology) and rabbit anti-Ku80 (#2180, Cell Signaling Technology), mouse anti-HA (H9658, 

Sigma). Secondary antibodies: goat anti-rabbit IRDye® 800CW (926-32211, LI-COR), goat anti-

mouse IRDye® 800CW (926-32210, LI-COR), Goat anti-mouse Alexa Fluor 647 (A21235, Life 

Technologies), Goat anti-rabbit Alexa Fluor 488 (A11008, Life Technologies). 

Plasmids.  

pcDNA3-MRI-1 was generated as previously described47. pcDNA3-APEX-NES was a gift 

from Alice Ting (Addgene plasmid #49386). pcDNA3-FLAG-APEX was generated by inserting a 

stop codon before NES sequence using QuikChange II kit (Agilent Technologies). APEX coding 

sequence was subcloned into pcDNA3.1(+) vector with an N-terminal myc-tag to generate 

pcDNA3.1-myc-APEX construct. C11orf98 microprotein coding sequence was obtained by PCR 

amplification of HEK293T cDNA pool. FLAG-MRI-APEX, C11orf98-APEX-myc and myc-APEX-

C11orf98 were amplified by overlap extension PCR and subcloned into pcDNA3.1(+) vector. 

NPM1 cDNA (BC050628) was obtained from MGC cDNA library at the Salk Institute, and 

subcloned into pcDNA3.1(+) vector with a C-terminal HA tag. 
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MIEF1 Microprotein Regulates Mitochondrial Translation 
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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 levels of MIEF1-MP increases the 

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

 

3.1 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  
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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 degradation 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, 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.30-31 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, 30, 32 Publicly available ribosome profiling data also confirmed the translation of 

the MIEF1 uORF in HEK293, HeLa, PC3, and THP1 cells.30, 33 MIEF1-MP is evolutionarily 

conserved in vertebrates and contains an LYR motif. The LYR motif is found in 11 mammalian 
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proteins and six of these interact with the mitochondrial respiration machinery.34-38 Others are 

involved in Fe-S Cluster Biogenesis (LYRM4),39 insulin signaling (LYRM1),40 complex I 

phylogenetic profile COPP (LYRM5),38 or have unknown functions.41 Previous work indicates that 

MIEF1-MP promotes mitochondrial fission using the LYR domain, as LYR mutants were 

inactive.30-31 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.42-45 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.46  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. 

 

3.2 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. MIEF 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 3.1A) and our proteomics data validated this result through 

detection of a tryptic peptide, “YTDRDFYFASIR”, from MIEF1-MP (Figure 3.1B). MIEF1-MP is a 

70-amino acid long microprotein (Figure 3.1B) that is conserved between humans and zebrafish 

(Figure 3.1C). Previous work indicated a role for MIEF1-MP in mitochondrial fission.30-31 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.  

MIEF1 and MIEF1-MP localize to the mitochondria,30-31 but 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. Transient expression 

of a C-terminal MIEF1-MP-FLAG resulted in mitochondrial localization (Figure 3.2A).30-31 

Mitochondria were isolated from MIEF1-MP-FLAG expressing 293T cells by differential 
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centrifugation.51 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 

(Figure 3.2B, lane 2), but leaves TIM50, an inner mitochondrial membrane maker and HSP60, a 

mitochondrial matrix marker, unperturbed. Pre-treatment of mitochondria with 2mM HEPES 

results in osmotic swelling and selective rupture of the outer mitochondrial membrane resulting in 

the degradation of TIM50 (Figure 3.2B, lane 4), and solubilizing mitochondria with Triton X-100 

is necessary to proteolyze HSP60 (Figure 3.2B, 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 domain41 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 3.3A). The human genome contains 11 LYR-containing proteins, 

and a 8 of these are mitochondrial proteins.41 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),40 muscular hypotonia (LYRM3),52 deficiency of 

multiple OXPHOS complexes (LYRM4),39 apoptosis in HIV-1 infection (LYRM6),53 

encephalopathy and lactic acidosis (LYRM7/MZM1L),35 infantile leukoencephalopathy 

(LYRM8/succinate dehydrogenase assembly factor (SDHAF) 1)37 and alcohol dependence 

(acetate non-utilizing protein (ACN) 9/SDHAF3).36 

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

ACPM/NDUFAB1 which is part of complex I, 34, 41, 54-55 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-
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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 3.3B). 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 3.3B).  

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.43-45 In this approach, the APEX fused protein of interest is expressed in cells, 

followed by treatment with hydrogen peroxide (H2O2) in 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 20nm 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. The proximity labeling experiments 

indicate that ACPM/NDUFAB1 interacts with the MIEF1-MP-APEX fusion protein but not 

MIEF1mut-MP-APEX (LYR and F are all mutated to alanines), consistent with the FLAG 

immunoprecipitation experiments (Figure 3.3C). Together the data confirm 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,56 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 3.4A) or lipid biosynthesis (Figure 3.4B) suggesting that MIEF1-MP: ACPM/NDUFAB1 

interaction is not functionally relevant. One problem might come from the fact that we observed 
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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 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),57 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),58 removes proteins that are repeatedly, and non-specifically enriched in protein-

interaction studies. Application of SAINT and CRAPome to the MIEF1-MP-APEX 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 STRING59 

(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 
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complexes that contained more than 3 proteins) and identified five MIEF1-MP bound protein 

clusters (Figure 3.5A, 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-wide, 

protein-protein interaction datasets. We decided to search the Bioplex protein interaction network 

database,60 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 293T 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.60 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 (Figure 3.6). Multiple mitoribosome proteins 
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had high spectral counts (Figure 3.5B) in MIEF1-MP-APEX experiment. Overall, the 

mitoribosome proteins were the only cluster with substantial evidence of MIEF1-MP 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 3.5C and Figure 3.7). Lastly, we analyzed additional mitoribosome proteins in the 

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

discovered eight additional mitoribosome proteins that enriched MIEF1-MP (Figure 3.5D and 

Figure 3.8). Also, we find that other mitochondrial proteins (COX4I1, Figure 3.5D) do not enrich 

MIEF1-MP demonstrating that MIEF1-MP selectively binds to mitoribosome. The data provide the 

first evidence that MIEF1-MP is a component of the mitoribosome.  

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 3.9). Although nuclear DNA encodes most 

mitochondrial proteins, several vital proteins are encoded by mitochondrial DNA (mtDNA) and 

synthesized by an independent mitochondrial translation system46. Mitochondrially encoded 

mRNA produce 13 subunits of respiratory complexes; NADH 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 3.10), 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.61-62  
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The newly synthesized mtDNA encoded proteins were quantified using the BioOrthogonal 

Non- Canonical Amino Acid Tagging (BONCAT) approach.63 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.63  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 are lysed, and click chemistry is 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 3.11A and Figure 3.12A). 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 3.11B 

and Figure 3.12B). 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 3.11C). These numbers compare favorably 

to other mitoribosome components such as MRPL14 and DAP3 that modulate nascent 

mitochondrial translation by ~40-50%.61-62 MIEF1-MP is a biologically active component of 

mitochondrial translation pathway through its interaction with the mitoribosome.   
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3.3 Conclusion 

Here, we further characterize a 70-amino acid microprotein encoded upstream of MIEF1 

gene, MIEF1-MP. 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). 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.  

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.64 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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3.4 Figures  

 
 
Figure 3.1. 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 3.2. MIEF1-MP is a mitochondrial matrix microprotein. (A) MIEF1-MP-FLAG colocalizes 
with the mitochondrial marker TOM20 in Hela cells verifying its mitochondrial localization (DAPI 
(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 3.3. MIEF1-MP contains an LYR motif and interacts with ACPM/ NDUFAB1. (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 
demonstrates ACPM/NDUFAB1 enrichment in living cells. 
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Figure 3.4. Effect of MIEF1-MP on ACPM/NDUFAB1-related cellular functions. (A) Mitochondrial 
Complex 1 Activity measured (in mOD/min using abcam 109721 assay kit) for HEK293T cells 
overexpressing or knocking down MIEF1-MP, Bovine heart mitochondrial extract was used as a 
positive control. (B) Fold change in steady-state lipid levels in HEK293T cells after overexpression 
or knockdown of MIEF1-MP (all indicated lipid families show fold change with significant p-value 
< 0.05 using t-test). 
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Figure 3.5. MIEF1-MP interacts with the mitoribosome. (A) The interaction network of the proteins 
enriched in the MIEF1-MP-APEX 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 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 3.6. Spectral counts of MIEF1-MP for different baits in the Bioplex database (colors 
correspond to clusters in Figure 4A). 
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Figure 3.7. Constructs and controls used for the MIEF1-MP-APEX experiment in Figure 4C. (A) 
Schematic Illustration of APEX Control and MIEF1-MP-APEX constructs. Total lysates and the 
biotinylated proteomes (enriched by streptavidin beads) of the APEX and MIEF-APEX transfected 
HEK293T cells were analyzed for biotinylation (by western blotting using anti-biotin antibody) and 
loading control (using silver staining) with (B) low exposure and (C) high exposure. 
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Figure 3.8. Identification of additional MIEF1 MP- mitoribosome protein interactors. The table 
indicates the number of MIEF1-MP spectral counts identified in the raw Affinity Purification- Mass 
Spectrometry (AP- MS) data for all the mitoribosome proteins available in the Bioplex database, 
allowing identification of new mitoribosome interactors highlighted in blue in addition to the 
mitoribosome interactors identified by MIEF1-MP-APEX PD and proteomic analysis in grey. 
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Figure 3.9. Gene Ontology analysis of the MIEF1-MP STRING interaction network (Figure 4A). 
The interaction with the mitoribosome suggested a role of MIEF1 microprotein in regulating 
mitochondrial translation. Proteins highlighted in red have biological functions related to 
mitochondrial translation. 
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Figure 3.10. Effect of MIEF1-MP on the mtDNA encoded protein steady state levels. The mtDNA 
encoded total protein levels were quantified using TMT labeling and proteomic analysis with 
MIEF1 microprotein overexpression in HEK293T cells. Fold change of protein levels in MIEF1-
MP expressing cells compared to the vector control is shown along y axis. (*, p-value< 0.05 using 
t-test). 
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Figure 3.11. 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 
increases 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 3.12. Controls for BONCAT method measuring mitochondrial translation rate in Figure 5. 
(A) Western Blot using Anti-FLAG antibody to confirm FLAG tagged MIEF1 microprotein 
overexpression in the FLAG Immunoprecipitated eluent normalized with total cell lysate. Anti- β 
actin antibody was used as a loading control. (B) RT-qPCR using primers targeted to the MIEF1 
microprotein sequence to confirm the knockdown of the MIEF1 mRNA transcript with siRNA 
treatment. (*, p-value <0.05 using t-test). 
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3.5 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) 

containing pcDNA3.1 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 h at room temperature, cells were stained with primary antibodies (mouse anti-FLAG 

and rabbit 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, 1:500 in PBS) for 1 h 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 (225mM Mannitol 75mM Sucrose 50mM Na+ HEPES pH 

7.4 supplemented with Roche complete protease inhibitor cocktail tablet), dounce homogenized, 

and spun to isolate different cellular fractions51. The isolated mitochondrial pellet was washed 

three times and then suspended in isolation buffer, 2mM 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 
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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 

(Thermo catalog no. 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 catalog no. A0919) and rotated at 4 °C for 1 hour. The supernatants were 

collected and added to prewashed anti-FLAG M2 Affinity Gel (Sigma, catalog no. 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, catalog no. 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.44-45 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 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 
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agarose resin (Thermo catalog no. 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 catalog no. 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, Thermo catalog no. 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 ug per well) for 24 hours or 

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

negative siRNA. The pulse labeling of mitochondrial translation products in the over-expressing 

and siRNA-treated 293T cells was then performed as per a reported protocol with modifications63. 

Specifically, cells at 80% confluence were incubated with 100 μM AHA in HBS buffer containing 

100 μg/ml of cytosolic translation inhibitor emetine for 3 h. 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 P/N 929-60002) for 3 h 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.  

Measuring Mitochondrial Complex 1 Activity 
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HeLa cells transfected with MIEF1-MP-FLAG construct (with pcDNA control) and MIEF1 

siRNA (with siRNA control) were tested for the mitochondrial OXPHOS Complex I enzyme activity 

using the ab109721 assay kit. Protein extracts from the samples were loaded to the microplate 

wells which were pre-coated with Complex 1 capture antibodies and incubated for 3 hours at room 

temperature. After the immobilization of the target in the wells, they were washed and assay 

solution containing NADH and Dye was added. Complex I activity was measured by the oxidation 

of NADH to NAD+ and the simultaneous reduction of a dye which led to increased absorbance at 

OD=450 nm. Bovine heart mitochondrial extract (ab110338) was used as a positive control. 

Lipidomics Analysis 

HeLa cells were transfected with MIEF1-MP-FLAG construct (with pcDNA control) and 

MIEF1 siRNA (with siRNA control) in triplicates and grown in DMEM media with delipidated fetal 

bovine serum (Cocalico Biologicals Cat. No. 55-0115). The cell pellet was then lysed in MeOH: 

PBS: CHCl3 (1:1:2) with d7 cholesterol and PA as internal standards. The samples were then 

homogenized followed by centrifugation at 2400g, 5 mins, 4ºC to collect the bottom layer 

containing lipids for proteomics analysis. LC-MS/MS analyses were carried out on a Vanquish 

UHPLC system interfaced to a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA). Lipids were separated using a Bio-Bond 5U C4 column (Dikma). A 70 min gradient 

was used as follows: 0% B hold 5 min, 0-20% B in 0.1 min, 20-100% B in 50 min, hold 8 min, 100-

0% B in 0.1 min, then hold 7 min. Solvent A consisted of 95:5 water: methanol, and solvent B was 

60:35:5 isopropanol: methanol: water. 0.1% formic acid and 5 mM ammonium formate were 

added for positive ionization mode and 0.03% ammonium hydroxide was added for negative 

ionization mode. MS/MS spectra were acquired in the data dependent mode with one full MS 

scan (resolution, 70K; AGC target, 1e6; mass range, 200-1500) followed by 5 MS2 scans 

(resolution, 17.5K; AGC target, 1e5; stepped normalized collision energy of 20, 30, 40). Lipids 

were identified using Lipid Search65. Precursor tolerance and product tolerance were set to 5 ppm 
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and 10 ppm respectively. M-score threshold was set to 3. Quantification was performed using an 

in-house software. 

Measuring Steady State Protein Levels using TMT Labeling 

The crude mitochondrial fraction was isolated from HEK 293T cells transfected with the 

MIEF1-MP- FLAG construct and pcDNA control in triplicates, according to a reported protocol51. 

The mitochondrial pellet was resuspended in RIPA Buffer and sonicated followed by protein 

concentration normalization.  The equivalent of 100ug of each sample was precipitated using 

Methanol- Chloroform. Dried pellets were dissolved in 8 M urea, reduced with 5 mM tris (2-

carboxyethyl) phosphine hydrochloride (TCEP), and alkylated with 50 mM chloroacetamide. 

Proteins were then trypsin digested overnight at 37 °C. The digested peptides were labeled with 

TMT 6plex (Lot RH239931) and fractionated by basic reverse phase (Thermo 84868). The TMT 

labeled samples were analyzed on a Fusion Lumos mass spectrometer (Thermo). Samples were 

injected directly onto a 25 cm, 100 μm ID column packed with BEH 1.7 μm C18 resin (Waters). 

Samples were separated at a flow rate of 300 nL/min on a nLC 1200 (Thermo). Buffer A and B 

were 0.1% formic acid in water and 90% acetonitrile, respectively. A gradient of 1–25% B over 

120 min, an increase to 40% B over 80 min, an increase to 100% B over another 30 min and held 

at 90% B for a final 10 min of washing was used for 240 min total run time. Column was re-

equilibrated with 20 μL of buffer A prior to the injection of sample. Peptides were eluted directly 

from the tip of the column and nanosprayed directly into the mass spectrometer by application of 

2.8 kV voltage at the back of the column. The Lumos was operated in a data dependent mode. 

Full MS1 scans were collected in the Orbitrap at 120k resolution. The cycle time was set to 3 s, 

and within this 3 s the most abundant ions per scan were selected for CID MS/MS in the ion trap. 

MS3 analysis with multinotch isolation (SPS3) was utilized for detection of TMT reporter ions at 

60k resolution. Monoisotopic precursor selection was enabled, and dynamic exclusion was used 

with exclusion duration of 10 seconds. 
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Protein and peptide identification was done with Integrated Proteomics Pipeline – IP2 

(Integrated Proteomics Applications). Tandem mass spectra were extracted from raw files using 

RawConverter66 and searched with ProLuCID67 against human UniProt database appended with 

MIEF1-MP. The search space included all fully-tryptic and half-tryptic peptide candidates. 

Carbamidomethylation on cysteine and TMT labels on N-terminus and lysine were considered as 

static modifications. Data was searched with 50 ppm precursor ion tolerance and 600 ppm 

fragment ion tolerance. Identified proteins were filtered to using DTASelect68 and utilizing a target-

decoy database search strategy to control the false discovery rate to 1% at the protein level69. 

Mass Spectrometry and Data Analysis 

For proteomics analysis, the 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, Thermo #20491), and alkylated with 10 mM iodoacetamide (Sigma I1149). Proteins were 

then trypsin (Promega V5111) digested overnight at 37 °C. 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 Samples were injected directly onto a 25cm, 

100um ID column packed with BEH 1.7um C18 resin (Waters). Samples were separated at a flow 

rate of 300nl/min on an nLC 1000 (Thermo). Buffer A and B were 0.1% formic acid in water and 

0.1% formic acid in 90% acetonitrile, respectively. A gradient of 1-30%B over 110min, an increase 

to 40%B over 10min, an increase to 90%B over another 10min and held at 90%B for 10min was 

used for 140min total run time. Column was re-equilibrated with 20ul of buffer A prior to the 

injection of sample. Peptides were eluted directly from the tip of the column and nanosprayed 

directly into the mass spectrometer by application of 2.5kV voltage at the back of the column. The 

Q Exactive was operated in a data dependent mode.  Full MS1 scans were collected in the 

Orbitrap at 70K resolution with a mass range of 400 to 1800 m/z. The 10 most abundant ions per 
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cycle were selected for MS/MS and dynamic exclusion was used with exclusion duration of 15 

seconds. 

Protein and peptide identification were done with Integrated Proteomics Pipeline – IP2 

(Integrated Proteomics Applications). Tandem mass spectra were extracted from raw files using 

RawConverter66 and searched with ProLuCID67 against human UnitProt database appended with 

MIEF1-MP. The search space included all fully-tryptic and half-tryptic peptide candidates. 

Carbamidomethylation on cysteine was considered as a static modification. Data was searched 

with 50 ppm precursor ion tolerance and 600 ppm fragment ion tolerance. Identified proteins were 

filtered to using DTASelect68 and utilizing a target-decoy database search strategy to control the 

false discovery rate to 1% at the protein level69.  

Antibodies   

Primary antibodies: mouse anti-FLAG (F1804, Sigma), rabbit anti-TOM20 (sc-11415, 

Santa Cruz Biotechnology), goat anti-TIMM50 (ab23938, Abcam), rabbit anti-HSP60 (ab46798, 

Abcam), rabbit anti-myc tag (#2272, Cell Signaling Technology), rabbit anti-MRPS27 (#17280-1-

AP, Proteintech), rabbit anti-MRPL4 (HPA051261, Atlas Antibodies), rabbit anti-biotin (D5A7) 

(#5597S, Cell Signaling Technology). 

Secondary antibodies: goat anti-rabbit IRDye® 800CW (926-32211, LI-COR), goat anti-

mouse IRDye® 800CW (926-32210, LI-COR), donkey anti-goat IRDye® 800CW (926-32214, LI-

COR), Goat anti-mouse Alexa Fluor 488 (A11001, Life Technologies), Goat anti-rabbit Alexa Fluor 

546 (A11010, Life Technologies).  

Plasmids   

pcDNA3-APEX-NES was a gift from Alice Ting (Addgene plasmid #49386). pcDNA3-

FLAG-APEX was generated by inserting a stop codon before NES sequence using QuikChange 

II kit (Agilent Technologies). APEX coding sequence was subcloned into pcDNA3.1(+) vector with 

an N-terminal myc-tag to generate pcDNA3.1-myc-APEX construct. MIEF microprotein coding 

sequence was obtained by PCR amplification of HEK293T cDNA pool. MIEF-APEX-myc was 
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amplified by overlap extension PCR and subcloned into pcDNA3.1(+) vector. The conserved L-

Y-R (leucine/tyrosine/arginine) and downstream F (phenylalanine) residues in the Wild Type MIEF 

sequence were mutant to A (alanine) using the Q5 Site-Directed Mutagenesis Kit (Biolabs 

E0552S) making the Mutant MIEF- APEX- myc construct in pcDNA3.1(+) vector. 
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Abstract 

Discovery of small open reading frames (smORFs), that were missed by previous 

annotation efforts, is now possible due to advanced computational and experimental methods. 

Most of newly discovered smORFs are found upstream of longer open reading frames, and this 

class of upstream smORFs are called uORFs. Recent studies underscore the importance of 

uORFs in regulating translation of downstream ORFs or in the production of functional 

microproteins. Here, we report novel uORF that overlaps with the Steroidogenic Acute Regulatory 

(StAR) gene, a key regulator of steroid production pathway. The StAR-uORF encodes a stable 

109 amino acid long StAR microprotein (StAR-MP) which is detected in human cells lines and 

tissues using proteomics and biochemical methods. Expression studies at transcript and peptide 

level show tissue-specific expression of the StAR-MP at sites of steroidogenesis (ovaries, testes, 

adrenal glands). We could not detect any protein binding partners for StAR-MP, but did observe 

that the StAR-uORF represses the translation of downstream StAR ORF (dORF), suggesting that 

StAR smORF exists as a new regulator of StAR translation.  

 

4.1 Introduction 

Recent technological advances led to the discovery of hundreds to thousands of protein-

coding small open reading frames (smORFs),1-9 that were missed by gene-finding algorithms due 

to length cutoffs.10 Most of the detected smORFs are found 5’-untranslated region (UTR) of 

mRNAs that contain an open reading frame (ORF). These upstream smORFs, referred to as 

uORFs, are often translated,11-15 but the microproteins are rarely considered. Instead, uORFs are 

thought to function as post-transcriptional regulators of mRNA translation and their presence in 

the 5’-UTR has been shown to reduce translation of the downstream ORF.16 In some cases, 

ribosomes can bypass uORF and proceed with the translation of the downstream ORF; however, 

in most cases the uORF regulates translation of the downstream ORF by: (1) modulating 

translational reinitiation at the downstream ORF, (2) impeding translation due to ribosome stalling, 
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(3) dissociating the ribosome after uORF translation, (4) overlapping with the downstream ORF 

such that translation of the uORF bypasses the start codon of the downstream ORF, or (5) 

promoting nonsense-mediated decay due to the additional stop codon.16-19  

uORFs have been shown to play an important role in stress response as proteins actively 

translating under stress conditions are often produced from mRNA containing uORF(s). The 

uORFs repress translation under normal conditions, however upon stress they enable the 

translation of main coding sequence. One of the earliest examples highlighting the regulatory role 

of uORFs at translational level under stress conditions is the transcriptional activator GCN4 in 

yeast and its homolog ATF4 in vertebrates. The GCN4 mRNA contains four short uORFs 

encoding di- or tri-peptides20 and the mammalian ATF4 mRNA contains two uORFs; one 3 codon 

in length in the 5’ end and other 59 codons in length overlapping out-of-frame with the ATF4 main 

coding sequence (CDS).21-22 Under normal conditions, the ribosomes bound to the mRNA scan 

until they recognize and translate uORF1 and uORF2 of GCN4 and remain attached to allow for 

reinitiation at downstream AUG.23 However, translation of uORF3 and uORF4 favor release of 

ribosome and preventing it from reaching the GCN4 AUG start codon,23-24 thus, repressing the 

GCN4 translation. Similarly, the ribosome subunit continues scanning after uORF1 translation of 

ATF4 to reinitiate translation of uORF2. The translation initiation of uORF2 overlapping the CDS 

results in translation termination downstream of the ATF4 CDS start site, thus, reducing ATF4 

translation.21-22 However, during cellular stress due to the limited cellular availability of the ternary 

complex (TC) the reinitiation at uORFs subsequent to uORF1 is skipped.21, 25-26 Thus, uORF1 

positively regulate GCN4 and ATF4 protein expression by evading the other inhibitory uORFs. 

Thus, the uORFs regulate downstream ORF translation under stress conditions.11-12, 19, 22 

Increased protein synthesis of GCN4/ ATF4 transcriptionally enhances the target genes to help 

the cell respond to the stress condition. Hence, uORFs represent a class of prevalent translational 

repressors of the downstream ORF (dORF) genome-wide, a feature well conserved across 

species.14, 27-28  



 117 

The uORF prevalence initially relied upon the use of AUG start codons, however recent 

ribosome profiling data indicates that non-canonical initiation codons can also be used as 

competent translation initiation sites.29-31 Recently, uORF encoded peptides have also been 

detected in several studies.9, 13, 15, 32-33 In some cases the regulation of the dORF via uORF is 

dependent on the uORF peptide sequence,15, 34 while in some other it is not.16  Also, most studied 

examples of uORFs highlight their role as cis- acting modulators of translation,33 however, it 

remains unclear whether uORFs can produce trans-acting functional peptides. An example of 

uORF encoded peptide functional in a process other than translational regulation is the 70 amino 

acid long MIEF1 microprotein (MIEF1-MP) translating from a smORF upstream of Mitochondrial 

Elongation Factor 1 (MIEF1) gene. The mitochondrial MIEF1-MP regulates mitochondrial fission 

process through Drp1 pathway, similar to the MIEF1 protein function.35 Overall, it highlights the 

prevalence of functional uORFs regulating translation of downstream coding sequences or 

producing functional peptides.   

Here, we report the discovery of a smORF present upstream and partially overlapping out-

of-frame with the Steroidogenic Acute Regulatory (StAR) gene. A 109 amino acid long StAR 

microprotein (StAR-MP) translates from the smORF and is a stable part of the proteome. 

Expression studies at transcript and peptide level show highly tissue-specific expression across 

human cells lines and tissues. We adopt a biochemical approach to identify StAR-MP protein 

interactors to see if the MP is functional as a part of a bigger protein complex in cellular context. 

Lack of microprotein-protein interactions suggests that StAR smORF might be involved in 

translation regulation of StAR protein. Genetic analysis of the smORF start codons showed 

changing translational levels for both the smORF and downstream ORF (dORF), pointing towards 

an additional mode of StAR protein regulation. 

 

4.2 Results and Discussion 

Discovery of StAR smORF-encoded microprotein 
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Steroidogenic Acute Regulatory protein, commonly referred to as StAR (STARD1), is a 

transport protein that catalyzes the movement of cholesterol from the outer mitochondrial 

membrane to the inner membrane, the rate limiting step in the steroid hormone production. 

Cholesterol is the substrate of all steroid hormones. At the inner membrane, cholesterol is cleaved 

by the enzymatic activity of cytochrome P450 to produce the first steroid, pregnenolone. In this 

process, StAR protein is imported into the mitochondria and processed to smaller forms.36-37 

Recently, we discovered a protein-coding smORF in the 5’UTR region of the StAR gene 

through our proteogenomic discovery workflow in K562 human bone marrow cells.38 Briefly, the 

K562 cells were boiled in water for extraction, enriched by acid precipitation method and analyzed 

through shotgun mass spectrometry. The detected peptides were then searched against a 3-

frame translated custom RNA-Seq database to identify novel smORFs encoding peptides.  

The StAR smORF is present upstream and partially overlaps out-of-frame with the 

downstream StAR ORF (Figure 4.1A). Interestingly, the smORF starts with three consecutive 

AUG start codons and the stop codon is downstream of StAR CDS start site. The StAR smORF 

encodes a 109 amino acid long StAR microprotein (StAR-MP) and the translation was validated 

through detection of a tryptic peptide, 

“KDEEPPLREEAAAAAAAAAAATPPLPHLPGNNAASDIQAVR”, from StAR-MP in our proteomics 

data (Figure 4.1B). To confirm that the detected peptide translated from the StAR smORF, we 

cloned and expressed a flag tagged version of StAR-MP in HEK293T cells and detected the 

originally identified peptide along with multiple others from the microprotein (data not shown). The 

StAR smORF and the encoded microprotein is not annotated in the databases, thus, here we 

report the presence of StAR smORF and microprotein for the first time and sought to understand 

their cellular function. 

Expression Studies of the StAR smORF-encoded microprotein 

The StAR protein is a key player in the steroidogenesis pathway and is expressed primarily 

in the steroid- producing cells in the ovary, testis and adrenal glands. Here we wanted to test the 
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expression of the StAR smORF and the encoded microprotein across multiple human cell lines 

and tissues.  

 The expression of StAR smORF at the mRNA transcript level was measured using the 

publicly available RNA-seq datasets from 34 human cell lines and tissues in the Human BodyMap 

2.0. The genomic coordinates for the StAR smORF were used to count piled reads representative 

of the smORF expression. The analysis suggested strong tissue specific expression of the StAR 

smORF transcript in steroidogenesis sites including adrenal glands, placenta and ovaries, while 

no expression was observed in the HEK293T cells (red indicates high expression and green 

indicates low expression) (Figure 4.2A). The quantitative expression data for the StAR smORF 

as well as the StAR CDS in human cell lines (K562 and HEK293T) and tissues (adrenal glands, 

ovary and placenta) showed correlation (Figure 4.2B). 

 To confirm the smORF translation the encoded peptide was detected and quantified 

across human cell lines and tissues using the radioimmunoassay (RIA) method. HEK293 cells 

expressing pcDNA vector or FLAG tagged StAR-MP were used as negative and positive controls 

respectively for detection of StAR-MP in K562 (bone marrow) and H295R (adrenal) cells (Figure 

4.3A). Purified human ovarian and adrenal tissues also detected the StAR-MP (Figure 4.3B and 

C), thus, confirming the existence and authenticity of the StAR-MP in human tissues and ruling 

out the possibility of it being a cell line artifact. 

Characterization of StAR-MP by Identification of Protein Interactors 

 As we detected peptide from the StAR microprotein by proteomic analysis, we hypothesize 

that the StAR microprotein may be functional as a peptide. Multiple examples of functional 

microproteins in the field rely on microprotein-protein interactions (MPIs) to play essential cellular 

roles. Using the biochemical approach, we wanted to assess if StAR-MP interacts with other 

proteins in a complex and use the information to develop hypothesis for the StAR-MP function.  

 We carried out an immunoprecipitation (IP) of H295R adrenal cell lysates overexpressing 

C- terminal or N-terminal FLAG tagged StAR-MP or an empty pcDNA vector (mock) using an anti-
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FLAG antibody and then analyzed the immunoprecipitates by proteomics. None of the proteins 

(except for some housekeeping proteins) enriched in the FLAG tagged microprotein expressing 

samples over the mock sample (with fold change >=2 and p-value<0.05), suggesting that the 

StAR microprotein is likely not functional as a peptide. 

Role of upstream StAR smORF in regulating downstream ORF translation 

 Several uORFs are involved in post-transcriptional regulation of the dORF through a 

variety of mechanisms. Presence of uORFs is crucial in upregulating multiple stress responsive 

genes under stress conditions by evading global translational repression. We hypothesize a 

similar role for StAR smORF in regulating the expression of the downstream StAR ORF.  

 Sequence analysis of the StAR promoter region in human through mouse, indicates the 

conservation of at least two of the three ATG start sites for the StAR smORF between the GATA4 

and SF-1 binding sites. However, at the mRNA transcript level (based on the annotated transcripts 

in Ref-Seq), only human mRNA contains the smORF upstream of StAR CDS whereas, mouse 

and rat lose the smORF start site upstream in a possible splicing event. These results might 

suggest towards a new mode of regulation in higher organisms like humans that are not present 

in other species such as mouse and rat. However, it is also possible that the Ref-Seq contains 

incomplete or incorrect annotations.  

 Currently, only one human StAR mRNA transcript is annotated which contains the smORF 

partially overlapping out-of-frame with the downstream StAR ORF. We would expect as the 

ribosome machinery scans the transcript, it will recognize the 3 AUG start sites of the smORF 

and begin translation, resulting the repression or loss of StAR ORF translation. To test this, we 

cloned StAR transcript into pcDNA vector from the smORF start site to StAR ORF stop site. FLAG 

tagged is inserted after the 3 smORF start sites and MYC tag is inserted before the StAR ORF 

stop site, resulting in a N-terminal FLAG-tagged StAR-MP and a C-terminal MYC-tagged StAR 

protein on translation in the overexpressing cells (Figure 4.4). We used 293T cells as they do not 

have any endogenous StAR-MP or StAR protein levels, suggested by our expression studies. 
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Measuring the FLAG-tagged and MYC-tagged protein levels through western blot, robust 

expression of the StAR-MP, however, low expression of the StAR protein was observed, as 

expected (Figure 4.5A and B). We then created mutations in all 3 ATG start sites (No ATG) or 2 

ATG start sites leaving only one active (ATG1, ATG2, ATG3) for the smORF and measured the 

translation (Figure 4.4). ‘No ATG’ construct where all the smORF start sites were mutated to ACG 

resulted in negligible translation of the uORF but high translation of the dORF. In case of at least 

1 active ATG start site of the smORF, robust expression FLAG-tagged StAR-MP was observed 

and some leaky expression of the MYC-tagged StAR protein from the dORF (Figure 4.5A and 

B). These results highlight the possibility of either splice-forms of human StAR transcripts that 

lack the uORF or an intricate mode of uORF mediated regulation or both to allow translation of 

functional StAR protein from dORF. 

  

4.3 Conclusion and Future Directions 

 Here, we report the discovery of StAR smORF and the encoded microprotein through our 

proteogenomic workflow, for the first time. Our results elucidate that the smORF translates to 

produce a stable microprotein that can be detected by proteomics and biochemical assays in 

human cell lines and tissues. Expression studies across human cells lines and tissues show a 

highly specific and strongly correlated smORF expression with the downstream CDS expression. 

IP and proteomics analysis confirmed that the encoded microprotein did not partake in MPI to be 

functional in cellular context. Similar to other uORFs regulating the translation of dORFs under 

stress conditions, it is likely that the StAR smORF might also regulate the translation of StAR 

protein. Mutations in the start codons of the smORF showed translational change for both the 

smORF and dORF, suggesting a new mode StAR protein regulation that needs further 

investigation. 

 Several questions about the molecular mechanism of action and regulation still need to 

be addressed. Such as, is this regulation transcriptional or post-transcriptional? If its 
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transcriptional, are there multiple StAR transcripts? If post-transcriptional, is the StAR mRNA 

regulated by the uORF presence under certain stress conditions? Do mouse/ rat StAR transcripts 

contain a StAR smORF and encoded peptide?  

 Studies have underscored the role StAR protein plays in steroidogenesis and its 

expression regulation by a host of transcription factors and/ or co-regulators. However, the 

process of StAR regulation continues to remain elusive.37 It is critical to understand the factors 

regulating the StAR gene in tissue-specific and temporal- specific manner. Future efforts 

highlighting the regulatory effect of the upstream smORF on the StAR protein expression can 

provide more insights into StAR function. 
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4.4 Figures 

 

Figure 4.1 Discovery of the StAR smORF-encoded microprotein. (A) StAR microprotein encoded 
by a smORF upstream and partially overlapping out-of-frame with the StAR coding sequence (B) 
A tryptic peptide from the StAR microprotein detected by shotgun mass spectrometry in K562 cell 
line validates that StAR-MP is a stable member of the proteome. 
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Figure 4.2 Tissue-specific expression of StAR smORF transcript. (A) Heat map depicts StAR 
smORF expression across 34 human cell lines and tissues using the Human Body Map 2.0 RNA-
Seq dataset (B) Quantitative expression data of the StAR smORF and CDS at transcript level in 
human cell lines and tissues. 
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Figure 4.3 Identification and quantitation of the StAR-MP in human cell lines and tissues. StAR-
MP detected in (A) human K562 bone marrow and H295R adrenal cells (B) human ovarian tissues 
(n=7) and (C) human adrenal tissues (n=6) using radioimmunoassay confirms the existence and 
authenticity of StAR-MP in purified human tissues. 
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Figure 4.4 Schematic illustration of the StAR constructs used in Figure 4.5. The endogenous 
‘StAR’ construct is cloned and the 3 smORF start sites were mutated. While ‘No ATG’ construct 
had all ATG start sites mutated to ‘ACG’, ATG1, ATG2 and ATG3 contained one intact ATG (as 
numbered) and other 2 mutated to ‘ACG’. FLAG tag was inserted after the smORF start site and 
MYC tag before the CDS stop site resulting in labeled translation products.  
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Figure 4.5 Upstream StAR smORF regulates downstream ORF translation. (A) Western blot 
measuring the translation of smORF and the downstream CDS. The StAR-MP and StAR protein 
levels were detected using the FLAG and MYC antibodies, respectively. (B) Quantitative analysis 
of the StAR-MP and StAR protein levels normalized to β actin levels, measured in Figure 4.5A. 
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4.5 Materials and Methods 

Cell Culture 

K562 cells were maintained, extracted and enriched for microprotein discovery by 

proteogenomic workflow as described previously.38 HEK293T cells were cultured using DMEM 

with 10% fetal bovine serum (FBS). H295R cells were cultured in DMEM/F12 with 1% ITS+Premix 

(BD Bioscience #354352) and 2.5% NuSerum (BD Bioscience #355100). Cells were grown under 

an atmosphere of 5% CO2 at 37 °C until confluent. 

Production of human StAR microprotein antiserum  

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of the Salk Institute and were conducted in accordance with the PHS Policy on Humane Care and 

Use of Laboratory Animals (PHS Policy, 2015), the U.S. Government Principles for Utilization and 

Care of Vertebrate Animals Used in Testing, Research and Training, the NRC Guide for Care and 

Use of Laboratory Animals (8th edition) and the USDA Animal Welfare Act and Regulations. 

Animal care and antigen injection and sera harvesting were performed as detailed previously.39  

For production of antiserum against human StAR microprotein, three 10 to 12-week old, 

female New Zealand white rabbits, weighing 3.0 to 3.2 kg at beginning of the study and procured 

from Irish Farms (I.F.P.S. Inc., Norco, California, USA), were used. Rabbits were injected with a 

peptide fragment encoding mouse Cys 38 human StAR (4-38) coupled to keyhole limpet 

hemocyanin (KLH) via maleimide per manufacturer’s instructions (ThermoFisher, Waltham MA). 

The peptide, HSLQRGTFKTQNTRSRLQLRDSEAKLEGLRKDEEC, was synthesized, HPLC 

purified to >98%, and sequence verified by RS Synthesis (Louisville, KY). Each bleed from each 

rabbit was tested at multiple doses for the ability to recognize the synthetic peptide antigen; bleeds 

with highest titers were further analyzed by western immunoblot for the ability to recognize the 

recombinantly expressed full-length StAR microprotein and for the ability to detect endogenous 

StAR microprotein in tissue extracts by radioimmunoassay. The StAR antiserum obtained from 

the rabbit (code PBL #7396, 5/05/96 bleed) with the best characteristics of titer against the 
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synthetic peptide antigen and ability to recognize the endogenous protein was used for all 

experiments. 

Human StAR microprotein RadioImmunoAssay (RIA) 

The peptide analog (Tyr38) human StAR (4-38), 

HSLQRGTFKTQNTRSRLQLRDSEAKLEGLRKDEEY, was synthesized, HPLC purified to >98%, 

and sequence verified by RS Synthesis (Louisville, KY). The peptide was radiolabeled with 125I 

using chloramine T and purified using a diphenyl HPLC column with a 0.1% trifluoroacetic acid-

acetonitrile solvent system for use as a tracer in the RIA. The procedure for the StAR microprotein 

RIA was similar to that described in detail for inhibin subunits.40 Briefly, rabbit PBL ##7396, 

5/05/96 bleed, serum was used at 1/60,000 final dilution and synthetic (Tyr38) human StAR(4-38) 

was used as a standard. Human tissues, obtained from the Cooperative Human Tissue Network, 

were extracted in 1 N acetic acid/0.1 N HCl, centrifuged, and supernatant purified using C8 silica 

cartridges as described.38 Cells in culture, endogenously expressing StAR microprotein or 

transfected with StAR DNA constructs, were extracted and purified as described.38 Lyophilized 

tissue or cell extracts were reconstituted in RIA assay buffer, pH checked and adjusted if 

necessary, and three to seven dose levels were tested. Free tracer was separated from tracer 

bound to antibody with the addition of sheep anti-rabbit g-globulins and 10% (wt/vol) polyethylene 

glycol. The minimum detectable dose and ED50 for (Tyr38) human StAR(4-38) peptide ranged from 

1-2 and 15-20 pg/tube, respectively.  Results were calculated using a logit/log RIA data 

processing program of Faden, Hutson, Munson, and Rodbard (NICHD, NIH). 

Co-Immunoprecipitation 

FLAG-tagged (N- or C-terminal) StAR microprotein constructs or the empty pcDNA3.1 (+) 

vector were transfected into a 10-cm dish of H295R cells using Lipofectamine LTX according to 

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

in IP lysis buffer (Thermo catalog no. 87787) supplemented with a Roche complete protease 

inhibitor cocktail tablet and 1 mM PMSF. Cells were lysed on ice for 10 min followed by 
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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 catalog no. A0919) and rotated at 4 °C for 1 hour. 

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

catalog no. 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, catalog no. F4799) at 4 °C 

for 1 hour.  

Proteomic Analysis of Co-Immunoprecipitation  

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

Biomedicals catalog no. 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, Thermo catalog no. 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. 

Mass Spectrometry and Data Analysis 

Samples were injected directly onto a 25cm, 100um ID column packed with BEH 1.7um 

C18 resin (Waters). Samples were separated at a flow rate of 300nl/min on an nLC 1000 

(Thermo). Buffer A and B were 0.1% formic acid in water and 0.1% formic acid in 90% acetonitrile, 

respectively. A gradient of 1-30%B over 110min, an increase to 40%B over 10min, an increase 

to 90%B over another 10min and held at 90%B for 10min was used for 140min total run time. 

Column was re-equilibrated with 20ul of buffer A prior to the injection of sample. Peptides were 

eluted directly from the tip of the column and nanosprayed directly into the mass spectrometer by 

application of 2.5kV voltage at the back of the column. The Q Exactive was operated in a data 

dependent mode.  Full MS1 scans were collected in the Orbitrap at 70K resolution with a mass 

range of 400 to 1800 m/z. The 10 most abundant ions per cycle were selected for MS/MS and 

dynamic exclusion was used with exclusion duration of 15 seconds. 
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Protein and peptide identification were done with Integrated Proteomics Pipeline  

Tandem mass spectra were extracted from raw files using RawConverter3 and searched 

with ProLuCID4 against human UnitProt database appended with StAR-MP. The search space 

included all fully-tryptic and half-tryptic peptide candidates. Carbamidomethylation on cysteine 

was considered as a static modification. Data was searched with 50 ppm precursor ion tolerance 

and 600 ppm fragment ion tolerance. Identified proteins were filtered to using DTASelect5 and 

utilizing a target-decoy database search strategy to control the false discovery rate to 1% at the 

protein level6. 

Western Blot analysis  

 HEK293T cells were transfected with StAR constructs using Lipofectamine 2000, 

according to manufacturer’s protocol. The next day the cells were harvested and lysed using the 

IP lysis buffer, sonicated and centrifuged. 4x SDS loading was added to cell lysates and separated 

by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS–PAGE) and analyzed by 

Western blotting using the indicated antibodies. Primary antibodies used: mouse anti-FLAG 

(F1804, Sigma), rabbit anti-myc tag (#2272, Cell Signaling Technology) and rabbit anti-β actin 

(926-42210, LICOR). Secondary antibodies used: goat anti-rabbit IRDye® 800CW (926-32211, 

LI-COR) and goat anti-mouse IRDye® 800CW (926-32210, LI-COR). Visualized and image 

quantified using the LICOR Odyssey CLx. 
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