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Summary 

The human proteome is expected to contain many microproteins translated from presumed 

noncoding regions of the transcriptome, such as long noncoding RNAs (lncRNAs) and 

untranslated regions (UTRs) of canonical mRNAs. They had remained undetected due to their 

small size (< 100 amino acids), and their physiological roles are still largely unknown. Recently, 

the active translation of hundreds of previously unknown microproteins encoded by lncRNAs 

and UTRs was detected using ribosome profiling on tissues of 80 human hearts. This 

dissertation aims to investigate these novel microproteins and validate their translation by 

independent methods. Particularly, elucidating their conservation signature, subcellular 

localization, and protein interactome shall aid in deciphering their potential biological role. 

Conservation analysis across 120 mammalian species revealed that almost 90% of 

microproteins show limited sequence conservation and are restricted to primate species. I next 

confirmed microprotein production in vitro (70%) and in vivo (up to 55%), independent of their 

conservation level, by in vitro translation assays and mass spectrometry-based approaches on 

human heart samples. Using ectopic expression, I defined the subcellular localization of 92 

microproteins and identified significant interaction partners for 60 microproteins in a peptide-

array interactome screen. Dozens of these microproteins localized to the mitochondrion, several 

of which interacted with mitochondrial proteins. These included a novel cardiac-enriched, single-

pass transmembrane microprotein encoded by the lncRNA PDZRN3-AS1 that may present a 

novel modulator of mitochondrial protein translation based on its interaction profile and 

subcellular localization. The interactome screen further revealed that evolutionarily young 

microproteins have similar interaction capacities to conserved candidates and can interact with 

proteins essential for cell survival. Finally, it allowed identifying short linear motifs that may 

mediate microprotein-protein interactions and implicated several young microproteins in other 

cellular processes such as endocytosis and splicing.  

I conclude that many presumed noncoding lncRNAs and UTRs produce small proteins in the 

human heart in vivo, most of which exhibit poor sequence conservation. I provide a substantial 

resource of microprotein localization and interaction data that links several microproteins to 

distinct cellular processes such as splicing, endocytosis, and mitochondrial translation. Further 

investigation into this previously hidden part of the cardiac proteome will contribute to our 

understanding of recently evolved proteins in general and heart biology in particular. 
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Zusammenfassung 

Mittlerweile wird angenommen, dass das menschliche Proteom viele Mikroproteine enthält. Sie 

werden von zuvor als nicht-kodierend klassifizierten Regionen des Transkriptoms translatiert, 

wie z.B. von langen, nicht-kodierenden RNAs (lncRNAs) und untranslatierten Regionen (UTRs) 

von mRNAs. Aufgrund ihrer geringen Größe blieben Mikroproteine (< 100 Amino-säuren) zuvor 

unentdeckt, und ihre physiologische Rolle ist noch weitgehend unbekannt. Kürzlich wurde 

mithilfe von Ribo-seq Experimenten die Translation hunderter Mikroproteine in menschlichen 

Herzen entdeckt. Ziel dieser Promotionsarbeit ist es, diese neuartigen Mikroproteine zu 

untersuchen und ihre Translation mit unabhängigen Methoden zu validieren. Insbesondere die 

Aufklärung ihrer evolutionären Konservierungssignatur, subzellulären Lokalisierung und ihres 

Proteininteraktoms soll dabei helfen, ihre potenziellen Funktionen zu entschlüsseln.  

Die Konservierungsanalyse ergab, dass fast 90% der Mikroproteine eine auf Primatenarten 

beschränkte Sequenzkonservierung aufweisen. Weiterhin konnte ich durch in vitro Translation 

und verschiedene massenspektrometrische Verfahren an menschlichen Herzproben zeigen, 

dass Mikroproteine unabhängig von ihrer Konservierung in vitro (70%) und in vivo (bis zu 55%) 

produziert werden. Mittels ektopischer Expression habe ich die subzelluläre Lokalisierung von 

92 Mikroproteinen definiert und Interaktionspartner für 60 Mikroproteine in einem Peptid-

basierten Interaktom-Screen identifiziert. Dutzende dieser Mikroproteine lokalisieren in 

Mitochondrien, von denen einige mit mitochondrialen Proteinen interagieren. Dazu gehörte ein 

zuvor unbekanntes, im Herzen angereichertes Transmembran-Mikroprotein, das aufgrund der 

Interaktions- und Lokalisationsdaten einen neuartigen Modulator der mitochondrialen 

Proteintranslation darstellen könnte. Der Interaktom-Screen zeigte außerdem, dass evolutionär 

junge Mikroproteine ähnliche Interaktionsfähigkeiten wie konservierte Kandidaten haben und 

Proteinen binden können, die für das Überleben der Zelle essentiell sind. Schließlich wurden 

kurze Sequenzmotive identifiziert, die Mikroprotein-Protein-Wechselwirkungen vermitteln. So 

konnten weitere junge Mikroproteine mit zellulären Prozessen – wie z.B. Endozytose und 

Spleißen – in Verbindung gebracht werden. 

Zusammenfassend konnte ermittelt werden, dass viele zuvor als nicht-kodierend klassifizierte 

lncRNAs und UTRs kleine Proteine im menschlichen Herzen produzieren, von denen die 

meisten lediglich in Primaten konserviert sind. Zusätzlich liefert diese Dissertation umfangreiche 

Lokalisierungs- und Interaktionsdaten, die mehrere Mikroproteine mit zellulären Prozessen wie 

Spleißen, Endozytose und mitochondrialer Translation verknüpfen. Weitere Untersuchungen 

dieses zuvor verborgenen Teils des Herzproteoms werden zu einem besseren Verständnis von 

evolutionär jungen Proteinen und kardiologischen Prozessen beitragen.  
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1 Introduction 

 The rise of sORFs and their encoded microproteins 1.1

Proteins are versatile biomolecules crucial for a cell's function and survival, where they perform 

many tasks. To name a few, they are necessary for DNA replication and transcription, catalyze 

metabolic reactions, transport metabolites and other proteins, mediate cell-cell communication, 

and provide structure to the cell. Proteins are essentially long chains of 21 smaller building 

blocks, the proteinogenic amino acids (aa). The DNA encodes the information on how these 

building blocks are connected to form a protein by open reading frames (ORFs). An ORF is 

defined as a sequence of in-frame codons – blocks of three of the four nucleotides adenine (A), 

guanine (G), thymine (T), and cytosine (C) – that begin with a start codon and end with a stop 

codon. Through transcription of the DNA into pre-messenger RNA (pre-mRNA) and its 

processing into messenger RNA (mRNA), this information is transported to the cell's protein 

factories – the ribosomes. Ribosomes bind mRNA molecules and ultimately use the stored 

information to produce proteins in a process known as protein translation (Figure 1-1). 

Yet, not every possible ORF in the DNA also leads to protein translation. A significant goal of 

reference gene and protein annotation projects such as Ensembl/ GENCODE1,2, the HUGO 

Gene Nomenclature Committee (HGNC)3, RefSeq4, and UniProt5 is to define the subset of 

ORFs that do produce stable proteins. By assessing their sequence similarity across species 

and length, traditional prediction tools distinguish so-called protein-coding sequences (CDSs) 

from the myriad of presumed randomly occurring ORFs. In addition to high inter-species 

conservation and a minimum length of 100 aa, they require a canonical start codon (ATG) and 

allow only one ORF per transcript.6,7 In humans, current estimates suggest that only 1.3% of the 

genome encodes for proteins8, and the number of annotated protein-coding genes has 

stabilized at around 20,000 in the last years9. The criteria to define CDSs led to an 

underrepresentation of ORFs that display one or several of the following features: i) residing 

within transcripts already harboring a longer ORF, ii) using a non-ATG start codon (e.g., CTG), 

iii) lacking signs of inter-species conservation, and iv) shorter than 100 aa. ORFs that fall into 

the last category are also referred to as short ORFs (sORFs). 

However, in the ‘80s, proteins encoded by sORFs were sporadically discovered throughout 

various species. Among the earliest identified sORFs are the bacterial 26 aa long peptide 

spoVM involved in spore formation10,11 and the plant-derived peptides ENOD40 (10, 12 and 13 

aa)12 and Polaris (36 aa)13, which are important for root development and formation. Even one 

human sORF encoded by the mitochondrial genome, humanin, has been discovered14–16. 
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Several groups later identified four evolutionarily conserved peptides in drosophila encoded by 

the presumed noncoding gene tarsal-less (tal) or polished rice (pri) and associated them with 

embryogenesis17–19. Detection of these peptides was also the first evidence of polycistronic 

translation of several sORFs from a single transcript in eukaryotes20. 

These early sORF discoveries and the realization that several proteins shorter than 100 aa had 

already been annotated as functional proteins in the pre-genomic era6,21 drew increasing 

attention to sORFs and their encoded proteins, so-called microproteins. Scientists have now 

detected biologically active microproteins in species of all kingdoms of life, including 

plants12,13,22, bacteria23,24, viruses25,26, yeast27, insects17–19,28, fish29–31, and higher mammals21,32–

35 up to humans36–40. Notably, there is no consent on the nomenclature of these open reading 

frames and their encoded proteins. The most commonly used names include short open 

reading frame (sORF), noncanonical ORF, alternative ORF (altORF), novel ORF (nORF), and 

small ORF (smORF) to describe the ORF. The encoded protein product is mainly referred to as 

sORF-encoded peptide (SEP), microprotein, MicroProtein, micropeptide, short protein, small 

protein, or simply peptide. 

 

 

  

  

Figure 1-1: Schematic overview of gene expression. DNA transcription leads to pre-mRNA production, which is 

processed into mRNA. After nuclear export, ribosomes bind mRNA molecules and translate the encoded open 

reading frame (ORF) into proteins. By now, it is clear that not only ORFs longer than 100 aa but also shorter ORFs 

(sORFs) are translated and contribute to the pool of functional proteins within the cell. sORF-encoded proteins are 

often called microproteins due to their small size. 
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  Detection of microproteins and where to find them 1.2

One can distinguish two locations where potentially microprotein-encoding sORFs reside. 

Firstly, in transcripts that were previously thought not to produce proteins (noncoding 

transcripts), such as long noncoding RNAs (lncRNAs)32,37,39–46, pre-microRNAs47, and circular 

RNAs (circRNAs)39,48–50, and secondly, in mRNAs that already harbor an annotated CDS. In 

mRNAs, translated sORFs occur in the upstream39,51–63 and downstream64,65 UTRs or within the 

annotated CDSs but in a different frame66,67. Based on their localization within noncoding and 

coding transcripts, they were classified into lncRNA- or lncORFs, upstream ORFs (uORFs), 

overlapping uORFs (uoORFs), internal out-of-frame ORFs (intORFs), overlapping downstream 

ORFs (doORFs), and downstream ORFs (dORFs)68. Already annotated proteins shorter than 

100 aa are often called short coding sequences (sCDSs) (Figure 1-2). Notably, microprotein 

production may not be the only purpose of sORF translation, which can also serve regulatory 

functions. Especially uORFs and uoORFs are known for their (often inhibitory) regulatory effect 

on the translation of the downstream annotated CDS69–71. 

 

 

 

The increasing interest in the potential biological function of translated sORFs and their 

encoded microproteins resulted in the development of different tools to define this “hidden” part 

of the proteome in a high-throughput fashion. Strategies to detect microproteins fall into three 

main categories: 1) computational tools that predict the protein-coding potential of sORFs based 

on species conservation and other sequence features, 2) ribosome profiling capturing the act of 

RNA translation, and 3) mass spectrometry-based techniques used to detect the final protein 

product. 

Computational techniques: 

Computational tools discriminate potentially translated sORFs from those arising by chance 

based on primary sequence features. Besides analyzing the homology to known proteins, the 

intrinsic nucleotide or codon composition, or a combination of these features (sORFfinder72, 

Figure 1-2: Schematic overview of translated sORF classification based on their location within RNA 

transcripts. Translated sORFs can be encoded by A) presumed noncoding RNA molecules such as lncRNAs, pri-

microRNAs, and circRNAs, and B) mRNAs that already contain a CDS (big dark grey arrow). C) SCDSs refer to 

sORFs that are shorter than 100 aa and already annotated as protein-coding. 
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CRITICA73, Cipher44,74, CPC275, CNIT76, CCPred77, 

MiPepid78), the assessment of cross-species constraint 

metrics like the ratio between non-synonymous and 

synonymous nucleotide substitutions (dN/dS)79,80, 

phylogenetic codon substitution frequencies (PhyloCSF)81 

and the level of conservation of small genetic elements 

(PhastCons)82 based on multiple species alignments are a 

crucial component of bioinformatic pipelines (Figure 1-3). 

Though computational approaches have led to the 

identification of hundreds of potentially microprotein-

encoding sORFs29,83, the sensitivity of sequence-based 

tools is still negatively affected by their short sequence 

length84. Moreover, the requirement of cross-species 

conservation largely excludes poorly conserved, newly 

evolved, and species-specific sORFs in such discovery sets85. Ultimately, computational 

approaches need to be validated and extended by experimental methods.  

Ribosome profiling: 

Ribosome profiling (also called Ribo-seq) is a sequencing technique capturing RNA fragments 

bound by ribosomes and therefore protected from nuclease digestion, so-called ribosomal 

footprints86,87. Since ribosomes scan coding sequences in mRNAs codon by codon, ribosomal 

footprints show a characteristic three-nucleotide periodicity in regions of active translation. 

Computational tools can calculate this periodicity to identify translated ORFs (Figure 1-4). A 

variety of bioinformatic pipelines have been developed to analyze ribosome profiling data and 

discriminate actual translation events from occurrences of random ribosomal RNA binding (e.g., 

FLOSS87, ORFscore29, ORF-RATER88, RiboHMM89, RibORF90, SPECtre91, RiboTaper92 

/ORFquant93, RB-BP94, RiboCode95, RiboWave96, PRICE66, RiboTish97, and Ribotricer98).  

Combined with these analysis tools, ribosome profiling can define regions of active translation 

across the whole genome at nucleotide resolution, without prior knowledge of protein-coding 

sequences and largely irrespective of ORF size. By now, thousands of translated sORFs have 

been identified using ribosome profiling across numerous model organisms29,33,99–102 and human 

cell types and tissues29,36,39,57,67,69,88–90,92,94,103–107. It is important to stress that ribosome profiling 

does not identify stable protein products but rather the act of translation itself. The observed 

translation of sORFs may not necessarily lead to a functional microprotein but may be 

translational “noise” serving no known biological purpose108, or it may have a regulatory 

function. As mentioned at the beginning of this section, the existence of cis-regulatory roles of 

Figure 1-3: Schematic overview of 

sequence features investigated to 

computationally identify translated 

sORFs. The illustration was adapted from 

Schlesinger et al., 2022
85

. 
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u- and uoORFs is widely accepted70,109,110, and also ribosomal association and translation of 

lncRNAs can be regulatory108,111–114.  

 

 

 

To make this information available to the broader scientific community, many researchers in the 

field, together with Ensembl/ GENCODE1,2, HGNC3, UniProt5, HUPO/HPP115,116, and 

PeptideAtlas117, have recently formed a consortium to incorporate translated sORFs into gene 

annotation pipelines68. This effort will hopefully spark the investigation of the biological 

relevance of sORF-encoded microproteins or the regulatory roles of their translation. 

Proteogenomics: 

In contrast to ribosome profiling, mass spectrometry (MS) 

detects the final protein rather than the act of RNA translation, 

thereby assuring that translation results in a stable and 

potentially functional product. However, de novo protein 

detection using MS is challenging, and proteomic approaches 

usually rely on a defined search space of annotated proteins118–

122. Since such standard protein repositories do generally not 

include sORF-encoded microproteins, MS was unsuitable for 

their comprehensive annotation. To circumvent this problem,  

researchers have combined proteomic, genomic60,123,124, 

transcriptomic56,104,125–130, and finally ribosome profiling 

data39,127,131 to create custom search spaces – also referred to 

Figure 1-4: Schematic overview of ribosome profiling to identify translated sORFs. After nuclease digestion, 

ribosome-protected RNA fragments (ribosomal footprints) are purified and subjected to next-generation sequencing 

(NGS). While RNA-sequencing reads (grey) cover the whole RNA transcript, Ribo-seq coverage (purple) combined 

with the three-nucleotide periodicity of Ribo-seq reads indicate the presence of a translated ORF (purple arrow). E = 

Ribosome tRNA-release site (E-site), P = ribosome binding site for peptidyl-tRNA (P-site), A = ribosome binding site 

for aminoacyl-tRNA (A-site), NUG = noncanonical start codon. 

  Figure 1-5: Schematic overview 

of MS-based microprotein  

didentification. The illustration was    

adapted from Schlesinger et al., 

2022
85

. LC = liquid chromatography. 
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as proteogenomics123,132. For example, databases generated by in silico 6-frame or 3-frame 

translation of RNA-sequencing data have helped to detect novel, previously unannotated 

microproteins56,104,125–130 (Figure 1-5). However, an increased search space also leads to higher 

false discovery rates and lower reliability of MS-based identifications133,134. Refined custom 

databases integrating ribosome profiling data39,127,131 and the continuous optimization of the 

proteomic workflow for small proteins56,125,129,130, improved microprotein identification rates. 

Moreover, scientists used immunopeptidomics to detect microproteins presented as antigens by 

MHC/ HLA complexes57,106,135–137. 

Microproteins may still escape MS-based detection due to their intrinsic properties like short 

length and preference for basic amino acids104. Thus, the absence of peptide evidence does not 

necessarily exclude a microprotein’s existence and biological relevance. Similarly, hundreds of 

canonical proteins lack MS support but are annotated in reference databases such as 

GENCODE, UniProt, and HGNC68,116.  

  

 Biological activity of human microproteins 1.3

Evidence for biologically active microproteins exists in various species138–141. Human 

microproteins have been implicated in different cellular processes, including DNA repair142–144, 

immunity43,145, embryonic stem cell self-renewal146, mRNA decapping37,147,148, stress signaling40, 

muscle formation149–151, ion homeostasis152–154, apoptosis16, signalling155,156, lipid homeostasis157, 

and the unfolded protein response158. A family of microproteins regulates calcium homeostasis, 

modulating the sarcoendoplasmic reticulum calcium transport ATPase’s (SERCA) 

activity32,159,160. As part of this family, the microprotein dwarf open reading frame (DWORF)32 is 

expressed explicitly in slow twitch muscle fibers, including the heart ventricle, and enhances 

muscle and heart contractility32. Mitoregulin (MTLN)41,161,162 (MOXI163, MPM164, and LEMP165) 

and mitolamban166 are other heart- and muscle-enriched microproteins that localize to the 

mitochondrion and regulate fatty acid metabolism and mitochondrial respiration, respectively. 

Many more microproteins localize to mitochondria and play a role in processes such as 

mitochondrial protein translation, oxidative phosphorylation, lactate metabolism, immune 

response mechanisms, or cardiolipin homeostasis51,53,145,158,167–172. Interestingly, numerous 

microproteins have been associated with pathological conditions such as obesity172, 

neurodegenerative diseases14,158, and cancer38,42,49,104,156,157,173–180, and may render novel 

therapeutic targets. Recently, DWORF overexpression was highlighted as a clinically relevant 

therapy that prevented heart failure in a mouse model of dilated cardiomyopathy (DCM)181,182.  
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Microprotein features associated with their biological activity include intrinsically disordered 

regions (IDRs), signal peptides, and alpha-helical transmembrane domains (Figure 1-6 A). 

Besides connecting highly structured protein domains, IDRs can mediate dynamic, evolutionary 

adaptive protein-protein interactions (PPIs) via embedded short linear sequence motifs 

(SLiMs)183–185 and are common within microproteins83,186. The microprotein Nobody is an 

example of a highly disordered microprotein. It interacts with proteins of the mRNA decapping 

complex within P-bodies via its short linear motifs and controls the formation dynamics of such 

membraneless organelles37,147,148. Other microproteins like Apelin187,188 and GREP138 carry a 

signal peptide. The signal peptide designates these microproteins for secretion and potentially 

endocrine, paracrine, or autocrine signaling. The most common theme across functionally 

characterized microproteins seems to be a single-span, alpha-helical transmembrane domain 

(TMD). Membrane microproteins, such as DWORF or MTLN, predominantly localize to 

organelle membranes, fulfilling their functions via interactions with larger protein 

complexes138,189 (Figure 1-6 B). On top of providing a protein interaction interface, TMD-

induced insertion into membranes may increase a microprotein’s stability by protecting it from 

enhanced degradation that it may face due to its small size.189  

 

 

Figure 1-6: Biological activity of human microproteins. A) Microprotein features associated with their cellular 

function include SLiM-containing IDRs, signal peptides, and alpha-helical TMDs. B) Examples of mechanisms of 

action of TMD-containing, bioactive microproteins. They often reside within the cell’s or organelles’ membranes and 

bind to larger protein complexes. Numbers 1 – 6 indicate different microprotein-protein complexes and the affected 

biological process. 1) The membrane microproteins PLN, SLN, MLN, ALN, ELN, and DWORF regulate calcium 

import into the ER by modulating the activity of SERCA. 2) FXYD microproteins modulate the activity of the Na+, K+-

ATPase at the plasma membrane. 3) Residing in the outer mitochondrial membrane at ER contact sites, the 

microprotein PIGBOS mediates communication between mitochondria and ER to induce the unfolded protein 

response under stress conditions. 4) Mitoregulin regulates mitochondrial enzymes within the inner mitochondrial 

membrane. 5) Binding of the microprotein SPAR to the lysosomal v-ATPase recruits the Rag-Regulator 

supercomplex and prevents activation of mTORC1. 6) The microprotein myomerger is essential for myoblast fusion 

and skeletal muscle formation. It likely acts through the recruitment of involved proteins to the plasma membrane and 

interactions with cytoskeletal proteins. The illustration in B) was adapted from Makarewhich et al., 2020
189

. 
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These highlighted examples speak for the biological importance of this novel protein class. 

Nevertheless, the number of investigated microproteins seems little compared to the thousands 

of translated sORFs that have been identified and whose potentially encoded microproteins 

remain to be studied. More high-throughput approaches have recently emerged to examine 

hundreds of microproteins. CRISPR/Cas9-based essentiality screens38,57 or induction of a 

cellular stress response106 have implicated a subset in cell survival and the unfolded protein 

response (UPR), respectively. Moreover, applying perturb-seq – CRISPR screening combined 

with single-cell RNA-seq – revealed their importance in numerous distinct biological 

processes57. Lastly, and independent of their biological activity, microproteins may have 

diagnostic or therapeutic relevance as they can be efficiently processed for antigen presentation 

by MHC/ HLA class I57,106,135–137. 

 

 Microproteins in the light of protein evolution 1.4

High cross-species conservation is traditionally associated with protein function and a 

prerequisite for protein annotation1. Therefore, it is understandable that most functional 

microprotein characterizations described above have focused on highly conserved 

candidates139,190,191. In contrast, less conserved microproteins have been mainly neglected in in-

depth studies104,192,193. However, many translated sORFs are specific to one species or lineage 

and seem to evolve neutrally, without strong evolutionary sequence constraints194. Their 

translation products may be irrelevant to organismal fitness and lost again in the course of 

evolution85,90,99,195,196, or acquire novel functions, e.g., to help an organism adapt to new 

conditions, serving as precursors for novel bioactive microproteins44,85,194.  

Intriguingly, evidence for the biological relevance of species- or lineage-specific proteins exists 

in multiple species. These so-called orphan genes or taxonomically restricted genes (TRGs)197 

may have diverged from a pre-existing ancestral gene to the extent that no similarity can be 

detected anymore198 or may have arisen de novo from previously noncoding regions199–205 

(Figure 1-7). While de novo evolution was long thought to be a highly unlikely event206,207, this 

mechanism has gained increasing attention in the last years198,202,208–210 and was recently 

proposed to account for most orphan human- and primate-specific genes211.  
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By now, a handful of de novo evolved proteins have been characterized in detail across 

species212 and been implicated in different physiological processes across organisms, including 

the regulation of protein and starch composition in A. thaliana213, DNA repair214 and mating215 in 

S. cerevisiae, spermatogenesis in D. melanogaster216,217, the reproductive cycle in female 

mice218, and brain development and function in humans219,220. They are often associated with 

adapting to novel environmental requirements and developing species- or lineage-specific 

traits198,209. An example is the acquisition of a novel “antifreeze” protein in polar fish to protect 

against low temperatures221,222. Additionally, gene knockdown studies in drosophila have 

implicated young genes in development223 and viability223,224, and 10% of overexpressed de 

novo genes led to improved fitness in yeast, which was linked to their likelihood of forming 

transmembrane domains225. Further studies showed that random peptide sequences could be 

biochemically and biologically active, illustrating how they could form the basis for functional 

genes226. For example, random peptide sequences could bind to ATP227, affected bacterial 

fitness226,228,229 and infectivity of bacteriophages230, and had oncogenic effects on mouse and 

human fibroblasts231. Moreover, evolutionarily young genes may be of particular importance in a 

human disease context as primate-specific genes have been shown to contain the highest 

fraction of pathological genes232, and several de novo evolved proteins play a role in diseases 

like Alzheimer’s disease220 and cancer193,211,233–235.  

These examples illustrate how recently evolved sORFs and their potential microprotein products 

may play a central role in protein evolution. They may create a pool of novel protein sequences 

with unappreciated roles in human biology and disease. 

 

Figure 1-7: Schematic overview of potential mechanisms of TRG evolution. A) Genes descended from a 

common ancestral gene may be identified as two distinct, taxonomically restricted gene families due to extensive 

sequence divergence erasing all similarity between homologous sequences. B) A novel gene can emerge de novo 

from previously nongenic sequences in a specific lineage. De novo emerged genes usually do not share sequence 

similarities with other genes, although convergent evolution may theoretically be possible. Dashed boxes indicate 

nongenic sequences. The illustration was adapted from Vakirlis et al., 2020
211
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 Ribosome profiling in the human heart 1.5

As described in section 1.3, numerous bioactive human microproteins have been identified, 

including a few known to play an important role in the heart32,159. However, a genome-wide 

assessment of human microproteins in primary tissue had been lacking. The Hübner lab has 

adjusted the ribosome profiling technique to human tissue and analyzed left-ventricular heart 

tissue from 15 healthy and 65 patients with dilated cardiomyopathy (DCM) to detect novel 

human microproteins in general and cardiac microproteins in particular39. 

DCM is one of the most common reasons for heart transplantation236–238. It is characterized by 

left or biventricular dilatation, thinning of ventricular walls, and left ventricle (LV) systolic 

dysfunction that cannot be attributed to hypertension, coronary artery, valvular, or congenital 

heart disease239. Causes for DCM can be grouped into genetic and nongenetic (acquired), 

although the two categories are not mutually exclusive and can jointly contribute to disease 

progression240,241 (Figure 1-8). 

Nongenetic factors such as toxins, 

inflammation, and pregnancy are 

most commonly associated with 

DCM242. On the other hand, genetic 

variants in over fifty genes have 

been linked to the disease243,244. 

Proteins frequently involved in 

genetic DCM include the sarcomeric proteins titin, myosin, actin, troponin, and tropomyosin, the 

splicing factor RMB20, the nuclear envelope protein Prelamin A/C, the sodium channel SCN5A, 

and the SERCA-modulator phospholamban (PLN)245. PLN belongs to a group of SERCA-

regulating microproteins160, exemplifying how the analysis of novel microproteins may contribute 

to our understanding of cardiac disorders and potentially other human diseases. 

The findings of the ribosome profiling study conducted on human hearts39 formed the basis of 

the presented thesis, and relevant analyses and results are therefore shortly summarized in this 

section. The ribosome profiling data revealed active translation of 22% of all heart-transcribed 

lncRNAs (169/783), potentially producing 339 unique microproteins that are mainly shorter than 

100 aa (308/339; 91%) with an average length of 49 aa (Figure 1-9 A-D). Moreover, 1,090 and 

74 translated u(o)ORFs and dORFs were identified in the UTRs of 919 and 62 mRNAs, 

respectively (Figure 1-9 E). Sixteen translated lncRNAs were specifically expressed in cardiac 

or skeletal muscle based on bulk tissue gene expression data extracted from the Genotype-

Tissue Expression (GTEx) project246. Moreover, translated sORFs were assigned to heart-

relevant cell types by profiling of induced pluripotent stem cell-derived cardiomyocytes (iPSCd-

Figure 1-8: Schematic overview of a healthy and DCM-affected 

heart and DCM-driving factors.  
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CMs) (n = 2) and cardiac fibroblasts (cFBs) (n = 20). Differential expression analysis revealed 

34 upregulated and seven downregulated translated lncORFs in diseased hearts. 

 

 

 

Since genes acting in the same biological pathway are likely to be co-regulated, gene-gene 

expression correlation analysis can help to assign uncharacterized proteins to molecular 

processes. Gene-gene expression correlation of all translated genes followed by hierarchical 

clustering revealed the enrichment of translated lncRNAs (93 of 169) in a cluster dominated by 

mitochondrial genes (Gene Ontology (GO): 0005739 mitochondrion), and especially genes 

involved in oxidative phosphorylation (OXPHPOS) (Figure 1-10 A). The translated lncRNAs 

RP11-140K17.3, MIR4458HG, and PRR34-AS1 correlated particularly strongly with all five 

oxidative phosphorylation complexes (Figure 1-10 B). Further, GO enrichment on genes that 

show a high correlation with translated lncRNAs resulted in GO terms for 42 out of 169. The 

biggest group of translated lncRNAs (22 out of 42) was enriched for mitochondrial processes, 

again stressing the prospective involvement of their potentially encoded microproteins in 

mitochondrial biology and energy metabolism (Figure 1-10 C). 

Figure 1-9: Ribosome profiling in the human heart. A) 

Schematic overview of the experimental approach. 

B) Donut chart of translated and transcribed lncRNAs 

identified in human hearts. C) Size distribution of translated 

sORFs encoded by cardiac lncRNAs. D) Genomic view of 

the BANCR locus (reverse strand) and the translated 

lncORF. The lncORF starts upstream of the previously 

annotated BANCR gene start. E) Summary of translated 

uORFs, primary ORFs (CDS), and dORFs. Illustration was 

adapted from van Heesch et al., 2019
38

. 
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In summary, van Heesch and colleagues presented an extensive gene expression analysis 

based on RNA-and Ribo-seq data in healthy and diseased human hearts, revealing the 

translation of hundreds of sORFs that may produce novel cardiac microproteins in human 

tissue. Their existence and biological role remain to be validated and investigated in more detail 

and are subjects of the presented thesis. 

  

Figure 1-10: Microproteins associated with mitochondrial processes based on gene-gene correlations. A) 

Heatmap with genome-wide gene-gene expression correlations (Spearman’s rho). Co-clustering, translated lncRNAs 

are highlighted in black and OXPHOS subunits in green. B) Circos plot of most strongly correlated, translated 

lncRNAs with OXPHOS proteins. Each connection represents an expression correlation of ≥ 0.5. C) GO term 

clustering of 22 microproteins co-regulated with mitochondrial processes. The illustration was adapted from van 

Heesch et al., 2019
39

. 
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2 Aims 

Aim 1: Sequence conservation of novel microproteins 

Most microproteins with known physiological roles are highly conserved across species. I here 

aim to define the level of conservation of the over a thousand microproteins identified in the 

human heart using multiple sequence alignments across 120 mammalian species. 

Aim 2: In vitro and in vivo detection of microproteins 

Even though the ribosome profiling results show promising evidence that a fraction of cardiac 

lncRNAs and mRNA UTRs are translated, it remains unclear to which extent this translation 

leads to stable protein products. I, therefore, aim to validate the existence of detected 

microproteins in vitro and in vivo by independent methods, namely through i) in vitro translation 

assays, ii) searching public shotgun mass spectrometry data, and iii) selected reaction 

monitoring mass spectrometry. 

Aim 3: Microprotein sequence features, subcellular localization, and interactome  

This thesis's third aim is to gain insights into the physiological role of the here detected 

microproteins. I will investigate three aspects that can aid in decoding their molecular function: 

microprotein sequence features, their subcellular localization, and protein interactome. 

 

Figure 2-1: Schematic illustrating the aims of this dissertation.  

Evol. age = evolutionary age, SP = signal peptide, TMD = transmembrane domain. 
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3 Material 

 General equipment 3.1

Description Manufacturer 

8–channel–pipettes Eppendorf AG, Hamburg, Germany 

Allegra X–30R Centrifuge Beckman Coulter Inc., Brea, CA 92821 

BDK–SK 1800 Workbench BDK 
Luft– und Reinraumtechnik GmbH, Sonnenbühl, 
Germany 

Bio RS–24 mini rotator SIA Biosan, Riga, Latvia 

Centrifuge 5417R Eppendorf AG, Hamburg, Germany 

Centrifuge 5430R Eppendorf AG, Hamburg, Germany 

Confocal Microscope SP8 LIGHTNING Leica Microsystems, Wetzlar, Germany 

Countess™ Automated Cell Counter Life Technologies, Carlsbad, CA 

DynaMag™–2 Magnet Invitrogen by Thermo Fisher Scientific, Waltham, MA 

ED 423 precision laboratory balance Sartorius AG, Göttingen, Germany 

Electrospray ionization source Thermo Fisher Scientific Inc., Waltham, MA 

Fast laser scanner Typhoon FLA 7000 GE Healthcare, Chicago, ILL 

Gene Pulser II power supply for electroporation Bio–Rad Laboratories Inc., Hercules, CA 

Glass homogenizer with a drill-fitted pestle VWR, Radnor, PA 

High-Performance Liquid Chromatography system Thermo Fisher Scientific Inc., Waltham, MA 

Ice Machine Scotsman AF 160 Scotsman Ice Systems, Vernon Hills, IL 

Image Quant LAS 4000 imager Global Life Sciences Solutions, Pittsburgh, PA 

Incubator CB 210 Binder GmbH, Tuttlingen, Germany 

LightCycler 96 Roche Disgnostics GmbH, Mannheim, Germany 

Mass spectrometer: Q-Exactive Plus Thermo Fisher Scientific Inc., Waltham, MA 

Mass spectrometer: Thermo Orbitrap Fusion (Q–OT–qIT) Thermo Fisher Scientific Inc., Waltham, MA 

Mass spectrometer: TSQ Quantiva Thermo Fisher Scientific Inc., Waltham, MA 

Microscope Leica DMi1 Leica Microsystems, Wetzlar, Germany 

Mini–Protean Cell Western blotting chamber Bio–Rad Laboratories Inc., Hercules, CA 

NanoDrop One Thermo Fisher Scientific Inc., Waltham, MA 

Peltier Thermal Cycler PTC–225 MJ Research Inc., St.Bruno, Canada 

Pipetboy ACU Integra Biosciences, Biebertal, Germany 

Pipette Pipet–Lite XLS Mettler–Toledo Inc., Columbus, OH 

Power Pac 200 power supply Bio–Rad Laboratories Inc., Hercules, CA 

Shaking incubator GFL 3032 GFL GmbH, Burgwedel, Germany 

Syngene gel documentation system In Genius Synoptics Ltd., Cambridge, UK 

Thermomixer compact 5350 Eppendorf AG, Hamburg, Germany 

Transilluminator TMW–20 UVP by Analytik Jena AG, Jena, Germany 

Vacuubrand vacuum pumping system Vacuubrand GmbH, Wertheim, Germany 

Vortex-Genie 2 neoLab Migge GmbH, Heidelberg, Germany 

Water Bath Typ 1086 GFL GmbH, Burgwedel, Germany 

XCell SureLock Electrophoresis Cell Novex by Life technologies, Carlsbad, CA 

Table 1: List of used equipment. 
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 Consumables 3.2

All plastic consumables used, such as sample tubes, serological pipettes, pipette tips, cell 

culture dishes, etc., were ordered from Sarstedt (Germany) and Mettler–Toledo Inc. (USA). The 

remaining consumables are listed in Table 2. 

Description 
Reference 
number 

Manufacturer 

15/50mL high clarity polypropylene conical 
tubes 

352096, 
352070 

Corning Inc., Corning, NY  

50mL reagent reservoirs  NY 4870 Corning Inc., Corning,  

Blotting Filter Paper, 2.5mm thick LC2010 
Invitrogen by Thermo Fisher Scientific, Waltham, 
MA 

Cell lifters 3008 Corning Inc., Corning, NY  

Cellulose membranes with spotted 
microprotein-derived peptides for PRISMA 

Customized JPT, Berlin, Germany 

Countess™ Cell counting chamber slides I40A8 
Invitrogen by Thermo Fisher Scientific, Waltham, 
MA 

Cover slips 15mm diameter 15747602 Thermo Fisher Scientific Inc., Waltham, MA 

Gene Pulser®/MicroPulser™ Electroporation 
Cuvettes, 0.1 cm gap 

1652089 Bio-Rad Laboratories 

Inoculating loop (loop size 1 µL) I8263-500EA Sigma-Aldrich 

Parafilm  PM–996 Amcor plc, Warmley, UK  

Pasteur piptettes  4522 Carl Roth GmbH, Karlsruhe, Germany 

PCR 8–tube SoftStrips 0.2 mL 711030 
Biozym Scientific GmbH, Hess. Oldendorf, 
Germany 

PVDF-membranes ISEQ00010 Merck Millipore Ltd., Cork, Ireland 

Silica microcolumn: ReproSil-Pur C18-AQ 
1.9 µm resin 

r119.aq.s2070 
Dr. A. Maisch HPLC GmbH, Ammeruch-
Entringen, Germany 

Silica microcolumn: ReproSil-Pur C18-AQ 3 
µm resin 

r13.aq.s2070 
Dr. A. Maisch HPLC GmbH, Ammeruch-
Entringen, Germany 

Storage Phosphor Screen SO230 GE Healthcare, Chicago, ILL, USA 

Superfrost Plus microscope slides J1800AMNZ Thermo Fisher Scientific Inc., Waltham, MA 

 

 General chemicals, enzymes, and kits 3.3

All restriction enzymes were purchased from New England BioLabs Inc. (Ipswich, MA) and 

general chemicals from Sigma-Aldrich (St. Louis, MO) unless indicated otherwise. The 

remaining chemicals, enzymes, and kits are listed in Table 3. 

  

Table 2: List of used consumables. 
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Description 
Reference 
number 

Manufacturer 

0.25 % Trypsin–EDTA (1x) 25200–056 Gibco by Life technologies, Carlsbad, CA 

10 mCi/mL [35S]-methionine SCM-01 Hartmann Analytic, Braunschweig, Germany 

10x Tris/Glycine/SDS 1610732 Bio-Rad Laboratories, Hercules, CA 

6x DNA sample buffer R1161 Thermo Fisher Scientific Inc., Waltham, MA 

Amersham ECL Prime Western Blotting 
Detection Reagent 

RPN2109 GE Healthcare 

Anti-FLAG® M2 Magnetic Beads M8823 Sigma–Aldrich, Co., St. Louis, MO 

Anti-Mouse IgG (H+L) HRP Conjugate, 
1:5000 

W4021 Promega Corp., Madison, WI 

Anti-Rabbit IgG (H+L), HRP Conjugate, 
1:5000 

W4011 Promega Corp., Madison, WI 

Bacto Pryptone 211677 Becton, Dickinson and Company, Sparks, MD 

Bacto Yeast Extract  212750 Becton, Dickinson and Company, Sparks, MD 

C18 Empore Disks 66883-U Sigma–Aldrich, Co., St. Louis, MO 

cOmplete™, EDTA-free protease 
cocktail 

11873580001 Roche Disgnostics GmbH, Mannheim, Germany 

CutSmart buffer B7204 New England BioLabs Inc., Ipswich, MA 

DMEM (1X)+GlutaMAX–I  31966–021 Gibco by Life technologies, Carlsbad, CA 

DPBS (1X) [-] CaCl2 [-] MgCl2 14190–144 Gibco by Life technologies, Carlsbad, CA 

DPBS (1X) [+] CaCl2 [+] MgCl2 14040–091 Gibco by Life technologies, Carlsbad, CA 

Fetal Bovine Serum Superior S0615 Biochrom GmbH, Berlin, Germany 

Invitrogen™ Yeast tRNA (10 mg/mL) AM7119 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

Kanamycin BP861 Sigma–Aldrich, Co., St. Louis, MO 

Lipofectamine 3000 transfection kit L3000001 Thermo Fisher Scientific Inc., Waltham, MA 

Lysyl Endopeptidase®, Mass 
Spectrometry Grade (Lys-C) 

125-05061 
FUJIFILM Wako Pure Chemical Corporation, Osaka, 
Japan 

Normal Goat Serum PCN5000 Novex by Life technologies, Carlsbad, CA 

Novex Tricine SDS Sample Buffer (2X) LC1676 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

Novex™ 16 %, Tricin, 1,0 mm, Mini 
Protein Gele 

EC66955BOX Invitrogen by Thermo Fisher Scientific, Waltham, MA 

NucBlue™ Fixed Cell ReadyProbes™ 
Reagent 

R37606 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

NuPAGE™ 12% Bis-Tris Protein Gels NP0343BOX Invitrogen by Thermo Fisher Scientific, Waltham, MA 

NuPAGE™ LDS Sample Buffer (4X) NP0007 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

NuPAGE™ MES SDS Running Buffer 
(20X) 

NP0002 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

NuPAGE™ Sample Reducing Agent 
(10X) 

NP0009 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

Opti–MEM (1X) 31985–070 Gibco by Life technologies, Carlsbad, CA 

Pierce™ Anti-HA Magnetic Beads 88836 Thermo Fisher Scientific Inc., Waltham, MA 

Pierce™ BCA Protein Assay Kit 23227 Thermo Fisher Scientific Inc., Waltham, MA 

Poly-D-Lysin A3890401 Gibco by Life technologies, Carlsbad, CA 

Precision Plus Protein™ Dual Xtra 
Prestained Protein Standards 

1610377 Bio-Rad Laboratories, Hercules, CA 

ProLong Gold antifade reagent P36934 Invitrogen by Thermo Fisher Scientific, Waltham, MA 

QIAGEN Plasmid Mini Kit 12123 Qiagen GmbH, Hilden, Germany 

QIAGEN Plasmid Plus Midi Kit 12943 Qiagen GmbH, Hilden, Germany 

QIAquick gel extraction kit 28706 Qiagen GmbH, Hilden, Germany 

QIAquick PCR Purification Kit 28104 Qiagen GmbH, Hilden, Germany 

   

Table 3: List of used chemicals, reagents, enzymes, and kits. 
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Description 
Reference 
number 

Manufacturer 

QuickChange II site-directed 
mutagenesis kit 

200524 Agilent Technologies, Waldbronn, Germany 

RIPA 127K6009 Sigma–Aldrich, Co., St. Louis, MO 

SOC Outgrowth Medium B9020 New England BioLabs Inc., Ipswich, MA 

Synthetic signature peptides to 
establish SRM assay 

Customized JPT, Berlin, DE 

T4 DNA ligase ligation kit M0202 New England BioLabs Inc., Ipswich, MA 

TnT® Coupled Wheat Germ Extract 
system 

L4140 Promega Corp., Madison, WI 

TransFectin™ Lipid Reagent, 1 mL 1703351 Bio-Rad Laboratories, Hercules, CA 

Tris-Tricine/SDS Electrophoresis Buffer 
(10x) 

42552.01 SERVA Electrophoresis GmbH, Heidelberg, Germany 

TritonX–100 T8787 Sigma–Aldrich, Co., St. Louis, MO 

Trypan Blue solution 15250–061 Gibco by Life technologies, Carlsbad, CA 

Trypsin Platinum, Mass Spectrometry 
Grade (5 µg/mL)  

VA9000 Promega Corp., Madison, WI 

Universal Mycoplasma Detection Kit 30–1012K American Type Culture Collection, Manassas, VA 

 

 Oligonucleotides and plasmid vectors 3.4

Sequences of oligonucleotides, plasmid vectors, and mutagenesis primers are stored in 

Supplemental Table 1 (see section 9.1). 

 Eukaryotic cell lines and bacterial strains 3.5

Description Supplier 

Human HEK293T/17 cells CRL-11268, ATCC, Manassas, VA 

Human HeLa cells AG Woehler, MDC Berlin 

NEB® 10-beta Competent E. coli (High Efficiency) C3019H, New England BioLabs Inc., Ipswich, MA 

 

 Biological samples 3.6

Human heart tissues from five adult patients with HCM (n = 3; mutations in MYH7 (2x) and 

MYBPC3) used for SRM experiments were provided by Harvard Medical School (Boston, MA, 

USA).  

Table 4: List of eukaryotic cell lines and bacterial strains. 
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 Antibodies 3.7

The following primary and secondary antibodies were used for western blot (WB) and 

immunofluorescence (IF) analysis in indicated dilutions. 

Description Dilution 
Reference 
number 

Manufacturer 

Mouse monoclonal anti-FLAG (M2) 
IF 1:500; 

WB 1:1000 
F1804–200UG 

Sigma–Aldrich, Co., St. Louis, 

MO 

Rabbit monoclonal anti-ATPIF1 (D6P1Q) IF 1:1000 13268 
Cell Signaling Technology, 

Cambridge, UK 

Rabbit monoclonal anti-PDI (C81H6) IF 1:500 3501 
Cell Signaling Technology, 

Cambridge, UK 

Rabbit monoclonal anti-COX IV (3E11) 
IF 1:250; 

WB 1:1000 
4850 

Cell Signaling Technology, 

Cambridge, UK 

Rabbit monoclonal anti-HA-Tag (C29F4) 
IF 1:500; 

WB 1:1000 
3724 

Cell Signaling Technology, 

Cambridge, UK 

Rabbit monoclonal anti-LETM1 WB 1:500 GTX112455 GeneTex, Irvine, CA 

Rabbit monoclonal anti-TOM20 WB 1:1000 42406 
Cell Signaling Technology, 

Cambridge, UK 

Rabbit monoclonal anti-VDAC1 WB 1:1000 ab154856 
Abcam, Cambridge, 

UK 

Rabbit polyclonal anti-Clathrin Heavy 

Chain (P1663) 
IF 1:100 2410 

Cell Signaling Technology, 

Cambridge, UK 

Alexa Fluor 488 anti-mouse IgG IF 1:500 A11001 
Invitrogen by Thermo Fisher 

Scientific, Waltham, MA 

Alexa Fluor 488 anti-rabbit IgG IF 1:500 A11070 
Invitrogen by Thermo Fisher 

Scientific, Waltham, MA 

Alexa Fluor 594 anti-mouse IgG IF 1:500 A11005 
Invitrogen by Thermo Fisher 

Scientific, Waltham, MA 

Alexa Fluor 594 anti-rabbit IgG IF 1:500 A11037 
Invitrogen by Thermo Fisher 

Scientific, Waltham, MA 

Anti-Mouse IgG HRP Conjugate WB 1: 5000 W4021 Promega Corp., Madison, WI 

Anti-Rabbit IgG (H&L) HRP Conjugate WB 1: 5000 W4011 Promega Corp., Madison, WI 

 

 Software 3.8

• Adobe Illustrator 2020 

• Adobe Photoshop CS2 

• ImageJ v1.52a 

• Leica Application Suite X software v3.5.2 

• MaxQuant v1.6.0.1 

• Microsoft Office 2010 

• Perseus v1.6.1.3 

• R Studio v.3.6.1 

• Skyline v3.6  

• SnapGene v1.1.3  

Table 5: List of used primary and secondary antibodies. 
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4 Methods 

Note: The method sections 4.10 – 4.18.1 and 4.27 – 4.28 have been published in modified form 

in our publication “The Translational Landscape of the Human Heart” in Cell39. The method 

sections 4.2 and 4.19 – 4.26 have been included in modified form in our manuscript 

“Evolutionary origins and interactomes of human young microproteins and small peptides 

translated from short open reading frames”, currently under consideration at Molecular Cell247.  

 Definition of the investigated set of translated sORFs 4.1

A set of 1,503 cardiac sORFs translated in human hearts were retrieved from Table S3 (uORFs, 

uoORFs, dORFs) and Table S5 (lncORFs) from van Heesch et al.39. Moreover, this study 

revealed the translation of a highly conserved sORF starting with a non-canonical start codon 

(CTG) encoded by the lncRNA TUG139, which was added to the collection. Lastly, an sORF 

translated from the lncRNA PVT1 identified in in-house ribosome profiling data of human 

cardiac fibroblasts and other published datasets89,90,92 was included due to the cardiac disease 

association of the encoding lncRNA248. This resulted in 1,505 translated and potentially 

microprotein-producing sORFs (Supplemental Table 2) that were included in the downstream 

analyses. 

For the conservation analysis, I defined a set of 527 sCDSs (Ensembl v.1012) that were 

compared to the sORF-encoded microproteins. These sCDSs were derived from genes 

containing only annotated protein isoforms shorter than 100 aa. The longest CDS was selected 

per gene, discarding incomplete CDSs without annotated start or stop codons (Supplemental 

Table 2).  

 Conservation analysis of sORFs translated within human hearts 4.2

 Whole-genome alignments across mammalian species 4.2.1

A comparative genomics resource comprising pre-built whole-genome nucleotide alignments 

across 120 mammalian species249 was downloaded to calculate the conservation of translated 

cardiac sORFs and sCDS across the mammalian lineage. Additionally, whole-genome Liftover 

chains were retrieved from the University of California Santa Cruz (UCSC) genome browser for 

ten species with high-quality genomes (rhesus macaque, mouse, cow, dog, horse, elephant, 

opossum, chicken, western clawed frog, and zebrafish)250. Chicken, western clawed frog, and 

zebrafish were included as evolutionary outgroups to find potential sORFs with vertebrate 

conservation, extending conservation beyond the mammalian clade. Finally, local multiple 
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alignments were defined for every sORF. Only species where the region could be fully aligned 

were included, while partial or ambiguous alignments were discarded. 

 Protein sequence conservation of sORFs and sCDSs  4.2.2

Standard homology-detection approaches are inadequate for discovering sORF homologs in 

complete transcriptomes or genomes due to the vast search space and the short length of 

query sequences84,251. Therefore, the search space was reduced to previously aligned 

counterpart regions in mammals extracted from whole-genome alignments. When at least one 

non-human genome was aligned to a human sORF or sCDS, the sequence similarity for the 

encoded microprotein was estimated using BLASTp (v.2.7.1), and a conservation score (CS) 

was calculated. The CS score was defined as the negative logarithmic value (-log10) of the 

median BLASTp e-value across all aligned regions. Primate species were excluded from the 

score calculation since their unconstrained genome sequences have not diverged enough. 

Instead, only non-primate mammalian species were included, where unconstrained genome 

sequences show higher divergence. 

A CS significance cutoff ≥ 8 was selected, indicating consistent amino acid sequence similarity 

across non-primate mammals. Hence, microproteins and sCDSs with a CS above the threshold 

were defined as “conserved proteins” through mammalian evolution. The remaining sequences 

without protein homologs in non-primate mammals were classified as “evolutionarily young” 

proteins. A false discovery rate (FDR) < 0.01 was estimated through random extraction of 

10,000 size-matched sequences from UTRs of the sORF-hosting genes and calculating the 

distribution of CS scores for these random sequences.  

 Identification of de novo evolved microproteins 4.2.3

To identify de novo evolved primate- and human-specific microproteins, the generated multiple 

alignments and Liftover chains (see section 4.2.1) were re-analyzed to trace the evolutionary 

origins of microprotein-encoding sORFs that had been categorized as evolutionarily young. An 

sORF was classified as “de novo” when the most distant aligned region did not contain the 

sORF, and hence the mutations responsible for the birth of the sORF sequence could be 

spotted. To exclude that some of these sORFs have emerged through duplication of a protein-

coding gene, BLASTp was run, and it was inspected whether any of the sORF sequences 

displayed significant homology to any other annotated protein in the human, macaque, mouse, 

cow, dog, horse, elephant and opossum proteomes (Ensembl v.98). SORFs with significant 

matches (e-value < 10-4) were excluded from the “de novo” category. 
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 Agarose gel electrophoresis and purification of linearized 4.3

vectors 

Gel electrophoresis was used to separate linearized vectors. Samples were mixed with 6x DNA 

sample buffer and loaded onto 1% agarose gels prepared in TAE buffer (0.4 M Tris, 11.42% 

acetic acid, EDTA 0.5 M, pH 8.0) in the presence of ethidium bromide to stain DNA. Samples 

were run for 1 h at 120 V and were visualized using a UV transmission light.  

Linearized vectors were excised from the gel and purified using the QIAquick gel extraction kit 

according to the manufacturer’s instructions. 

 Determination of the DNA concentration 4.4

The nucleic acid concentration was determined by loading 2 µL of the sample on the NanoDrop 

One instrument, measuring the adsorption at 260 nm (Peak), 280 nm (Ratio), and 320 nm 

(Reference). 

 Transformation of electrocompetent cells, plasmid purification, 4.5

and sequence verification 

For DNA transformation, 25 µL of electrocompetent bacterial cells (NEB® 10-beta) were thawed 

on ice for 10 min. 10 ng of plasmid DNA in a maximum of 1.5 µL was added to the cell 

suspension, which was then transferred to a chilled electroporation cuvette. Electroporation was 

performed with the following settings: 1.5 kV, 200 Ω, and 25 µF. The cell suspension was 

quickly added to 450 μL of SOC outgrowth medium and mixed gently. The solution was 

transferred to a 15 mL falcon tube and shaken for at least 1 hour at 37°C to allow expression of 

the antibiotic resistance gene (here: kanamycin). Ten to 150 μL were spread on a prewarmed 

LB plate containing 30 µg/mL of kanamycin, and plates were incubated overnight at 37°C. 

The next day, 5 mL (mini-preparation) or 50 mL (midi-preparation) of LB medium (1% NaCl, 1% 

Bacto Tryptone, 0.5% Bacto Yeast Extract in sterilized water, pH 7.0) were inoculated with one 

bacterial colony using inoculation loops and incubated overnight at 37°C, shaking at 200 rpm to 

amplify the bacteria. 

Plasmids produced from bacterial 5 mL and 50 mL cultures were isolated using the QIAGEN 

Plasmid Mini Kit and QIAGEN Plasmid Plus Midi Kit, respectively, according to the 

manufacturer's instructions. 

Extracted DNA plasmids were sent for Sanger sequencing at Eurofins or GeneWiz. 
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 Generation of a custom vector backbone for lncRNAs and 4.6

microprotein expression vectors 

Sequence-verified single oligonucleotides (see Supplemental Table 1 for sequences) were 

used to create a customized vector (pEF1α-custom) serving as a backbone for all plasmids 

used in in vitro transcription and translation (IVT) assays and overexpression in mammalian cell 

lines. The vector 631971 from Clontech (pEF1α-IRES-AcGFP1) served as a basis for pEF1α-

custom. Its IRES-AcGFP1 sequence was removed and replaced with a T7 promoter necessary 

for subsequent coupled transcription and translation assays. 

First, 1 µg (1 µL) of the vector 631971 was digested for 20 min at 37°C in the presence of the 

restriction enzymes Nhe1-HF and Not1-HF (1 µL each) in 5 µL CutSmart buffer and 42 µL 

nuclease-free water. For vector purification, the digested vector was run on a 1% agarose gel 

for 1 h at 120 V (see section 4.3), and the DNA fragment of interest (4680 base pairs in size) 

was cut out and extracted from the gel using the QIAquick gel extraction kit. Sequence-verified 

single oligonucleotides were ordered from Biotez and resuspended in annealing buffer (10 mM 

Tris, pH7.5-8.0, 50 mM NaCl, 1 mM EDTA). To hybridize single oligonucleotides, 2 µg of each 

were mixed in annealing buffer in a total volume of 50 µL and incubated at 95°C for 5 min. The 

reaction was removed from the heat source and allowed to cool down for 45 min at room 

temperature (RT). Annealed oligonucleotides were diluted to roughly 5 ng/ µL with 45 µL 

annealing buffer.  

For ligation, 100 ng of the purified vector fragment was incubated at RT for 10 min with 75 ng 

hybridized oligonucleotides, 2 µL 10x T4 DNA ligase buffer, and 1 µL T4 DNA ligase filled up 

with nuclease-free water up to a final volume of 20 µL. The ligase was heat inactivated for 10 

min at 65°C. Subsequently, the reaction was chilled on ice for 10 min and transformed into 

electrocompetent bacteria. After colony picking and DNA extraction, the correct sequence was 

verified by sanger sequencing using T7 and BGH reverse sequencing primers (see section 4.5). 

 Generation of lncRNA and microprotein vectors used for IVT 4.7

assays and mammalian overexpression 

For IVT assays, 60 translated lncRNA genes spliced into 84 transcript isoforms were randomly 

selected, each encoding a unique translated sORF. The complete sequences of these 84 

lncRNA isoforms (including the predicted 5’ and 3’ UTRs) were synthesized, inserted into the 

custom vector backbone pEF1α-custom (see section 4.6), and sequence-verified by Genewiz 

Europe (Leipzig, Germany) (for sequences see Supplemental Table 1). 
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For mammalian overexpression plasmids, only the microprotein-encoding sORF sequence was 

selected, omitting the respective 5’ and 3’UTRs. The coding sequence was codon-optimized for 

mammalian expression, and a C-terminal 3xFLAG-tag was added before the stop codon 

allowing for antibody-based microprotein detection. Codon-optimized, 3xFLAG-tagged 

microprotein sequences were synthesized, inserted into the custom vector backbone pEF1α-

custom, and sequence-verified by Genewiz Europe (Leipzig, Germany). Sequences are stored 

in Supplemental Table 1. 

 Generation of sORF-mutant lncRNA vectors used for IVT assays 4.8

Following the manufacturer's instructions, the QuickChange II site-directed mutagenesis kit was 

used to introduce single nucleotide mutations, deletions, or insertions that disrupt the predicted 

sORF into lncRNA expression vectors. Briefly, lncRNA vectors were PCR amplified using 

mutagenic primers that carried the intended mutation, followed by DpnI digest to remove the 

template wild-type DNA. Subsequent bacterial transformation, DNA extraction, and sequence 

verification were performed as described in section 4.5. Mutagenic primers were designed with 

the QuikChange Primer Design Program (www.agilent.com/genomics/qcpd). Primers were 

synthesized and HPLC purified by BioTeZ (Berlin, Germany). Sequences can be found in 

Supplemental Table 1. 

 Linearization of lncRNA vectors used in IVT assays 4.9

Wild-type and mutant lncRNA vectors were linearized before using them in IVT assays. Briefly, 

5 µg of DNA was digested with the appropriate restriction enzymes, uniquely cutting at the 3’ 

end of the lncRNA insert, and purified using the QIAquick PCR Purification Kit. The DNA 

concentration was adjusted to 0.5 µg/µL, and linearization was verified by agarose gel 

electrophoresis (see section 4.3). 

 In vitro transcription and translation assay 4.10

Microproteins from wild-type (WT) and mutated lncRNAs vectors were transcribed and 

translated in vitro using the TnT® Coupled Wheat Germ Extract system in the presence of 10 

mCi/mL [35S]-methionine. In a 25 µL reaction, 0.5 µg linearized plasmid DNA, 12.5 µL TnT® 

Wheat Germ Extract, 1 µL TnT® Reaction Buffer, 0.5 µL Amino Acid Mixture Minus Methionine 

(1 mM), 0.5 µL RNasin® Ribonuclease Inhibitor (40u/μl), 0.5 µL TnT® RNA Polymerase T7, 1 

µL [35S]-methionine at 10mCi/ml and RNAse-free water were combined on ice and incubated 

for 1.5 h at 30°C to allow for lncRNAs transcription and microprotein translation. Translated 

microproteins were separated according to their molecular weight using tricine gels and blotted 
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onto polyvinylidene difluoride (PVDF) membranes, as described in section 4.11. Translated 

microproteins were detected by phosphor imaging (exposure time of 1 day), enabled by 

radioactive [35S]-methionine incorporated into newly synthesized translation products.  

 SDS-PAGE and western blotting 4.11

 SDS-PAGE analysis using tricine gels 4.11.1

Five µL lysate was incubated for 2 min at 85°C with 9.6 µL Novex Tricine SDS Sample Buffer 

(2X) and 1.4 µL dithiothreitol (DTT, 500 mM) to denature proteins. Proteins were loaded onto 

16% Tricine gels and separated according to their molecular weight for 1 h at 50 V followed by 

3.5 h at 100 V in 1x Tricine running buffer. The molecular mass of proteins was identified by 

running a protein marker (Precision Plus Protein™ Dual Xtra Prestained Protein Standards) on 

each gel. 

 SDS-PAGE analysis using Bis-Tris-gels 4.11.2

Sample lysates (10.6 µL) were incubated with 4 µL NuPAGE™ LDS Sample Buffer (4X) and 

1.6 µL of NuPAGE™ Sample Reducing Agent (10X) for 10 min at 70°C to denature proteins. 

Proteins were separated according to their molecular weight for 30 min on NuPAGE™ 12% Bis-

Tris Protein Gels in 1x MES buffer at 200 V. The molecular mass of proteins was identified by 

running a protein marker (Precision Plus Protein™ Dual Xtra Prestained Protein Standards) on 

each gel.  

 Western blotting 4.11.3

PVDF-membranes were activated in methanol and washed with western blot buffer (1x TGS-

buffer, 20% MeOH). Protein gels and filter papers were equilibrated in western blot buffer. A 

sandwich of one filter paper, membrane, protein gel, one more filter paper, and a sponge were 

assembled and subjected to tank blotting at 4°C for 1 h at 150 mA in western blot buffer. 

 Immunological detection of proteins on PVDF membranes 4.11.4

After blotting, membranes were rinsed with 1x TBS-T (1x TBS, 0.1% Tween), blocked for 1 h in 

10% skim milk solution in TBS-T at RT, and incubated overnight with 5 mL of primary antibody 

solution at 4°C. Primary antibody solutions were set up in 1x TBS-T containing 5% skim milk 

and 0.02% sodium azide. The next day, membranes were washed three times for 10 min in 

TBS-T and incubated for 1 h with 10 mL of horseradish-peroxidase (HRP) conjugated 

secondary antibodies (dilution 1:5,000) in 1x TBS-T containing 5% skim milk. Membranes were 

washed three times for 10 min with 1x TBS-T. HRP-catalyzed chemiluminescence was detected 
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with the Image Quant™ LAS 500 imager after adding 1 mL of enhanced chemiluminescence 

(ECL) reagent to the membrane.  

 Detection of microproteins in human hearts based on public 4.12

shotgun mass spectrometry data  

To gain protein evidence for microproteins translated from cardiac sORFs, raw proteomic data 

of human heart regions252 were downloaded from the EMBL-EBI PRIDE archive under the 

accession number PXD006675 and analyzed using the MaxQuant software package 

(v1.6.0.1)253. Additionally, deep proteomes of iPSC-CMs39 were analyzed. The data were 

searched against a customized library containing putative microproteins translated from sORFs 

in human hearts39 (Cardiac Translatome FASTA search database; available for download at 

http://shiny.mdc-berlin.de/cardiac-translatome/) and all human UniProt entries (HUMAN.2017-

01; with decoy format including reversed sequences). Standard search parameters were used, 

including variable modifications of methionine oxidation, deamidation of asparagine and 

glutamine and N-terminal acetylation, and fixed modification of carbamidomethyl cysteine, a 

minimal peptide length of seven amino acids and a maximum of four missed cleavages were 

allowed. An FDR of 5% was applied for statistical filtering on the peptide level, while the protein 

FDR was excluded, similarly to previous searches for small proteins83,92,254,255. The exclusion 

follows the rationale that the protein FDR is often overestimated for small proteins, which can 

produce only a single or a limited number of unique peptides usable for protein identification. 

This overestimation is particularly true for large proteomic datasets (as discussed by, e.g., 

Kim256 and Savitski and colleagues257). MaxQuant uses a target-decoy strategy to estimate the 

peptide FDR and limit the number of peak matches that occur by chance in extensive database 

searches. For this decoy search, an artificial search space is created by reversing all 

(micro)protein sequences in the search database resulting in decoy proteins that match in 

length and amino acid distribution but should not be detectable.  

Complementary to the reversed peptide search, an additional target-decoy strategy was 

performed for lncORF-encoded microproteins by creating a search space derived from the 3-

frame translation of the 169 lncRNAs (including all cardiac expressed isoforms) with translation 

evidence in ribosome profiling data in human hearts39. The sORFs resulting from the 3-frame 

translation were excluded from the artificial search space when i) they showed signs of active 

translation in ribosome profiling data in human hearts, and ii) they sense-overlapped with a 

translated sORF in the same reading frame. When multiple “artificial” sORFs sense-overlapped 

each other only the longest sORF was kept. Overall, a set of 3,623 artificial sORFs was created, 

from which 1,000 sets of 339 sORFs matching the size distribution of the 339 true (Ribo-seq 
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supported) lncORFs were subsampled. The number of unique shotgun MS hits was summed up 

for each set and compared to the number of identifications for the true collection of translated 

lncORFs. The same analysis was repeated, this time quantifying identifications on the gene 

(i.e., lncRNA) level. In both analyses, a clear enrichment for detecting true over artificial 

microproteins was observed (empirical p-value < 0.001) with a Cohen’s effect size (d) of 5.99 

and 7.57 for translated sORFs and lncRNAs, respectively. However, many false-positive unique 

peptide hits could be detected, indicating that microprotein evidence solely detected by deep 

shotgun MS searches needs to be further substantiated with independent (targeted MS or 

antibody-based) methods. 

 

 

 

 Selected reaction monitoring (SRM)-MS 4.13

 Method development 4.13.1

Appropriate tryptic signature peptides for microprotein candidates were selected after in silico 

digest with trypsin using the online tool MS-Digest (http://prospector.ucsf.edu). They were 

chosen based on the following features: i) uniqueness across the trypsin-digested human 

proteome, ii) minimum length of six aa, and iii) mass to charge (m/z) range of 10 - 1850 m/z. 

Synthetic peptides of crude quality were synthesized by JPT Inc. (Berlin, Germany) and 

resuspended in 130 µL of 20% acetonitrile (ACN) in 100 mM ammonium bicarbonate buffer 

(ABC buffer) for 30 min at RT while shaking at 500 rpm resulting in a final peptide concentration 

of approximately 400 pmol/µL. Before further processing, peptide pools of 25 peptides were 

created (2 nmol per peptide). Pooled peptides were reduced with DTT (12 mM final 

concentration) for 30 min at 32°C, alkylated with chloroacetamide (CAA, 40 mM final 

concentration) for 30 min at 25°C in the dark, and diluted to a peptide concentration of 

100 pmol/µL in ABC buffer. Peptides were extracted and desalted following the STop And Go 

Extraction (Stage) protocol described by Rappsiler and colleagues258. Briefly, pipet tips were 

loaded with tiny C18 Empore Disks (3M, Minneapolis, MN) to create StageTips, which were 

washed with 50 µL MeOH and 100 µL buffer A (3% ACN, 0.1% formic acid). Per pool, 500 pmol 

Figure 4-1: Target-decoy analysis for microprotein identifications in 

shotgun MS searches. Subsampling results showing unique peptide 

identifications for a target-decoy shotgun MS data search for simulated, 

untranslated lncRNA sORFs (1,000 sets of 339 sampled sORFs; gray 

density plot) versus the 339 true translated sORFs (red dashed arrow). A 

comparison is shown for identification results on the sORF level (left 

panel) and the gene (lncRNA) level. For both simulations, an enrichment 

is visible (empirical p-value = 0.001), as none of the simulated sets 

results in more hits than the actual sORF set. Effect sizes (Cohen’s d) 

are given and show an increase for gene-level identifications. 
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of peptides were acidified with trifluoroacetic acid (TFA, final concentration 1%) and loaded onto 

StageTips, followed by another wash step with 100 µL buffer A. 

Peptides were eluted from StageTips in 20 µL of 80% ACN and 0.1% formic acid. After 

evaporation of the organic solvent, peptides were resolved in sample buffer (5% ACN and 0.1% 

formic acid) and measured (1 pmol per peptide) on a Q-Exactive Plus mass spectrometer with 

higher energy collision dissociation method (HCD) and a mass resolution of 70,000 for the MS 

and 17,500 for the MS/MS scans to record peptide spectra. Applying a custom-made database 

containing the predicted sequences, analysis of the recorded spectra was performed using the 

MaxQuant software package (v1.6.0.1), with carbamidomethylation of cysteines as a fixed and 

oxidation of methionines as a variable modification. An FDR of 1% was applied for peptides and 

proteins. The peptides’ fragmentation pattern in the Q-Exactive Plus mass spectrometer was 

used to develop an SRM method for a TSQ Quantiva instrument, monitoring up to 6 of the most 

intense fragment ions with sound library matching values with the Skyline Software package 

v3.6259. Skyline was used to predict the best collision energy for each peptide. In total, I selected 

223 peptides and 908 transitions to identify i) five control proteins (GAPDH, ACTA, TUBA1B, 

HIST1H2, LMNA; LMNB), ii) 20 annotated small proteins (UniProt; < 100 aa; as matching 

controls for the microproteins in terms of size), and iii) 137 sORF-encoded microprotein 

candidates translated from 83 lncRNA genes (Supplemental Table 2). The peptides were 

grouped into five scheduled SRM methods based on their retention time profile (137 min 

gradient with increasing ACN concentration: 5 to 27% for 117 min, 27 to 54% for 20 min). The 

dwell time was set to 200 ms, scheduled retention windows to 20 min, and the TSQ Quantiva 

parameters for measurements to a Q1 and Q3 resolution of 0.7 (FWHM).  

 Heart tissue lysis and MS analysis 4.13.2

Using a pre-cooled mortar and pestle and under the continuous addition of liquid nitrogen, 

human heart tissues were pulverized on days with humidity below 30%. Pulverized tissue was 

boiled for 10 min at 95°C in lysis buffer (6 M Guanidium HCl in 10 mM HEPES pH 8.0). 100 µg 

of protein extract was used for in-solution digest, first reduced in 12 mM DTT (45 min at RT) and 

then alkylated using 40 mM CAA (30 min at RT). The samples were digested for 4 h with 2 µg 

endopeptidase Lys-C, diluted in 4 volumes of 50 mM ammonium bicarbonate (pH 8.5), and 

further digested with 2 µg trypsin for 16 h. Acidifying each sample to pH < 2.5 with 10% TFA 

solution stopped the digestion. Insoluble material was pelleted by centrifugation for 10 min at 

14,000 rpm, and the soluble peptides were extracted, desalted, and eluted as described in 

section 4.13.1. 

Two micrograms of peptides were injected and separated on a reversed-phase column (20 cm 

fritless silica microcolumns with an inner diameter of 75 µm, packed with ReproSil-Pur C18-AQ 
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1.9 µm resin). A 137 min gradient of increasing ACN concentration (5 to 27% for 117 min, 27 to 

54% for 20 min) with a 250 nL/min flow rate was applied using a High-Performance Liquid 

Chromatography (HPLC) system. Peptides were ionized with an electrospray ionization (ESI) 

source and analyzed on a Thermo TSQ Quantiva instrument. Scheduled retention windows 

were set to 10 min, the dwell time to 200 ms, and TSQ Quantiva settings for Q1 and Q3 as 

described in section 4.13.1. Peptide peaks were annotated using the Skyline software package 

with the following settings: Precursor Charges 2 to 4; Ion charges 1 and 2; Ion types y, p, b, a, 

z; Up to 6 product ions picked; Auto-selection of matching transitions enabled; Ion match 

tolerance = 0.05 m/z; Method match tolerance = 0.055 m/z; Resolving power of MS2 filtering 

was set to 17,500 at 200 m/z). I applied a spectrum contrast angle (SCA) filter of ≥ 0.7 and 

reported the SCA, retention time, and total peak area for identified peptides for each biological 

(5 hearts) and technical (2 runs per heart) replicate (Supplemental Table 2).  

 Cultivation of eukaryotic cells 4.14

The human HEK293T/17 (CRL-11268, ATCC) and HeLa (kindly provided by A. Woehler, MDC 

Berlin) cell lines were cultured in a humidified incubator at 37°C with 5% CO2 using Dulbecco’s 

modified eagle medium (DMEM) with high glucose (4.5 g/l) and 2 mM L-glutamine (GlutaMAX), 

1 mM sodium pyruvate and 10% fetal bovine serum (FBS). Cells were passaged before 

reaching 80-90% confluency. Therefore, they were washed once with Dulbecco’s phosphate-

buffered saline without calcium and magnesium (DPBS (-/-)), detached with 0.25% 

Trypsin/EDTA for 3 min at 37°C, diluted to 1:10 (HEK293T/17) or 1:5 (HeLa) in fresh medium, 

and seeded in 10-cm dishes or different-sized cell culture plates as needed. Cells were counted 

with Countess Automated Cell Counter upon Trypan Blue staining of dead cells if defined cell 

numbers were required (e.g., for transfection experiments). 

Both cell lines were regularly tested for mycoplasma using the Universal Mycoplasma Detection 

Kit by ATCC, following the manufacturer’s instructions. 

 Transient transfection 4.15

Transient transfection of mammalian cells was performed to ectopically express 3xFLAG-tagged 

candidate microproteins before (co-)immunofluorescence, (co-)immunoprecipitation, and 

proteinase K digestion assays.  

Appropriate vessels were coated with poly-D-lysine before cell seeding for transient transfection 

of HEK293T/17 cells. Dishes were incubated with poly-D-Lysine for at least 30 min at RT and 

subsequently washed with DPBS with calcium and magnesium (DPBS (+/+)). Cells were 

seeded and transiently transfected with plasmid DNA using TransFectin™. For transfection on 
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10 cm dishes, 4 x 106 cells were seeded in 10 mL medium. Fifteen µg of DNA was diluted in 750 

µL Opti–MEM and mixed with 22 µL TransFectin™ in 750 µL Opti–MEM. For transfection on 6 

cm dishes, 1.3 x 106 cells were seeded in 5 mL medium, and 7.3 µg of DNA and 7.3 µL 

TransFectin™, each in 605 µL Opti-MEM, were mixed. The DNA-TransFectin™-mix was 

incubated for 5 min at RT and added dropwise to the cells. When two proteins were co-

expressed, the amount of DNA was split in half. Cells were grown for 48 h to allow protein 

expression before harvesting for follow-up experiments. 

For transient transfection of HeLa cells subsequently used for immunofluorescence 

experiments, 1.2 x 105 cells were seeded in 1 mL medium on glass slides in 12-well plates and 

transfected after 24 h using the Lipofectamine 3000 transfection kit. Two µL of P3000 reagent 

was added to 1 µg plasmid DNA diluted in 70 µL Opti-MEM. One and a half µL Lipofectamine 

3000 was added to 70 µL Opti-MEM, incubated for 5 min at RT, and mixed with the diluted 

DNA. The mixture was incubated for 20 min at RT and, after the cell medium was refreshed, 

added dropwise to the cells. Cells were grown for another 24 h before being used for follow-up 

experiments.  

 In silico prediction of microprotein signal peptides and 4.16

transmembrane domains 

SignalP 6.0260 was employed to predict signal peptides within microproteins. SignalP 6.0 

required a minimum of 10 aa leading to the exclusion of 46 microproteins from the predictions. 

Potential transmembrane domains were predicted using the tool TMHMM 2.0261. Results are 

stored in Supplemental Table 2. 

 In silico prediction of a microprotein’s subcellular localization 4.17

The tools DeeplLoc 1.0262 (https://services.healthtech.dtu.dk/service.php?DeepLoc-1.0, settings: 

BLOSUM62 (fast, 500 sequences maximum)) and Busca263 (https://busca.biocomp.unibo.it/, 

settings: Eucarya – Animals – 9 compartments) were used to predict the subcellular localization 

of microproteins. The analysis with BUSCA was restricted to the 560 microproteins with a 

minimum length of 40 aa. Results are stored in Supplemental Table 2. 

 Detection and localization of overexpressed microproteins by 4.18

immunofluorescence 

HeLa cells were seeded and transfected with microprotein expression plasmids, as described in 

section 4.15. Cell medium was aspirated, and cells were washed twice with ice-cold DPBS (+/+) 
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and fixed with 500 µL of 4% paraformaldehyde (PFA) for 10 min at RT. Subsequently, cells 

were washed three times with ice-cold DPBS (+/+) and permeablized and blocked in blocking 

solution (3% bovine serum albumin (BSA), 10% normal goat serum, and 0.1% Triton X-100 in 

DPBS (+/+)), followed by three additional washing steps. Expressed 3xFLAG-tagged 

microproteins were stained using the anti-FLAG mouse monoclonal antibody F1804 (1:500) for 

1 h at RT. Microproteins were co-stained with organelle markers for ER or mitochondria, 

respectively (1:500, rabbit anti-PDI; 1:1000, rabbit anti-ATPIF1). For co-localization 

experiments, 3xFLAG-tagged PDZRN3-AS1-MP was stained with anti-FLAG mouse monoclonal 

antibody and RMND1-HA with anti-HA rabbit monoclonal antibody (1:1000).  

Primary antibody stainings were followed by three washing steps with DPBS (+/+) and 

incubation with fluorescently-labeled secondary antibodies (1:500, Alexa Fluor 488 anti-rabbit 

and Alexa Fluor 594 anti-mouse) for 30 min at RT. All antibodies were diluted to the appropriate 

concentration in DPBS (+/+) with 5% BSA and 0.1% Triton X-100. Cells were rewashed, and 

nuclei were stained with 4-6-diamidino-2-phenylindole (NucBlue™ Fixed Cell ReadyProbes™ 

Reagent) for 5 min at RT. ProLongTM Gold antifade reagent was used to mount cell-containing 

cover slips onto glass slides. Images were taken with a LEICA SP8 confocal microscope using a 

63x objective and analyzed using the Leica confocal software Las X (v3.5.2) and ImageJ 

(v1.52a)264. 

 IF-based analysis of PDZRN3-AS1-MP localization within mitochondria 4.18.1

To define the localization of PDZRN3-AS1-MP within mitochondria, PDZRN3-AS1-MP, the outer 

mitochondrial membrane protein TOM20 (1:500, rabbit anti-TOM20), the inner mitochondrial 

membrane proteins RMND1-HA and COX IV (1:250, rabbit anti-COX4 N-terminus; 1:200, 

mouse anti-COX4 C-terminus), and the mitochondrial matrix protein ATPIF were stained after 

cell permeabilization with Triton X-100 as described above. In addition, the same proteins were 

stained following cell permeabilization with digitonin-containing solution (3% BSA, 10% normal 

goat serum, and 30 µg/mL digitonin in DPBS (+/+)). While Triton X-100 permeabilizes the 

plasma membrane and all mitochondrial membranes, digitonin cannot penetrate the inner 

mitochondrial membrane. The incomplete permeabilization with digitonin leads to limited 

accessibility of mitochondrial matrix proteins to antibody stainings and a decreased IF signal 

compared to Triton X-100-treated cells. 
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 Identification of microprotein interactors using a PRotein 4.19

Interaction Screen on a peptide MAtrix (PRISMA)  

The PRotein Interaction Screen on a peptide MAtrix (PRISMA) is based on analyzing individual 

protein segments in a high-throughput fashion. Therefore, protein segments (also called tiles, 

often 15 aa long) are synthesized and immobilized on a cellulose membrane that is 

subsequently incubated with a protein lysate. Individual peptide spots are excised from the 

membrane, and bound proteins are identified by MS. PRISMA has been previously applied to 

identify protein interactors of selected canonical proteins and their specific binding sites and 

motifs.183,265–268 Here, this approach was adapted to 60 putative microproteins encoded by 

sORFs translated within human hearts. 

 Microprotein candidate selection for PRISMA  4.19.1

Several criteria were applied to select putative microproteins for the PRISMA screen: i) their 

evolutionary age, ii) their exogenous and endogenous detectability, and iii) their disease 

relevance.  

Since lowly conserved microproteins have been less regarded in previous in-depth microprotein 

characterization studies, 45 evolutionarily young microproteins (CS < 8) were selected to gain 

insights into the interaction capacity of young proteins. To compare the interactomes of young 

and conserved proteins of similar sizes, 15 microproteins translated from conserved mammalian 

sORFs were added. Four (MIEF1-MP, MTLN, NDUFB3, and MRPL33) had been included in 

interactomics studies before51,161,269,270 and evolved during vertebrate evolution. Evidence for 

exogenous and endogenous microprotein detectability was extracted from the IVT assays (29 

out of 60), IF experiments (49 out of 60), searches of public MS datasets, and the SRM-MS 

approach (29 out of 60). Additionally, it was considered whether a microprotein was encoded by 

a presumed lncRNA implicated in human diseases, following the rationale that the encoded, 

previously missed microprotein might have contributed to the observed phenotypic effect. 

Therefore, the manually curated database EVLncRNAs 2.0248 was examined, listing lncRNAs 

whose function and disease association was validated by low-throughput, targeted experiments. 

Twenty-two out of the 60 candidates were translated from disease-relevant lncRNAs. 

Associated diseases included cardiovascular disease (10 microproteins) and cancer (17 

microproteins). 

Supplemental Table 4 stores the information on microprotein candidates selected for PRISMA. 
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 Experimental setup 4.19.2

For PRISMA, the 60 selected putative microproteins were divided into overlapping peptides of 

15 aa (tiles) with an offset of eight aa resulting in a total of 478 peptides (minimum of two, 

maximum of 21, and average of eight tiles per microprotein). All peptides were acetylated at 

their free N-termini to mimic the uncharged nature of a protein backbone and enhance a 

peptide’s stability. Approximately 5 nmol of each peptide was spot-synthesized (SPOT synthesis 

technology) on cellulose membranes (JPT Inc., Berlin, Germany). Since one membrane fits 

maximal 225 peptides, the entire set of 478 was distributed across three membranes. On each 

of these membranes, I included four peptides derived from the proteins SOS1 and GLUT1 that 

had been investigated in previous proteomic interaction screens183,271 and served as assay 

controls. Each membrane was ordered and processed in triplicates. The spotted peptides have 

been referred to as “baits,” the proteins bound by these peptides as “prey”. Supplemental 

Table 5 contains the sequences of all spotted peptides. 

 Protein lysate preparation 4.19.3

Protein lysates used for PRISMA were extracted from HEK293T/17 grown in 14 cm dishes as 

described in section 4.14. All extraction steps were performed on ice, using only ice-cold buffers 

to prevent protein degradation. Once the cells reached 90% confluency, the medium was 

aspirated, and cells were washed once with 5 mL DPBS (+/+). Subsequently, cells were 

scraped in 2 mL of DPBS (+/+), transferred into falcon tubes, and centrifuged at 1000 g for 

5 min at 4°C. Cells were washed and centrifuged once more before resuspension in 0.7 mL 

lysis buffer per 14 cm dish (50 mM HEPES pH 7.6 at 4°C, 150 mM NaCl, 1 mM EGTA, 1 mM 

MgCl2, 10% Glycerol, 0.5% Nonidet P-40, 0.05% SDS, 0.25% sodium deoxycholate and 

cOmplete™ EDTA-free protease inhibitor). Cellular DNA was digested by adding 5 µL of 

Benzonase and incubation for 15 min. After centrifugation at 20,000 g for 15 min, supernatants 

were transferred into fresh tubes, and the Pierce™ BCA Protein Assay Kit was used following 

the manufacturer's instructions to determine the protein concentration. The protein 

concentration was adjusted to 5 mg/mL with lysis buffer, and the protein extract was directly 

used for the PRISMA assay. 

 PRISMA sample preparation for mass spectrometric analysis 4.19.4

First, the membranes containing spot-synthesized peptides were equilibrated in wash buffer (50 

mM HEPES pH 7.6 at 4°C, 150 mM NaCl, 1 mM EGTA, 1 mM MgCl2, 10% Glycerol) at RT for 

15 min. Membranes were blocked with 1 mg/mL tRNA diluted in wash buffer for 10 min and 

washed twice for 5 min with wash buffer. The HEK239T protein lysate (5 mg/mL) was added to 
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the membranes, followed by a 2 h incubation at 4°C while shaking and three additional washing 

steps with wash buffer at 4°C for 5 min. Finally, membranes were dried at RT for 15 min. 

Subsequently, peptide spots were punched out using a 2 mm mouse ear puncher and 

transferred directly into 20 µL of urea sample buffer (6 M Urea, 2 M Thiourea, 10 mM HEPES). 

DTT (12 mM final concentration) was added to reduce samples for 30 min at RT, followed by 

sample alkylation with CAA (40 mM final concentration) for 45 min at RT in the dark. Samples 

were diluted with 100 µL of 50 mM ammonium bicarbonate (pH 8.5) buffer containing trypsin 

(5 µg/mL) and Lys-C (5 mAU/mL) and incubated overnight at RT to digest proteins bound to the 

spotted peptides. Adding 4 µL of TFA (25%) stopped the proteolytic digestion. Peptide 

extraction and desalting were performed as described in section 4.13.1. with minor adjustments 

to buffer compositions and washing steps. StageTips were washed with 50 µL MeOH and 100 

µL 1% formic acid (FA). After sample loading, StageTips were washed twice with buffer A (3% 

ACN and 0.1% FA).  

 Liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS)  4.19.5

Peptides were eluted with 50 µL of 50% ACN and 0.1% FA, and organic solvents were 

evaporated using a speed vac. Following peptide reconstitution in 3% ACN and 0.1% FA, 

peptides were separated on a 20 cm reversed-phase column (inner diameter 75 µm, packed 

with ReproSil-Pur C18-AQ 3 µm resin). A 45 min gradient with a 250 nL/min flow rate of 

increasing Buffer B concentration was applied on an HPLC system. An ESI source was used for 

peptide ionization, and peptides were analyzed on an Orbitrap Fusion instrument. Precursor 

survey scans were performed at 120 K resolution with a 2 x 105 ion count target, with a dynamic 

exclusion time of 30 s for selected precursor ions. MS/MS was performed with a 1.6 m/z 

isolation window, HCD fragmentation with a normalized collision energy of 32, ion count target 

of 1 x 104, and a maximum injection time of 300 ms. The instrument was operated in top speed 

mode with 3 s cycles. Replicates were measured in batches where the sample order differed for 

each set. A blank run followed each analytical run.  

 Data analysis 4.19.6

The MaxQuant software version 1.6.0.1.253 was used to analyze the resulting raw files. MS2 

spectra were searched against a decoy human UniProt database (Human.2019-07) and an in-

house database containing the PRISMA peptide and microprotein sequences using the internal 

Andromeda search engine. Variable modifications of methionine oxidation, N-terminal 

acetylation, deamidation (N and Q), and fixed carbamidomethyl cysteine modifications were 

included in the search. An FDR of 1% was applied for peptide and protein identifications. The 

built-in nonlinear time-rescaling algorithm was used to recalibrate retention times. The “match 
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between runs” function was enabled, transferring MS2 identifications between runs within a 

maximal retention time window of 0.7 min. Unique and razor peptides were considered for 

quantification, and the integrated label-free quantitation (LFQ) algorithm was employed. 

The subsequent analyses were performed with RStudio v.3.6.1272 following a strategy published 

by Meyer and colleagues183 with slight modifications. Reverse database hits, potential 

contaminants, and proteins only identified by site were excluded from the text files produced by 

MaxQuant. Missing LFQ-values were imputed with random noise simulating the detection limit 

of the mass spectrometer. Imputed values were taken from a log-normal distribution with 0.3x 

the standard deviation of the measured, logarithmized values, down-shifted by 1.8 standard 

deviations. Imputation resulted in a distribution of quantitative values for each protein across 

samples.  

To separate specifically interacting proteins from background binders, identified proteins in each 

peptide spot were compared against identified proteins in all other peptide spots (excluding 

spots that belonged to the same microprotein) using moderated t-tests (limma v3.40.6273). Only 

proteins detected in at least two replicates of one spot were considered. Benjamini-Hochberg 

correction was applied to adjust p-values for multiple testing. Adjusted p-values and fold 

changes (log2 space) were plotted as volcano plots. A graphical formula combining a fold 

change and p-value cutoff183,274 was used to define significant protein interactors:    

−𝑙𝑜𝑔10(𝑝)  ≥  
𝑐

|𝑥| − 𝑥0
  with x: enrichment factor of a protein, p: p-value of adjusted moderated t-

test, x0: fixed minimum enrichment, and c: curvature parameter. The curvature parameter c 

determines the maximum acceptable p-value for a given enrichment x. Prior knowledge of true 

and false positives can be used to optimize the parameters c and x0
183,271,274. For this study, 

cutoffs were chosen based on known interaction partners of the SOS1 and GLUT1 control 

peptides183,271, resulting in a cutoff of x0 = 3, c = 4 that was applied to all other peptide spots. 

Overall, the PRISMA approach enabled defining significant interactors for individual 

microprotein segments. The total interactome of one microprotein was defined as the summary 

of interactors detected in all synthesized peptides derived from that microprotein. 

4.19.6.1 Sample exclusion based on quality metrics 

Samples were excluded from the interactome analysis when i) the number of protein 

identifications differed by over two standard deviations from its other replicates, and ii) the 

correlation between replicates deviated by over two standard deviations from the replicate 

correlations of the other samples. Following these criteria, two peptide spots were excluded 

from interactome analyses (Supplemental Table 5). Moreover, I assessed if the spotted 

peptides (baits) were identified and enriched in the correct samples, i.e., in the samples that 
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harbored the part of the membrane containing the bait peptide. For this analysis, only bait 

identifications detected “by MS/MS” in at least two replicates were considered. At the same 

time, hits derived “by matching” were excluded, following the rationale that the high amount of 

synthesized peptides should lead to their identification by peptide-spectrum matches in the case 

of tryptic peptide production upon enzymatic digestion. In total, 193 of 480 unique baits were 

detected by MS/MS. The detection of a limited number of baits was expected because their 

short length (15 aa) reduces the possibility of producing MS-suitable tryptic peptides. Of the 

detected peptides, 108 (56%) were exclusively identified in the expected samples, while 79 

baits were enriched in the expected and other samples. For 71 of the 79, the median LFQ 

intensity across all three replicates was higher in the correct samples than in random samples. 

Only in seven cases was the bait detected with a higher intensity in a random sample than in 

the correct sample. Another seven baits were only enriched in random samples (Figure 4-2 A-

C). Four samples were excluded entirely from the interactome analysis based on the bait 

analysis. Thirteen were flagged and only used to determine the interactome of the entire 

microprotein but not to investigate motif-driven interactions (Supplemental Table 5). 

 

 Gene ontology analysis  4.20

Gene ontology (GO)275 enrichment on microprotein interactomes was performed with gProfiler2 

v0.2.0276, with default parameters. All proteins identified in the respective interactome 

experiment (PRISMA or immunoprecipitation) were used to create the custom background. 

Figure 4-2: Bait enrichment analysis. A) Quality categorization and the number of identified baits in PRISMA. B) 

Bait examples with higher LFQ intensity in correct vs. unexpected samples (left) and lower intensity in correct vs. 

unexpected samples (right). C) Barplot with LFQ values of identified baits in the correct and unexpected samples. 

Wilcoxon’s signed rank test revealed that baits were identified with significantly higher LFQ values in the correct than 

incorrect samples. 
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 Annotation of mitochondrial proteins detected in microprotein 4.21

interactomes 

Microprotein interactors were annotated as mitochondrial proteins when they were reported in 

the MitoCarta3.0, a manually curated catalog of 1136 human genes encoding for mitochondrial 

proteins277. 

 Phylogenetic origin of microprotein interaction partners 4.22

Zhang and colleagues defined the phylogenetic origins of annotated protein-coding genes and 

assigned them to 14 different evolutionary branches (http://gentree.ioz.ac.cn/download.php; 

“Ensembl Ver95(hg38)”)278. The 14 branches were collapsed into four evolutionary groups for 

further analysis: Vertebrates (Branch 0 - 2: Euteleostomi, Tetrapoda, and Amniota), Mammals 

(Branch 3 - 7: Mammalia, Theria, Eutheria, Boreoeutheria, Euarchontoglires), Primates (Branch 

8 - 12: Simiiformes, Catarrhini, Hominoidea, Hominidae, Homininae) and Humans (Branch 13). 

Based on this information, the evolutionary origin was annotated for 2,357 out of 2,423 

microprotein interactors identified in PRISMA (Supplemental Table 5). 

 Annotation of essential proteins detected in microprotein 4.23

interactomes 

First, a list of proteins essential for cell survival, as shown by Blomen and colleagues279, was 

downloaded. Considering only genes affecting cell viability in both tested cell lines (KMB7 and 

HAP1) resulted in a list of 1,734 proteins, based on which microprotein interactors were 

annotated as essential proteins. Fisher’s exact test was used to evaluate the enrichment of 

essential proteins in microprotein interactomes (Supplemental Table 5).  

 Computational prediction of disordered regions and short linear 4.24

motifs within microproteins and peptides 

IUPred280 was used in “short” disorder mode to predict IDRs in peptide sequences, and disorder 

values were averaged over the sequence. For the detection of SLiMs, also called eukaryotic 

linear motifs (ELMs), the “elm_classes.tsv” file (version 1.4; 15 January 2018) was downloaded 

from the ELM resource for functional sites in proteins281. Peptide sequences were filtered for 

matches to any motifs falling in regions with an average disorder value ≥ 0.5. Fifty-five of the 60 

microproteins subjected to PRISMA contained 429 SLiMs within IDRs, while five microproteins 
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did not harbor any predicted SLiMs. Of the 429 SLiMs, 412 were captured within 159 of the tiled 

peptides spotted for the PRISMA screen (Supplemental Table 5). 

 Detection of protein domain-SLiM matches in PRISMA 4.25

interactomes 

First, known protein domains were annotated for each microprotein interactor using the R 

packages “ensembldb” and “EnsDb.Hsapiens.v86"2. Next, SLiMs known to bind the respective 

protein domains were extracted from a public resource published by Kumar and colleagues 

(http://elm.eu.org/; “elm_interactiondomains.tsv”)185. A domain-SLiM match was reported when 

a SLiM was present in a microprotein tile that bound an interactor carrying the SLiM-binding 

protein domain. In total, 47 protein domain-SLiM matches were detected within disordered 

regions of 34 microprotein tiles (Supplemental Table 5). 

 Phosphorylation of kinase-binding microproteins with domain-4.26

SLiM matches 

Nine microproteins from the SLiM-domain match analysis interacted with kinases and carried 

phosphorylation or kinase docking motifs (RP11-12K22.1-MP, JHDM1D-AS1-MP, RP11-

620J15.3-MP, SLCO5A1-uORF-MP, GAS5-MP, ABR-uORF-MP, MKKS-uORF-MO, RP11-

140K17.3_2-MP and THAP7-uORF-MP, Supplemental Table 5). To investigate whether these 

microproteins were phosphorylated, 3xFLAG-tagged microproteins were overexpressed, 

immunoprecipitated, and analyzed by MS.  

Per microprotein, three 10-cm dishes with HEK293T/17 cells were transfected, as described in 

section 4.15. The following cell lysis and centrifugation steps were performed on ice and at 4°C 

unless stated otherwise. Only ice-cold buffers were used. Two days post-transfection, cells were 

washed twice with 5 mL of DPBS (+/+) and scraped in 1.5 mL DPBS (-/-). Cells were pelleted by 

centrifugation at 950 g for 5 min and lysed in 200 µL lysis buffer (150 mM NaCl, 50 mM Tris pH 

7.5, 1% IGPAL-CA-630, 2x Complete protease inhibitor without EDTA) for 30 min. Following 

lysate centrifugation at 20,800 g for 15 min, supernatants were added to 30 µL of 50% antibody-

coupled magnetic bead solution (M2-magnetic beads) and 300 µL wash buffer 1 (150 mM NaCl, 

50 mM Tris pH 7.5) and incubated for 2 h at 4°C in an overhead shaker. Before application, 

beads had been washed 3x in 150 µL wash buffer 1. Incubated samples were washed once 

with 1 mL wash buffer 2 (150 mM NaCl, 50 mM Tris pH 7.5, 0.05% IGPAL-CA-630) and three 

times with 1 mL wash buffer 1. Magnetic beads were frozen at 80°C until analyzed by MS, and 

supernatants were discarded.  
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Beads were resuspended in lysis buffer, reduced, and alkylated as described in section 4.19.4. 

Sample digestion was started with 0.5 µg endopeptidase Lys-C for 4 h at 25°C, followed by 

sample dilution with 80 µL of 50 mM ammonium bicarbonate (pH 8.5) and overnight incubation 

with 1 µg sequence grade trypsin at 25°C. The peptide-containing supernatant was removed 

and collected into a fresh tube. The remaining beads were washed twice with 50 µL of 50 mM 

ammonium bicarbonate (pH 8.5), and the supernatants were pooled. One µL of FA was added 

to acidify the sample solution, stopping the digestion. 

Peptides were extracted and desalted as described in section 4.13.1, eluted, and separated as 

defined in section 4.19.5 with the following modifications: 20 cm fritless silica microcolumns 

were used with an inner diameter of 75 μm, packed with ReproSil-Pur C18-AQ 1.9 μm, applying 

a 90 min gradient with a 250 nL/min flow rate of increasing Buffer B concentration (from 2% to 

60%). Peptides were ionized using an ESI source and analyzed on a Thermo Q Exactive Plus 

instrument. The Thermo Q Exactive Plus was run in data-dependent mode, measuring the top 

10 most intense ions in the MS full scans. Only ions from 350 to 2000 m/z were selected, using 

a resolution of 70,000. The ion count target was set to 3 x 106 and the injection time to 50 ms. 

Tandem MS was performed at a resolution of 17,500 with a 5 x 104 MS2 ion count target and a 

maximum injection time of 250 ms. Only precursors with charge states 2–6 were sampled for 

MS2. The dynamic exclusion duration was set to 30 s with a 10-ppm tolerance around the 

selected precursor and its isotopes.  

The MaxQuant analysis of raw data files was performed as described in section 4.19.6, with the 

following modifications: serine, threonine, and tyrosine phosphorylation were added as variable 

peptide modifications. Four phosphorylated tryptic peptides from three overexpressed 

microproteins (RP11-12K22.1-MP, JHDM1D-AS1-MP, and THAP7-uORF- MP) were detected. 

Two of these peptides contained phosphorylation motifs (Supplemental Table 5). 

 Immunoprecipitation of PDZRN3-AS1-MP 4.27

Three 10-cm dishes with HEK293T/17 cells were transfected with 3xFLAG-tagged PDZRN3-

AS1-MP and the empty vector (pEF1α-custom), respectively, as described in section 4.15. 

Immunoprecipitation, MS, and MaxQuant analysis were performed following section 4.26 

without considering peptide phosphorylation. LFQ intensities were calculated using the 

MaxQuant in-built algorithm.  

The subsequent statistical data analysis was performed using the Perseus software 

(v1.6.1.3)282. Biological replicates for PDZRN3-AS1-MP and pEF1α-custom transfections were 

defined as groups, and intensity values were filtered for a “minimum value of 3” per group. 
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Reverse database hits, potential contaminants, and proteins only identified by site were 

excluded from the text files produced by MaxQuant. Missing LFQ-values were imputed with 

random noise simulating the detection limit of the mass spectrometer. Imputed values were 

taken from a log-normal distribution with 0.25x the standard deviation of the measured, 

logarithmized values, down-shifted by 1.8 standard deviations. Imputation resulted in a 

distribution of quantitative values for each protein across samples. Differences in protein 

abundance between FLAG-tagged PDZRN3-AS1-MP and control samples were calculated 

using a two-sample t-test. A fold change cutoff of 2 and a p-value cutoff of 0.05 was applied to 

identify significant interactors.  

 Co-immunoprecipitation of PDZRN3-AS1-MP and RMND1 4.28

Reciprocal co-immunoprecipitation was performed to validate the interaction of RMND1 and the 

microprotein PDZRN3-AS1-MP. Therefore, HEK293T/17 cells in 6 cm dishes were transfected 

with plasmid-DNA of i) empty vector, ii) PDZRN3-AS1-3xFLAG, iii) RMND1-HA for negative 

controls, and iv) plasmid-DNA of PDZRN3-AS1-3xFLAG and RMND1-HA as described in 

section 4.15. 

Two days post-transfection, cells were lysed and incubated with antibody-coupled magnetic 

beads as described in section 4.26 with the following modifications. Cells were harvested in 

100 µL of lysis buffer, an aliquot of the protein lysate was kept for western blot analysis (input), 

and 25 µL of bead solution was used for the subsequent pulldown. After sample incubation, an 

aliquot of the supernatant was taken for western blot analysis (unbound fraction). The remaining 

supernatant was discarded, and beads were washed once with 1 mL wash buffer 2 (150 mM 

NaCl, 50 mM Tris pH 7.5, 0.05% IGPAL-CA-630), twice with wash buffer 1, and one more time 

with water. The supernatant was removed, and bound proteins were eluted in 100 µL 0.1 M 

Glycine-HCl pH 2.7 for 10 min in an overhead shaker at RT. The eluate was collected and 

neutralized with 15 µL of 1 M Tris pH 10.6. The reciprocal immunoprecipitation of RMND1-HA 

from cell lysates was performed with 25 µL of Pierce™ Anti-HA Magnetic Beads (Thermo Fisher 

Scientific; 88836) following the manufacturer’s instructions.  

Input, unbound fraction, and eluate of the PDZRN3-AS1-MP- and RMND1-HA-pulldowns were 

analyzed via SDS-PAGE using 12% Bis-Tris gels and western blotting as described in section 

4.11. FLAG-tagged PDZRN3-AS1-MP was stained with mouse monoclonal anti-FLAG (M2) 

antibodies (dilution 1:1,000) and RMND1-HA with rabbit monoclonal HA-Tag (C29F4) antibodies 

(dilution 1:1000) following section 4.11.4. 
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 Mitochondrial isolation and proteinase K digestion 4.29

Three 10-cm dishes of HEK293T/17 cells were co-transfected with plasmid DNA for RMND1-HA 

and 3xFLAG-tagged PDZRN3-AS1-MP, as described in section 4.15. All the following steps 

were performed on ice, using only ice-cold buffers to prevent protein degradation unless stated 

otherwise. Centrifugation steps were performed at 4°C. Two days post-transfection, cells were 

washed twice with 5 mL of DPBS (+/+), scraped in 1 mL of DPBS (-/-), and pelleted by 

centrifugation at 10,000 g for 5 min. The cell pellet was resuspended in 8 mL of 2 mg/mL BSA 

and left on ice for at least 15 min to facilitate cell swelling, transferred to a 5 mL glass 

homogenizer, and homogenized with 50-70 strokes using a drill-fitted pestle. After centrifuging 

the homogenate at 800 g for 5 min, the supernatant was collected to obtain the mitochondrial 

fraction. Crude mitochondria were pelleted by another centrifugation step at 10,000 g for 10 min 

and were resuspended in 500 µL buffer M (1 mM EDTA, 20 mM HEPES, 220 mM mannitol, 70 

mM sucrose, and 0.5 mM PMSF). The remaining non-lysed cells were removed by an additional 

centrifugation step at 800 g for 5 min. The supernatant was centrifuged at 10,000 g for 10 min, 

and pelleted mitochondria were resuspended in 200 µL of sucrose buffer (10 mM HEPES and 

0.5 M sucrose). The protein concentration was determined using the Pierce™ BCA Protein 

Assay Kit following the manufacturer’s instructions and taken as a measure for the 

mitochondrial concentration. 

For proteinase K digestion experiments, 50 µg of solubilized mitochondria were pelleted by 

centrifugation at 10,000 g for 10 min and resuspended in 300 µL of assay buffer (125 mM KCl, 

20 mM HEPES, 2 mM MgCl2, 2 mM KH2PO4, and 0.04 mM EGTA at a pH of 7.2). The solution 

was distributed across 12 samples, which were incubated with proteinase K (0, 0.01, 0.05, 0.1, 

0.25, 0.5, 0.75, 1, 2.5, 10, and 100 µg/mL) for 1 h at 37°C. The sample without Proteinase K 

served as a negative control. The digestion was terminated with PMSF (1 mM final 

concentration) and cOmplete™ EDTA-free protease inhibitor (2x final concentration). Serving as 

a protein lysate control, 3.5 µg of mitochondria were pelleted and resuspended in 25 µL RIPA 

buffer containing 2x cOmplete™ EDTA-free protease inhibitor.  

Samples were analyzed via SDS-PAGE using Bis-Tris gels and western blotting as described in 

section 4.11. The membrane was stained for overexpressed PDZRN3-AS1-3xFLAG and 

RMND1-HA using mouse monoclonal anti-FLAG (M2) antibodies (dilution 1:1,000) and RMND1-

HA with rabbit monoclonal HA-Tag (C29F4) antibodies (dilution 1:1000), respectively. The 

known outer mitochondrial membrane proteins TOM20 and VDAC1 were stained with rabbit 

monoclonal anti-TOM20 (1:1000) and anti-VDAC1 (1:1000) antibodies, and the inner 

mitochondrial membrane proteins LETM1 and COX4 with rabbit monoclonal anti-LETM1 (1:500) 

and anti-COX IV (3E11, 1:1000) antibodies.   
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 Data availability  4.30

Mass spectrometry proteomics data are stored at the ProteomeXchange Consortium (via the 

PRIDE partner repository283) under the accession numbers: PXD012593 (SRM and PDZRN3-

AS1-MP IP-MS), PXD033629, PXD033630 (PRISMA), and PXD033631 (microprotein pulldown 

data with identification of microprotein phosphorylation). RNA sequencing datasets of HEK293T 

cells are available under the following accession codes: NCBI Sequence Read Archive (SRA) 

SRR1107836 and SRR1107837.   



 

55 

 

5 Results 

Disclaimer: Parts of the presented results have been published by my colleagues and me in Cell 

with the title “The translational landscape of the human heart”39 or are part of our manuscript 

currently considered at Molecular Cell with the title “Evolutionary origins and interactomes of 

human young microproteins and small peptides translated from short open reading frames”247. 

 The majority of microproteins are young and display limited 5.1

sequence conservation 

Determination of sequence conservation is a valuable step in characterizing novel proteins. A 

high level of sequence preservation across species is usually regarded as a sign of protein 

functionality and importance1. In contrast, less conserved proteins restricted to humans and 

primate lineages might not have acquired functions yet, or play a role in human- and primate-

specific biology284. 

To characterize the sequence conservation of all 1,505 human microproteins (average length of 

40 aa) translated from lncORFs, uORFs, uoORFs, and dORFs in ribosome profiling data in 

human hearts39, their sequence homology was assessed across 120 mammalian species. 

Additionally, all short annotated proteins (≦100 aa, average length of 76 aa) extracted from 

Ensembl v.982 were analyzed as size-matched controls (527 in total), here referred to as sCDSs 

(Figure 5-1 A and B). First, the genomic aligned regions of the considered mammalian species 

were extracted for the analysis. Next, BLASTp was run against amino acid sequences encoded 

by these homologous regions to evaluate the similarity between each sORF and the aligned 

translated sequences. A conservation score (CS) was calculated, which was defined as the 

negative logarithmic value of the median of BLAST e-values across all aligned non-primate 

mammal species, where unconstrained genome sequences show higher divergence. Primate 

species were excluded from the score calculation since their unconstrained regions have not 

diverged enough. Hence, sequence conservation across primates may not necessarily indicate 

natural selection and potential protein function. 

This analysis revealed that most of the microproteins encoded by human sORFs (n = 1,344; 

89.3%) lacked conserved homologs in non-primate mammals, which I thus classified as 

evolutionarily young. Only 2.7 to 34.3% of sORF-encoded microproteins (MPs) (dORF-MPs: 

2.7%; lncORF-MPs: 5.0%; uORF-MPs: 8.1%; uoORF-MPs: 34.3%) were conserved and 

exhibited significant homology across non-primate mammals (Figure 5-1 A, C and 

Supplemental Table 2). It is plausible that uoORF-MPs showed higher sequence conservation 

rates than lnc-, u-, and dORF-MPs since uoORFs overlap partially with annotated coding 
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sequences, which are usually constrained. In contrast to the sORF set, 71.9% of the 

microproteins encoded by sCDSs were significantly conserved (Figure 5-1 A and C). This 

observation agrees with the fact that protein annotation largely depends on high sequence 

conservation1. Of note, sORF conservation was calculated across mammalian species but not 

beyond. Hence, the fraction of sORFs present in more distant species, such as fish or flies, is 

likely even smaller than for sORFs conserved across non-primate mammals. In conclusion, the 

presented analysis showed that most human sORF-encoded microproteins (over 90% for lnc-, 

u-, and dORF-MPs and 65% of uoORF-MPs) are evolutionarily young. Significant sequence 

conservation is restricted to primate lineages, where microproteins showed an average aa 

identity of 90.62%. 

Traditionally, protein evolution was associated with ORF duplication or fission of ancestral 

protein-coding genes206 or with RNA-mediated retroposition285. However, the de novo origination 

from previously noncoding DNA has gained increasing attention in the last decade202,203 (Figure 

5-1 D). To define how many young microproteins may have emerged through this mechanism, 

the genomic changes (i.e., DNA mutations) that led to the formation of the microprotein-

encoding sORF throughout primate evolution were traced (Methods). I identified 826 (61.5%; 

Supplemental Table 2) young microproteins that evolved de novo, supporting that de novo 

evolution is much more prominent than previously thought198,202,208–211,286. 
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Figure 5-1: Conservation of translated human sORFs across primate and mammalian clades. A) (Left) 

Phylogenetic tree of 120 mammalian species used for genomic sORF sequence alignment. Bars present 

phylogenetic orders. The length of bars is proportional to the number of included species. One representative species 

of each phylogenetic order is depicted next to the bars. (Top) Schematic of sORF categories based on their position 

within a transcript. (Center) Heatmap representing pairwise aa homology (in % identity) for aligned translated sORFs 

in the 120 species genomes. Each column represents a human sORF or sCDS, and each row a mammalian species. 

Columns are ordered based on the level of homology from left to right (high to low homology). B) Bar plot of sORF 

and sCDS numbers divided by categories defined in A. C) (Top) Conservation scores calculated for alignments 

across non-primate species per sORF (see Methods for conservation score definition). The dotted line represents 

the conservation score threshold of a significant alignment. Red: scores passing the significance threshold. Light 

blue: scores below the significance threshold. (Bottom) Fraction of sORFs with (red) or without (light blue) homologs 

in non-primate mammals. D) Schematic of evolutionary mechanisms producing novel proteins. 
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 5.2 In vitro and in vivo microprotein detection 

Ribosome profiling revealed strong evidence for novel sORF translation in a subset of cardiac 

lncRNAs and mRNAs. However, it remains to be elucidated if their translation results in stable 

protein products. Addressing this question might be particularly important in light of the limited 

sequence conservation of most sORFs presented in the previous section. Due to the low 

number of dORFs in this dataset (n = 74; 4.9%), I concentrated my efforts on lncORFs, uORFs, 

and uoORFs, with a particular focus on validating lncORF-encoded microproteins. 

 Assessment of lncRNA coding capacity in vitro 5.2.1

I first validated the translation potential of detected lncORFs by performing coupled in vitro 

transcription and translation (IVT) assays of complete transcripts of 58 randomly selected 

translated lncRNAs that encode 84 lncORFs. To this end, I ordered mammalian expression 

vectors that contained a T7 promoter for in vitro transcription and the synthetic DNA sequences 

of the lncRNA transcripts that comprised the target lncORF, the upstream 5’UTR, and the 

downstream 3’UTR. Including the 5’UTR enabled me to clarify if the upstream sequence of a 

lncORF is capable of initiating translation. All constructs were transcribed and translated in vitro 

in the presence of radiolabelled 35S-methionine using cell lysates derived from wheat germ. The 

resulting microproteins were size-separated on 16% Tris-Tricine gels, transferred to PVDF 

membranes, and visualized using the radioactive 35S-methionine signal. Furthermore, I 

introduced ATG or frameshift mutations to each predicted lncORF that produced a signal in the 

IVT assays. The abolished protein production in IVT assays upon mutation confirmed that the 

microproteins resulted from the translation of the predicted lncORFs (Figure 5-2).  

 

 

Figure 5-2: Workflow of in vitro transcription and translation of microproteins. Schematic overview of IVT 

assay workflow of wild-type (WT) and AUG mutated lncORFs (left). Representative radiolabelled blot (right): Four 

human lncORFs were transcribed and translated in vitro in the presence of radioactive 
35

S-methionine and 

subsequently visualized by autoradiography. Frameshift (FS) mutations abolished the translation of microproteins. 

Predicted molecular weights of microproteins are indicated in kilodaltons (kDa) underneath the gels.  
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Next to the known microproteins MRLN159 and DWORF32, which served as positive controls, I 

detected translation products for 59 of the 84 tested lncORFs (70.2%). Subsequent start codon 

mutation abolished microprotein production and led to a loss of signal in the predicted size 

range (Figure 5-3 A, B, and Supplemental Table 2). These findings support that the 

translation of lncORFs observed in Ribo-seq experiments can result in stable microproteins. 

 

 

Figure 5-3: Results of coupled in vitro transcription and translation assays. A) IVT assay results of all sORFs 

subjected to ATG mutagenesis (including the two known microproteins MRLN and DWORF as positive controls). 

LncRNAs that did not result in protein detection were not subjected to mutagenesis and are not shown here but can 

be found in Supplemental Table 2. The first lane of each gel presents the IVT with an empty vector as the negative 

control. Red asterisks indicate repetition of the IVT for marked candidates. B) Results of repeated IVTs. (Predicted 

molecular weights of microproteins are indicated in kilodaltons (kDa) underneath gels. All shown gels are trimmed at 

the 20 kDa mark displaying protein products between 2 and 20 kDa.) 
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Smaller microproteins were less likely to be observed with an apparent detection limit of 2.5 kDa 

as determined by molecular weight comparisons of detected versus not-detected candidates 

(p=0.00079; Wilcoxon signed-rank test; Figure 5-4 A). In contrast, lncORF-encoded 

microprotein features such as the isoelectric point (pI), cardiac RNA- and Ribo-seq-based 

expression levels, the ORF p-value (as a confidence measure of periodic ORF translation 

reported by the Ribo-seq analysis tool Ribotaper92), or the level of conservation did not affect 

the outcome of the IVT assays (Figure 5-4 B-F). Of note, the random selection led to an 

overrepresentation of evolutionarily young candidates in the assay (n = 81), and I only included 

three conserved microproteins.  

 

 

Intriguingly, I found stable translation products for 15 lncRNAs with well-described noncoding 

functions, such as LINC-PINT287, CRNDE288, DANCR289, TRDN-AS1290, UPPERHAND291, and 

TUG1292 (Figure 5-5 and Supplemental Table 2). This observation may indicate that their 

biological role was wrongfully attributed to the RNA-molecule and is performed by the previously 

missed microprotein instead. Alternatively, such lncRNAs may have a dual role as coding and 

noncoding molecules, where the RNA and the microprotein perform independent tasks.  

Figure 5-5: LncRNAs with 

described noncoding 

functions can produce 

microproteins. IVT assay 

results of six lncRNAs with 

established noncoding 

functions. (Predicted 

molecular weight of 

microproteins is indicated in 

kDa underneath the gels.)  

 

Figure 5-4: Impact of microprotein features on IVT outcome. A-E) Dot plot of A) 

molecular weights, B) isoelectric points, C) expression based on RNA-seq, D) expression 

based on Ribo-seq, and E) ORF p-value defined during Ribo-seq analysis, grouped by IVT 

outcome (not detected and detected). Only A) shows a significant difference (p = 0.00079; 

Wilcoxon signed-rank test), with smaller proteins being less likely to be detected. 

Horizontal lines indicate the mean ± standard deviation. F) Fractions of conserved and 

young microproteins tested in IVT assays grouped by IVT outcome. Wilcoxon signed-rank 

test was performed on data presented in A – E, and Fisher’s exact test on data presented 

in F. 
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 In vivo identification of microproteins by mass spectrometry-based approaches 5.2.2

To gain first protein-based in vivo evidence of microprotein production, deep public mass 

spectrometry (MS) data of the human heart252 and in-house data of human iPSC-derived 

cardiomyocytes39 were interrogated. This search revealed unique peptide evidence for 140 out 

of the 339 lncORF-encoded microproteins (lncORF-MPs) that were derived from 93 of 169 

translated lncRNAs. Additionally, 316 u- and uoORF-encoded microproteins (uORF-MPs and 

uoORF-MPs) were identified (Figure 5-6 A and Supplemental Table 2). More than one unique 

peptide was detected for 28 lncORF-, 14 uoORF-, and 39 uORF-MPs. 

Conserved u- and uoORF-MPs seemed more likely to be detected by shotgun MS than young 

candidates (puORF-MP = 6.69x10-9 and puoORF-MP = 0.03167; Fisher’s exact test), whereas no 

significant association could be assigned for lncORF-MPs (Figure 5-6 B). However, the shorter 

length of young microproteins compared to conserved ones (Figure 5-6 C) probably drove this 

effect. Indeed, smaller microproteins were less likely to be identified than larger microproteins 

across all three microprotein categories (plncORF-MP = 1.1x10-6; puORF-MP = 2.2x10-16; puoORF-MP = 

3.7x10-6; Wilcoxon signed-rank test; Figure 5-7 A-C).  

 

 

 

 

 

Figure 5-6: Detection of microproteins in MS datasets of human hearts and iPSC-derived cardiomyocytes. 

A) Barplot with numbers of detected microproteins encoded by lncORFs (lncORF-MP), uORFs (uORF-MPs), and 

uoORFs (uoORF-MPs). B) Fractions of conserved and young lncORF-, uORF-, and uoORF-MPs grouped by 

shotgun MS detection (not detected and detected). Fisher’s exact test revealed a significant association between 

MS-detectability and conservation for uORF-MPs (p = 6.69x10
-9

) and uoORF-MPs (p = 0.03167). C) Dot plot of 

young and conserved microprotein length (in aa) per ORF biotype. Wilcoxon signed-rank test revealed that young 

microproteins are significantly shorter than conserved microproteins. Horizontal lines indicate the mean ± standard 

deviation. 
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I also analyzed other microprotein features like their pI, cardiac expression based on RNA- and 

Ribo-seq data, and the ORF p-value (Figure 5-7 A-C). Only the latter significantly affected the 

MS detection rate, and only for uORF-MPs (p = 0.00014; Wilcoxon signed-rank test; Figure 5-7 

B). 

 

 

 

The identification of 456 microproteins in shotgun MS data supported their endogenous 

existence and stability. Still, a false discovery rate (FDR) of ± 50-60% (see method section 4.12; 

Figure 5-7: Evaluation of microprotein feature effects on MS detectability. A-C) Dot plot of molecular weights, 

isoelectric points, expression based on RNA-seq, expression based on Ribo-seq, and ORF p-value defined during 

Ribo-seq analysis of A) lncORF-MPs, B) uORF-MPs, and C) uoORF-MPs, grouped by MS detection. Only the 

molecular weight is significantly different for all three microprotein categories (p lncORF-MP = 1.1x10
-6

; puORF-MP = 2.2x10
-

16
; puoORF-MP = 3.7x10

-6
; Wilcoxon signed-rank test) with smaller proteins being less likely to be detected. Moreover, 

ORF p-values are significantly smaller for detected compared to not-detected uORF-MPs (p = 0.00014; Wilcoxon 

signed-rank test). Horizontal lines indicate the mean ± standard deviation.  
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Figure 4-1) was observed, necessitating further substantiation of the in vivo evidence.1 

Additionally, the enormous quantitative range in cardiac protein levels, the difficulty of finding 

and assigning unique peptide spectra, and the small size of the predicted microproteins can 

hinder the detection of cardiac microproteins by shotgun MS293. 

Therefore, I developed a high-throughput selected reaction monitoring (SRM)-MS assay294 in 

cooperation with the MDC proteomics core facility. I designed a library of 186 signature peptides 

generated by JPT Inc. using the SPOT-synthesis technology (Supplemental Table 2). Each 

signature peptide represented a unique part of 137 randomly selected lncORF-MPs. Moreover, I 

added 37 peptides to the library that are specific to i) the house-keeping proteins GAPDH, 

ACTA, TUBA1B, HIST1H2, and LMNA; LMNB as intrinsic assay controls and ii) 20 annotated 

small proteins (<100 aa) as size-matched controls. The signature peptide-specific fragment ions 

were selectively measured in SRM mode in five human heart samples, disregarding all other 

peptides present in the samples (Figure 5-8). This approach significantly reduces the noise 

level and thereby decreases the lower detection limit for peptides in a complex proteome by up 

to 100-fold compared to a conventional full scan MS/MS analysis295,296.  

 

 

Figure 5-8: Schematic overview of selected reaction monitoring mass spectrometry (SRM-MS) using a triple 

quadrupole mass spectrometer. After protein extraction from human left-ventricular heart tissue and tryptic digest, 

tryptic peptides are subjected to MS. A precursor peptide ion from the protein of interest is selected in the first mass 

filter (quadrupole 1, Q1) and fragmented by collision-induced dissociation (CID). For identification and quantification, 

several fragment ions (here: four) are then selected in quadrupole 3 (Q3). 

 

I identified all five control proteins in both technical replicates of all five heart samples and found 

peptide evidence for 76 of the 137 microproteins (55.4%), translated from 50 out of 83 (60.2%) 

lncRNAs (Supplemental Table 2). Spectrum contrast angle (SCA), total area, and retention 

time (see Methods) were reported as SRM detection metrics for each signature peptide in 

Supplemental Table 2. Figure 5-9 shows examples of SRM-MS profiles of signature peptides 

that were successfully detected in human hearts. The depicted peptides were derived from the 

control proteins Actin and phospholamban and the lncORF-MP candidates PSMB8-AS1-MP 

and RP11-12K22.1-MP (Figure 5-9 A-D). Importantly, I detected only ten out of the 20 size-

                                                

1
MS searches in public MS datasets and FDR calculation were performed by Valentin Schneider-Lunitz 

and Franziska Witte. 
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matched control proteins (Supplemental Table 2). This observation indicated that the SRM 

search performed for newly discovered microproteins yields a success rate that is very similar to 

that of the matched control group of previously annotated small proteins (55.4% vs. 50% of the 

tested microproteins).  

 

 

 

Microprotein feature analysis (Figure 5-10 A-F) as performed for IVT and shotgun MS showed 

that the microprotein size did not significantly affect the detectability in the SRM assay. 

However, there seemed to be a positive detection trend toward bigger microproteins (Figure 

5-10 A). Only the pI was significantly higher for detected versus not detected microproteins, 

indicating that more positively charged microproteins were more easily detected by SRM-

MS (Figure 5-10 B).  

In total, peptide-level evidence was collected for 500 microproteins. Thirty-five of those were 

encoded by lncRNAs with previously described noncoding functions, and 59 were differentially 

regulated in dilated versus healthy hearts (Supplemental Table 2).  

Figure 5-9: Exemplary SRM-MS intensity profiles of successfully detected signature peptides. Raw elution 

profiles of fragment ions derived from signature peptides of A) actin, B) phospholamban, C) lncORF-MP PSMB8-

AS1-MP, and D) lncORF-MP RP11-12K22.1-MP. The sequences of the signature peptides are depicted above the 

intensity profiles. For comparisons, I displayed the profile of the synthetic peptide (left) next to the one of the 

endogenously detected peptide (right). As a measure of similarity to the matching spectrum in the spectral library, the 

spectrum contrast angle (SCA) is shown for every peak. The SCA ranges from one to zero, where higher scores 

indicate better similarity. Different fragment ions are presented in different colors. 
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Intersecting both proteomic approaches, 30 evolutionarily young and two conserved 

microproteins derived from 23 lncRNAs were detected with shotgun MS and SRM-MS. Nine 

young microproteins were also successfully translated in the IVT assays (Figure 5-11 A), 

including the cardiac-specific lncORF-MPs LINC00881-, RP1112K22.1-, and RP11-532N4.2-MP 

(Figure 5-11 B). Taken together, these results corroborate that the translation of cardiac sORFs 

can lead to the production of stable microproteins in vivo. 

 

 

 

 Figure 5-11: Summary of microprotein detection by IVT assays, shotgun MS and SRM-MS. A) Upset plot 

showing the total numbers of microproteins that were detected in IVT, SRM-MS, and shotgun MS (SG-MS), and the 

numbers of microproteins that were identified by two and all three methods. B) Bulk tissue gene expression data 

extracted from the Genotype-Tissue Expression (GTEx) project
281

 of the heart-specific genes RP11-12K22.1 and 

LINC00881. Both genes encode microproteins that were among the nine microproteins detected by IVT, SRM-MS, 

and shotgun MS. 

 

Figure 5-10: Impact of microprotein features on detectability in the SRM-MS assay. 

A-E) Dot plot of A) molecular weights, B) isoelectric points, C) expression based on RNA-

seq, D) expression based on Ribo-seq, and E) ORF p-value defined during Ribo-seq 

analysis, grouped by SRM-MS outcome (not detected and detected). Only B) shows a 

significant difference (p = 0.024; Wilcoxon signed rank test) with more positively charged 

proteins (higher isoelectric point) being more likely to be detected. Horizontal lines indicate 

the mean ± standard deviation. F) Fractions of conserved and young microproteins tested 

in SRM-MS grouped by SRM-MS outcome. Wilcoxon signed rank test was performed on 

data presented in A – E, and Fisher’s exact test on data presented in F. 
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 Microproteins with signal peptide cleavage sites and 5.3

transmembrane domains 

Using in silico prediction of signal peptides (SignalP 6.0260), I found one dORF-, two uORF-, 

three uoORF-, and two lncORF-MPs that are potentially secreted, indicating their putative 

function as signaling molecules (Figure 5-12 A and Supplemental Table 2). The two lncORF-

MPs (AC093642.6- and RP11-432J24.5-MP) are specifically expressed in the heart and could 

potentially function as cardiokines. Cardiokines are molecules secreted from cardiac tissue with 

pleiotropic (patho-) physiological functions for the heart, enabling intra- and interorgan 

communication297,298. They are also putative biomarkers and attractive drug targets when 

associated with cardiac failure297. 

With the tool TMHMM 2.0261 I identified 32 young and four conserved microproteins with 

predicted transmembrane domains (TMDs) (Figure 5-12 B and Supplemental Table 2). The 

36 predicted membrane microproteins included seven dORF-, four uoORF-, 18 uORF-, and 

seven lncORF-MPs. There was no significant enrichment of signal peptides or TMDs in 

conserved or young microproteins (psignal peptide = 0.5945 and pTMD = 0.7896, Fisher’s exact test). 

Several known microproteins contain a functionally important TMD (e.g., MRLN159, DWORF32, 

and SPAR40) or signal peptide (e.g., Apelin187,188 and GREP138). Thus, the presence of these 

features hints at the biological relevance of these newly identified microproteins. 

 

 

 

Figure 5-12: Examples of microprotein signal peptide (SP) and transmembrane domain (TM) predictions. A) 

Graphical output of the SP prediction tool SignalP 6.0
260

 for the uORF-MP C6orf62-MP and the lncORF-MPs 
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AC093642.6-MP and RP11-432J24.5-MP. Lines indicate the probability for an amino acid to be part of the SP N-

terminal region (SP N-term, dark blue), the SP hydrophobic region (light purple), the SP C-terminal region (SP C-

term, yellow), or not to be part of the SP (other; turquoise). The red vertical line indicates the position of the predicted 

cleavage site. Only the first 70 aa of a microprotein are plotted. B) Graphical output of TMHMM method for TM 

prediction
261

 for the lncORF-MPs SOX9-AS1_3-MP, RP11-10A14.4-MP, and HAND2-AS1-MP. Horizontal lines show 

probabilities for an amino acid to reside inside a TM helix (red) and for the cellular localization of N- and C-termini 

(dark blue: cytosolic, turquoise: luminal/ extracellular).  

 

 Microproteins localize to distinct cellular compartments 5.4

Since a protein's cellular localization can hint at its molecular function, I overexpressed 120 

microproteins carrying a triple FLAG-tag (3xFLAG-tag) in HeLa cells. I visualized the 

microproteins by immunofluorescence (IF) stainings using an anti-FLAG antibody. These 

candidates included 17 conserved and 103 young microproteins translated from 72 lncORFs, 36 

uORFs, and 12 uoORFs. I was particularly interested in candidates potentially localizing to 

mitochondria as gene-gene co-regulation analysis linked many microproteins to biological 

processes in that organelle39. Therefore, 92 candidates were selected for their potential to be 

mitochondrially located based on expression co-regulation39 and predicted subcellular 

localization assessed with BUSCA263 and DeepLoc 1.0262 (Supplemental Table 3). I chose the 

remaining candidates because i) they were solely expressed in the heart, ii) they were predicted 

to contain a transmembrane domain or a signal peptide cleavage site, iii) they had MS 

evidence, iv) they were encoded by lncRNAs with previously described functions, or v) because 

of their evolutionary age.  

 

 

 

Figure 5-13: Evaluation of microprotein feature effects on IF detectability and mitochondrial localization. 

Fractions of conserved and young microproteins and dot plots of molecular weights and isoelectric points (pI), 

grouped by A) IF detection and B) mitochondrial localization. Fisher’s exact test was performed on fractions of young 

and conserved microproteins and Wilcoxon signed-rank test on dot plots. Horizontal lines indicate the mean ± 

standard deviation. Only the molecular weight and the pI significantly influenced the IF detectability and mitochondrial 

localization, respectively. 
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Independent of a microprotein’s conservation and pI (Figure 5-13 A), I observed the expression 

of 92 (15 conserved and 77 young) of 120 microproteins by IF. Forty-five of those localized to 

mitochondria, supported by co-staining with the mitochondrial marker protein ATPIF. Nine of 

these mitochondrial microproteins (IDI2-AS1-, SOX9-AS1-, PDZRN3-AS1-, CTC-471J1.11-, 

SNHG6-, CTD-2366F13.1-, RP11-620J15.3-, JHDM1D-AS1-, and RP11-140K17.3-MP) were 

translated from lncRNAs that were co-expressed with mitochondrial genes39 (Figure 1-10 A-C 

and Supplemental Table 3). In general, lower molecular weight microproteins were less likely 

to be detected by IF (p = 4.2 x 10-6, Wilcoxon signed-rank test, Figure 5-13 A). However, only 

the pI played a role in mitochondrial localization and was significantly higher for mitochondrial 

microproteins than microproteins identified in other organelles (p = 8 x 10-9, Wilcoxon signed-

rank test, Figure 5-13 B).  

The remaining 47 microproteins were assigned to different cellular compartments: the cytosol, 

nucleus, endoplasmic reticulum (ER), plasma membrane, cytoskeleton, and vesicles. 

Representative pictures of microprotein localization are shown in Figure 5-14 A and 

summarized in a heatmap containing the localization of every successfully detected 

microprotein. Microprotein assignment to the ER and nucleus was supported by co-staining with 

marker proteins (PDI or calnexin) and DAPI, respectively. Other compartments were not co-

stained, and therefore microprotein association to these organelles is less confident (indicated 

with the suffix “-like”) (Figure 5-14 B and Supplemental Table 3). Of note, some microproteins 

are localized to more than one compartment, such as the mitochondrion and nucleus (Figure 

5-14 B and C). Microprotein localization to different subcellular compartments suggests that 

they may act in various cellular processes. The fraction of mitochondrially located microproteins 

substantiates the hypothesis, driven by our previous correlation analysis39, that a subset of 

microproteins may play a role in mitochondrial biology. 
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Figure 5-14: Microproteins localize to different cellular compartments. A) Representative pictures of IF stainings 

depicting microproteins that were associated with the following compartments: Golgi (PCM1-MP), mitochondria (CTD-

2366F13.1-MP), cytosol (ZBTB11-AS1-MP), nucleus (PVT1-MP), cytoskeleton (IFRD1-MP), vesicles (CRNDE1-MP), 

plasma membrane (TMEM187-MP), and ER (HAND2-AS1-MP) after overexpression in HeLa cells. B) Heatmap 

displaying assigned cellular localizations for 92 microproteins detected by IF. Each column represents one 

microprotein, and each row a cellular compartment. Localization to mitochondria, ER, and nuclei was assigned based 

on co-stainings with markers for the respective organelles. No co-stainings were performed for marker proteins of the 

other compartments, and microprotein association with these compartments is thus indicated as less confident with 

the suffix “-like”. Microproteins are grouped by their level of sequence conservation into conserved (red) and young 

(light blue) microproteins. Some microproteins localize to several compartments. C) Example of a lncORF-MP (RP11-

12K22.1-MP) that localizes to the nucleus and mitochondrion after overexpression in HeLa cells. Overexpressed and 

3xFLAG-tagged microproteins are stained with anti-FLAG antibodies (red). ATPIF1 and PDI are stained to visualize 

mitochondria and the ER, respectively (green). Nuclei are stained with DAPI (blue). Scale bars represent 20 µm. ER 

= endoplasmic reticulum. 
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 Interactome analysis of selected microproteins with PRISMA 5.5

I extended my efforts to gain information on the potential biological roles of novel microproteins 

by defining their protein interaction partners, a well-established step in gathering evidence 

toward putative functions of unknown proteins299,300. Previous microprotein interaction studies 

have primarily focused on highly conserved candidates38,40,51,57,129,142,158. However, in light of the 

observation that most novel microproteins detected in the human heart are evolutionarily young 

- many of which can be detected on a protein level and localize to distinct cellular compartments 

- I particularly aimed to investigate the interactomes of recently evolved microproteins in 

comparison to more strongly conserved candidates. Therefore, I subjected 45 human- and 

primate-specific microproteins and 15 microproteins conserved across non-primate mammals to 

a high-throughput PRotein Interaction Screen on a peptide MAtrix (PRISMA)183,265,267,268.  

Next to microprotein conservation, I based the candidate selection on protein-level support 

obtained through in vitro translation assays (29 out of 60), antibody-based detection after 

overexpression (49 out of 60), and mass spectrometric evidence (29 out of 60). Additionally, I 

considered when microproteins were translated from presumed lncRNAs that have been 

repeatedly implicated in diseases such as cancer or cardiovascular disease (22 out of 60, e.g., 

PVT1301, BANCR302, DANCR289, and SNHG8303) or were specifically expressed in cardiac or 

muscle tissue39 (11 out of 60) (Figure 5-15, Supplemental Table 4 and Methods). The 60 

investigated microproteins were translated from 39 lncORFs, nine uORFs, and four uoORFs. 

Eight have now been annotated as protein-coding2 and can hence be classified as sCDS 

(Figure 5-16). 

 

 

 

Figure 5-15: Summary of microprotein in vitro and in vivo evidence and disease relevance of microprotein-

encoding lncRNAs. Microproteins are grouped based on their sequence conservation into conserved and young 

microproteins. MP = microprotein. 
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Due to the analysis of overlapping microprotein segments, PRISMA permits the identification of 

specific microprotein interactors and the specific sites within the microproteins where the 

interactions occur. I divided the 60 microproteins of interest into 15 aa long, overlapping 

microprotein segments (tiled peptides), which were spot-synthesized in triplicates on cellulose 

membranes. These membranes were incubated with a protein lysate derived from HEK293T 

cells, the peptide spots were excised, and the protein interactors bound to the individual 

microprotein segments (tiled peptides) were analyzed by MS (Figure 5-16). As assay controls, I 

included wild-type (WT) and mutant protein fragments of SOS1 and GLUT1, which have been 

extensively tested and validated183,271. Moreover, four of the 15 conserved microproteins 

included in the screen had described interactomes and served as additional controls 

(MRPL33269, MIEF1-MP51, MTLN161,270, and NDUFB3269). 

 

 

 

 PRISMA quality control 5.5.1

Overall, 490 tiled peptides covering 60 microproteins and assay control peptides were 

synthesized and immobilized on three biologically distinct membranes (M1, M2, and M3). The 

control peptides were included on each of the three membranes, and all membranes were 

processed and measured in triplicates (A, B, and C). This resulted in 1,470 samples in total that 

were subjected to 120 min long shotgun MS runs requiring 121 days of net measuring time. 

Principal component analysis showed that no batch bias was introduced by replicates (Figure 

5-17 A), and for all three membranes, triplicate measurements correlated well with a Pearson's 

R of 0.73, 0.72, and 0.87, respectively. These correlation values were significantly higher than 

the correlation values of random triplets and in a similar range to what was observed in previous 

peptide array screens183,265 (Figure 5-17 B). The number of identified proteins per peptide spot 

ranged from 159 to 2,380 and was comparable across membranes (median of 973, 1,012, and 

1,011 IDs for membranes 1, 2, and 3, respectively) (Figure 5-17 C). 

Figure 5-16: Age category and biotype of the 60 microproteins included in PRISMA and schematic overview 

of the PRISMA workflow. 
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However, the mere identification of a protein does not qualify it per se as a specific interaction 

partner since unspecific binding events are known to occur frequently in such screens266. To 

distinguish true microprotein interactors from background binders, I compared protein 

identifications in each peptide spot against all other spots using a label-free quantification (LFQ) 

based technique304. This approach has been applied successfully in previous studies183,267. After 

this rigorous filtering step, I identified between one and 94 significant protein interactors (with a 

median of 14) per microprotein tile resulting in 13 to 333 interactors per entire microprotein (with 

Figure 5-17: PRISMA quality control based on replicate 

measurements. A) PCA analysis of replicates for each 

membrane. Samples are colored by replicate. B) Pearson’s 

correlation of true replicates is significantly higher than 

correlations of random samples for each membrane as 

assessed by Welch’s t-test. Indicated are the mean ± 2 standard 

deviations. C) Distribution of total number of identified proteins 

per peptide spot per membrane. Dots are colored by replicates. 

The horizontal lines indicate 25, 50 and 75 % quartiles, 

respectively. D) Distribution of the number of significant 

interactors detected per microprotein tile (top) and per 

microprotein in total (bottom). E) The detection frequency of 

interactors describes for how many microproteins a single 

interactor was detected. The detection frequency decreases with 

the interaction score of the interactor (defined as product of p-

value and fold change). 
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a median of 107 interactors) (Figure 5-17 D). Interactors detected in the interactomes of 

multiple microproteins tended to have lower interaction scores (product of fold change and p-

value) than interactors found in fewer or only one microprotein interactome (Figure 5-17 E). 

However, this is likely due to the comparison approach against all other peptides, which will 

penalize proteins that were detected in many peptide pulldowns. 

Reassuringly, the assay controls demonstrated that with the former filtering steps, I could detect 

biologically relevant protein-protein interactions (PPIs) in a peptide sequence-specific manner 

using PRISMA. I identified known interaction partners of the SOS1 and GLUT1 control peptides 

and the expected sequence-specific interactome changes provoked by a single amino acid 

substitution between the WT and mutant versions of these peptides. The SOS1 peptide is 

known to interact with SH3-domain-containing proteins via its proline-rich motif. Motif disruption 

in the mutant peptide leads to losing this interaction capability (loss-of-interaction mutant)183,271. 

In the case of GLUT1, a dileucine motif is created through a proline (P) to leucine (L) mutation. 

This dileucine motif mediates the binding of adaptor and clathrin proteins to the mutant GLUT1 

peptide183. Interactions with clathrins lead to aberrant endocytosis of GLUT1 in GLUT1 

deficiencies and do not occur in the WT peptide183. I detected up to eight of the nine known 

SOS1 interactors (PACSIN2, PACSIN3, EPS15L1, NCK1, RCN2, SNX9, GRB2, BIN, and 

CD2AP) in the pulldowns of the WT peptide as well as up two five novel SH3-domain-containing 

interactors (RUSC1, SH3GL1, LASP1, ARHGEF7, and SH3KBP1). Mutations of the proline-rich 

motif led to the loss of most SH3-domain proteins except for CD2AP, GRB2, and BIN1. 

Regarding GLUT1, I expected and found clathrins to bind significantly to the GLUT1 mutant but 

not to the WT peptide (Figure 5-18 A and B). Additionally, consistent with their reported 

mitochondrial localization and role, many mitochondrial proteins were detected in the 

interactomes of the size-matched control sCDSs NDUFB3, MRPL33, MIEF1-MP, and MTLN, a 

subset of which had been reported previously (Figure 5-18 C and Supplemental Table 5).  
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 Evolutionarily young microproteins are potent interactors and bind essential 5.5.2

proteins 

Using PRISMA, I could detect specific interactions with proteins involved in various cellular 

pathways for all tested young microproteins (Figure 5-19 A and Supplemental Table 5). For 

instance, the young microproteins RP11-644F5.11- and RP11-464C19.3-MP bound many 

mitochondrial proteins (Figure 5-19 B) in line with their observed mitochondrial localization after 

overexpression (Figure 5-19 C), suggesting a role in mitochondrial processes for these 

Figure 5-18: PRISMA quality control based on evaluation of assay controls. A) Volcano plots with interactome 

results of the SOS1 wild-type control peptide (left) and the GLUT1 mutant control peptide (right). Known interactors 

are highlighted in pink, SH3-domain-containing proteins with an orange circle. B) Known SOS1 WT interactors and 

SH3-domain-containing proteins significantly enriched by the SOS1 WT peptide for each of the three PRISMA 

membranes, M1, M2, and M3 (top left). Fold changes of LFQ intensities of known interactors and SH3-domain 

proteins bound to the SOS1 wild-type (WT) peptide versus the mutant peptide per PRISMA membrane (M1, M2, and 

M3): as expected, most known interactors are enriched in the WT peptide (Fold change> 0) showing that depicted 

interactors bind preferentially to the WT sequence (top right). Known GLUT1 mutant interactors that were 

significantly enriched by the GLUT1 mutant peptide for each of the three PRISMA membranes, M1, M2, and M3 

(bottom left). Fold changes of LFQ intensities of known interactors bound to the GLUT1 mutant peptide versus the 

WT peptide per PRISMA membrane (M1, M2, and M3): as expected, known interactors are enriched by the mutant 

peptide (Fold change > 0), showing that depicted interactors bind preferentially to the mutant sequence in 

comparison to the WT sequence (bottom right). C) Volcano plots with interactome results of the annotated 

mitochondrial microproteins MRPL33 (left) and MIEF1-MP (right). The interactors from all tiles are summarized. 

Known interactors are displayed in pink and mitochondrial interactors are highlighted with an orange circle. 



 

75 

 

microproteins. The most significant and highly enriched interactor of RP11-644F5.11-MP was 

GOT2, a mitochondrial protein involved in amino acid metabolism305. RP11-464C19.3-MP 

interacted most strongly with the mitochondrial nucleotide transporter protein SLC25A33, a 

protein associated with mitochondrial genome maintenance, respiration, and regulation of 

mitochondrial membrane potential306,307. 

 

 

 

I next used the PRISMA setup of 15 conserved and 45 young microproteins to evaluate if the 

evolutionary age affected a microprotein’s interaction potential. I did not observe apparent 

differences in the number of interactors or the fold changes and p-values between young and 

Figure 5-19: Interactome of evolutionarily young microproteins. A) Interaction scores of all interactors that were 

significantly enriched by control peptides and microproteins included in PRISMA. Microproteins are grouped into 

conserved (red) and evolutionarily young (light blue) and sorted based on the highest interaction score within each 

group. The interaction score was calculated as the product of the adjusted p-value and fold change (FC). The dot 

color indicates the detection frequency of each interactor. B) Volcano plots with interactome results of the young 

microproteins RP11-644F5.11-MP (left) and RP11-464C19.3-MP (right). The interactors from all tiles are 

summarized. Mitochondrial interactors are highlighted with an orange circle. C) Immunofluorescence staining shows 

that RP11-644F5.11-MP (top) and RP11-464C19.3-MP (bottom) localize to mitochondria after overexpression in 

HeLa cells. Overexpressed and 3xFLAG-tagged microproteins are stained with anti-FLAG antibodies (red). ATPIF1 is 

stained to visualize mitochondria (green). Scale bars represent 20 µm. MP = microprotein. 
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conserved microproteins (Figure 5-20 A-D). The fold change indicates how strongly the 

microprotein peptide enriches an interactor compared to the negative control set. The p-value 

measures how reproducibly the enrichment was detected across replicates. Moreover, both 

microprotein groups interacted mainly with conserved proteins that originated in vertebrates (> 

90%), and fractions of interactors that emerged in mammals, primates, or humans were similar 

between the two groups (Figure 5-20 E). These comparisons indicated that the interaction 

potential between young and conserved microproteins seemed to be similar.  

 

 

 

Notably, I detected proteins that are essential for cell survival in the interactomes of the 

investigated microproteins. Among these, 11 young microproteins interacted most strongly with 

essential proteins, and the interactomes of four of these microproteins were enriched for this 

protein class (Figure 5-21 A). Moreover, essential proteins were enriched in the interactomes of 

another six young (e.g., SNHG8-MP, Figure 5-21 B) and three conserved microproteins 

(Supplemental Table 5) and were equally often detected across the two evolutionary 

categories in relation to the total number of interactors (Figure 5-21 C). These interactions with 

essential proteins might indicate that recently evolved microproteins can engage in specific, vital 

cellular processes. 

Figure 5-20: Young and conserved microproteins have similar 

interaction potential. A-D) Comparisons of A) number of 

significant interactors, B) fold change of interactors, C) p-value of 

interactors, and D) p-value of top interactors per microprotein 

between conserved (n = 15) and young (n = 45) microproteins 

show no significant differences. Assessed by two-tailed student's 

t-test. Horizontal lines indicate the mean ± standard deviation. 

E) Phylogenetic origins of interactors of conserved and young 

microproteins. There is no significant difference when fractions of 

interactors per phylogenetic age are compared between young 

and conserved microproteins (Wilcoxon’s signed rank test, FDR 

adjusted > 0.05).  
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Figure 5-21: Young microproteins interact with proteins that are essential for cell survival. A) Interaction 

scores of interactors of the 11 young microproteins whose top interactor is an essential protein. Microproteins 

whose interactomes were also significantly enriched for essential proteins are marked with asterisks 

(Supplemental Table 5). Significant enrichment of essential proteins was calculated by Fisher’s exact test (FDR < 

0.05). B) Volcano plot with interactome results of the young microprotein SNHG8-MP which is enriched for 

essential proteins (52 out of 106 interactors; padj = 0.00013; Fisher’s exact test). C) Fractions of essential proteins 

per microprotein interactome did not differ between conserved and young microproteins. Assessed by two-tailed 

student's t-test. Horizontal lines indicate the mean ± standard deviation. 

 

 

 

 

 

 

 

 

 Short linear motifs can drive microprotein-protein interactions 5.5.3

Short linear motifs (SLiMs) have been defined as three to ten aa-long stretches that can 

mediate PPIs and usually lie within intrinsically disordered regions of proteins184,185. Since 

PRISMA allows analyzing the interactomes of individual protein segments, it is well suited to 

detect PPIs that are driven by SLiMs183,265,267,268. SLiMs might be particularly important 

contributors to the interaction potential of microproteins since microproteins are less structured 

and enriched for such motifs83. Using the software tool IUPred280 and the eukaryotic linear motif 

(ELM) resource for functional sites in proteins281, 429 SLiMs were predicted to be located within 

disordered regions of the 60 analyzed microproteins (Supplemental Table 5 and Methods). Of 

these motifs, 412 were covered entirely in the PRISMA design, while the remaining 17 SLiMs 

were disrupted due to microprotein segmentation. 

I then searched for known protein domain-SLiM matches within the interactomes of each 

microprotein tile since many SLiMs are reported to be bound by specific protein domains185. 

Amongst other hits (Supplemental Table 5 and Methods), I found six young and three 

conserved microproteins that interacted with kinases and harbored kinase phosphorylation and 

docking motifs (Figure 5-22 A and B). For two of those (THAP7-uORF-MP and JHDM1D-AS1-

MP), I detected phosphorylated tryptic peptides after microprotein overexpression 

(Supplemental Table 5 and Methods). Furthermore, peptides within the young microproteins 
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PALLD-uORF-MP and RAB12-uoORF-MP contained proline-rich motifs and bound SH3-

domain-containing proteins that play a role in actin cytoskeleton organization and endocytosis 

(SNX9, GRB2, SH3GHL1, and CTTN) (Figure 5-22 A and B), like the proline-rich SLiM of the 

SOS1 control peptide.  

 

 

 

 

 

Figure 5-22: PRISMA tiling identifies SLiMs potentially driving microprotein-protein interactions. A) Heatmap 

with fold changes of kinases and SH3-domain-containing proteins that interact with microproteins carrying a 

phosphorylation or kinase-docking motif and proline-rich motif, respectively. B) Peptide sequence and volcano plot 

with PRISMA results of the GAS5-MP-derived peptide that carries a phosphorylation motif (underlined) (left), and the 

RAB12-uoORF-MP-derived peptide that carries a proline-rich motif (underlined) (right). GAS5-MP-interacting kinases 

BUB1B and MAPK1 and RAP12-uoORF-MP-interacting SH3-domain-containing proteins are highlighted in red. C) 

Heatmap with fold changes of interactors that were detected in overlapping tiles of one microprotein. Only tiles that 

shared at least three interactors were included. 
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Next, I leveraged the peptide tiling strategy to focus on 190 interactors that were detected in 

pairs of neighboring, partly overlapping tiles within 39 microproteins (Figure 5-22 C and 

Supplemental Table 5). Their repeated identification strengthens these interactions and the 

confidence that the overlapping sequence could mediate them. For instance, two overlapping 

tiles in the N-terminal region of the young microprotein PVT1-MP each bound five SR proteins 

(SRSF1, SRSF2, SRSF5, SRSF6, SRSF7; GO term: regulation of mRNA splicing, padj = 0.011; 

CORUM: Spliceosome, padj= 0.009) (Figure 5-22 C and Figure 5-23 A), which are highly 

conserved serine/arginine-rich splicing factors308. Their interaction with PVT1-MP might be 

explained by a short stretch of three consecutive arginines within the sequence shared by both 

tiles (EGRRRAAS, Figure 5-23 A). This arginine stretch is located in a low complexity region 

close to an RGG motif (Supplemental Table 5), often associated with RNA binding309. It 

resembles basic patches found in some human but mostly in viral RNA-binding proteins309. 

Supporting the interaction with nuclearly localized SR-proteins, I detected PVT1-MP exclusively 

within the nucleus after overexpression in HeLa cells (Figure 5-23 B). 

 

 

 

A second example is the young microprotein LINC01128-MP, which interacted with several 

proteins involved in vesicular trafficking and endocytosis (Figure 5-22 C and Figure 5-24 A). 

Two overlapping tiles within LINC01128-MP bound multiple clathrins that are important for the 

formation of vesicle coats. This drew my attention to a partially shared clathrin box motif 

(LLLLD) in the overlapping region of both peptides, which is usually found on endocytic cargo 

adaptor proteins185 and is likely responsible for the observed interactions with the clathrin heavy 

Figure 5-23: PVT1-MP interacts with splicing factors at its N-terminus, potentially through a stretch of 

arginines. A) Peptide sequences and volcano plots with PRISMA results of two overlapping tiles of PVT1-MP. 

Splicing factors and the consecutive stretch of three arginines are highlighted in red. B) Immunofluorescence staining 

of FLAG-tagged PVT1-MP after overexpression in HeLa cells. Cell nuclei were stained with DAPI, mitochondria with 

anti-ATPIF antibody, and FLAG-tagged PVT1-MP with anti-FLAG antibody. 
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chain proteins CLTC and CLTCL1 (Figure 5-24 B). Interestingly, this motif resides in a C-

terminal extension of LINC01128-MP that evolved in the human lineage through the loss of a 

stop codon (Figure 5-24 C). Of note, LINC01128-MP localized to clathrin-rich foci close to or 

directly at the plasma membrane (Figure 5-24 D). This, combined with the previous observation 

that knocking down the microprotein-encoding lncRNA LINC01128 affected endocytosis310, 

substantiates my hypothesis based on the interactome of LINC01128-MP: this microprotein 

might be involved in intracellular trafficking and endocytosis. 

 

 

Figure 5-24: A clathrin-box motif potentially mediates interactions between LINC01128-MP and clathrins. A) 

Volcano plot with interactome results of LINC01128-MP. Interactors from all tiles are combined, and those involved in 

vesicular trafficking and endocytosis are highlighted with an orange circle. B) Peptide sequences and volcano plots 

with PRISMA results of two overlapping tiles of LINC01128-MP. The clathrin box motif and clathrins are highlighted in 

red. C) Amino acid sequence alignment of the human microprotein LINC01128-MP and its orthologous regions in 

three selected primate genomes. Intact open reading frame structures are highlighted in light blue. The C-terminal 

region that carries the clathrin box motif (highlighted in red) is specific to humans. D) Immunofluorescence stainings 

of 3xFLAG-tagged LINC01128-MP after overexpression in HeLa cells. Cell nuclei were stained with DAPI, clathrin 

heavy chain with anti-CLTC antibody, and FLAG-tagged LINC01128-MP with anti-FLAG antibody. 
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 The cardiac microprotein PDZRN3-AS1-MP interacts with proteins involved in 5.5.4

mitochondrial translation at the inner mitochondrial membrane 

I lastly focused on the evolutionarily young microprotein PDZRN3-AS1-MP, which is restricted to 

humans and higher primates (e.g., Chimp and gorilla) based on amino acid sequence 

alignments (Figure 5-25 A). It has a predicted alpha-helical, single-pass transmembrane 

domain (Figure 5-25 B) and, based on bulk tissue gene expression data extracted from the 

GTEx project246, is most highly expressed in the heart (Figure 5-25 C). 

 

 

 

Coherent with its mitochondrial localization, I detected an enrichment of mitochondrial proteins 

in the interactome of PDZRN3-AS1-MP (padj = 0.043, Fisher’s exact test), particularly of 

components of the mitochondrial ribosome (CORUM: 39S ribosomal subunit, mitochondrial, padj 

= 0.049102, Figure 5-26 A and B). 

Figure 5-25: The young microprotein PDZRN3-AS1-MP is a predicted transmembrane protein most highly 

expressed in the heart. A) Amino acid sequence alignment of the human microprotein PDZRN3-AS1-MP and its 

orthologous regions in four selected primate genomes. Intact open reading frame structures are highlighted in light 

blue and are specific to humans and the old-world monkey species Chimp and Gorilla. Asterisks underneath the 

sequence indicate amino acids present in all five species. B) Graphical output of TMHMM method for transmembrane 

(TM) domain prediction
261

 for the lncORF-MP PDZRN3-AS1-MP. Horizontal lines show probabilities for an amino acid 

to reside inside a TM helix (red) and for the cellular localization of N- and C-termini (dark blue: cytosolic, turquoise: 

luminal/ extracellular). C) Bulk tissue gene expression data extracted from the Genotype-Tissue Expression (GTEx) 

project 
246

 of PDZRN3-AS1.   
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Zooming into the interactomes of each individual PDZRN3-AS1-MP-derived peptide (tile) 

analyzed with PRISMA, I found mitochondrial proteins to bind predominantly to N-terminal tiles 

of the microprotein. Specifically, the first two tiles outside of and adjacent to the predicted 

transmembrane domain drove the observed enrichment of mitochondrial proteins (tile 1: padj = 

0.024, tile 2: padj = 0.018, Fisher’s exact test) and bound most components of the mitochondrial 

ribosome (Figure 5-27 A-C). Most of these proteins reside in the mitochondrial inner membrane 

(MIM), and half are involved in mitochondrial translation and known to interact with each other 

based on network analysis using the STRING database269 (Figure 5-27 D).  

 

Figure 5-26: PDZRN3-AS1-MP interacts with proteins involved in mitochondrial translation and localizes to 

mitochondria. A) Volcano plot with PRISMA-interactome results of PDZRN3-AS1-MP. Interactors from all tiles are 

combined. Mitochondrial proteins were enriched in the interactome of PDZRN3-AS1-MP (19 out of 85 interactors, padj 

= 0.043, Fisher’s exact test) and are depicted in red. Moreover, components of the mitochondrial ribosome were 

enriched, as revealed by GO enrichment analysis (CORUM: 39S ribosomal subunit, mitochondrial, padj = 0.049102). 

B) Immunofluorescence staining of 3xFLAG-tagged PDZRN3-AS1-MP after overexpression in HeLa cells. Cell nuclei 

were stained with DAPI, mitochondria with anti-ATPIF antibody, and FLAG-tagged PVT1-MP with anti-FLAG 

antibody. The scale bar represents 20 µm. 
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To consolidate the observed interaction with proteins involved in mitochondrial translation, I next 

performed immunoprecipitation (IP)-MS experiments of the full-length PDZRN3-AS1-MP. 

Therefore, PDZRN3-AS1-MP with a C-terminal 3xFLAG-tag was overexpressed in HEK293T 

cells, and its interacting proteins were analyzed by MS after immunoprecipitating the tagged 

microprotein. Similar to the PRISMA approach, mitochondrial proteins were enriched among 

interacting proteins (36 out of 119 interactors, p = 0.002, Fisher’s exact test). These included 

proteins involved in the import into the mitochondrion and the mitochondrial inner membrane 

(MIM) (TOMM7, TIMM21, TIMM8B, C2orf47, C19orf52), other MIM proteins (SFXN4, NDUFV3, 

TMEM70, TMEM126A, NDUFS4, NDUFAF7, TMEM14C), and proteins necessary for 

Figure 5-27: PDZRN3-AS1-MP binds mitochondrial proteins predominantly at its N-terminus. A) P-site plot 

depicting the three-nucleotide codon movement of ribosomes in Ribo-seq data at the lncORF of PDZRN3-AS1. In-

frame P-sites are colored in blue, and out-of-frame P-sites are colored in red and green for +1 and +2 frames, 

respectively. The translated aa sequence of PDZRN3-AS1-MP is shown beneath the p-site plot. Amino acids that 

form the predicted transmembrane domain are highlighted in purple. B) Top: Schematic overview of tiled peptides of 

PDZRN3-AS1-MP that have been analyzed with PRISMA. Bottom: Heatmap with fold changes of mitochondrial 

proteins that were significantly enriched by individual PDZRN3-AS1-MP tiles. N-terminal tiles 1 and 2 bind most 

mitochondrial proteins, which are also enriched in the overall interactome of these tiles as assessed by Fisher’s exact 

test (tile1: 8 out of 27 interactors, padj = 0.024 and tile 2: 7 out of 21 interactors, padj = 0.018). C) Volcano plot with 

PRISMA results of the N-terminal peptide of PDZRN3-AS1-MP (tile 1). D) STRING analysis shows known 

interactions between mitochondrial proteins bound by tiles 1 and 2 of PDZRN3-AS1-MP. Most interactors are 

mitochondrial inner membrane proteins (blue), and half are involved in mitochondrial translation (red). 
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mitochondrial RNA processing (FASTKD5, TBRG) and translation (MRPS33, MRPL15, RPL13, 

GFM, RMND1) (Figure 5-28 A).  

 

 

 

Based on its enrichment, particularly Required For Meiotic Nuclear Division 1 Homolog 

(RMND1) – a MIM protein associated with mitochondrial ribosome assembly and 

maintenance311,312 – stood out from the other interactors and seemed to interact most strongly 

with PDZRN3-AS1-MP (Figure 5-28 A). I confirmed this interaction using reciprocal co-

immunoprecipitation (co-IP) followed by western blotting and IF-based co-localization 

experiments after overexpression of both proteins in HEK293T and HeLa cells, respectively. 

Specifically, PDZRN3-AS1-MP-3xFLAG was enriched after immunoprecipitation of HA-tagged 

RMND1 and vice versa (Figure 5-28 B), and overlapping IF signals of both proteins were 

observed (Figure 5-28 C). 

Figure 5-28: PDZRN3-AS1-MP interacts with the mitochondrial inner membrane protein RMND1. A) Volcano 

plot with IP-MS results of PDZRN3-AS1-MP-3xFLAG after overexpression in HEK293T cells. Horizontal and vertical 

lines define the significance cutoffs for fold change and adjusted p-value (log2(FC) = 2, padj = 0.05), respectively. 

Significant interaction partners are enriched for mitochondrial proteins (red dots, 36 out of 119 interactors, padj = 

0.0022, Fisher’s exact test). Mitochondrial proteins involved in mitochondrial translation, mitochondrial import, and 

mitochondrial inner membrane proteins are highlighted with a yellow, pink, and light blue circle, respectively. B) 

Reciprocal coIP of FLAG-tagged PDZRN3-AS1-MP and RMND1-anti-HA antibody (HA). I, input; U, unbound fraction; 

E, eluate; WB, western blot; FLAG, anti-FLAG antibody. The presence of HA-tagged RMND1 in the eluate of the 

PDZRN3-AS1-3xFLAG-MP IP or, vice versa, PDZRN3-AS1-MP-3xFLAG in the eluate of the RMND1-HA IP indicates 

the interaction of both overexpressed proteins. C) IF depicting the co-localization of PDZRN3-AS1-MP-3xFLAG and 

RMND1-HA. Cell nuclei were stained with DAPI, FLAG-tagged PDZRN3-AS1-MP with anti-FLAG antibody, and HA-

tagged RMND1 with anti-HA antibody. The scale bar represents 20 µM.  
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As mitochondrial translation occurs within the mitochondrial matrix close to the MIM, the 

observed interactions and its predicted transmembrane domain suggested that PDZRN3-AS1-

MP is a MIM protein with its N-terminus residing in the mitochondrial matrix. Proteinase K 

digests of isolated mitochondria and IF experiments using different permeabilization reagents 

were performed to test this hypothesis. In these experiments, PDZRN3-AS1-MP was compared 

to a set of known mitochondrial proteins that served as markers for the mitochondrial matrix 

(ATPIF), the MIM (COX4, LETM1, RMND1), and the mitochondrial outer membrane (MOM) 

(VDAC1, TOM20) (Figure 5-29 A).  

The rationale for digesting mitochondria with a protease was that proteins within the matrix or 

the MIM would be better protected from degradation than MOM or IMS proteins and thus less 

susceptible to increasing protease concentrations. Coherent with my hypothesis, digestion with 

proteinase K revealed that PDZRN3-AS1-MP was more resistant to degradation than the MOM 

proteins VDAC1 and TOM20 and tolerated similar concentrations as COX4, a MIM protein more 

similar in size (106 aa) to PDZRN3-AS1-MP than LETM1 (739 aa) and RMND1 (449 aa) 

(Figure 5-29 B). Moreover, the following IF experiments supported a localization of PDZRN3-

AS1-MP within the MIM and its orientation towards the mitochondrial matrix. Digitonin leads to 

permeabilization of the cell membrane and the MOM, but not the MIM. It thus prevents antibody 

staining of proteins and termini residing within the mitochondrial matrix and allows distinguishing 

sub-organellar protein localization. As expected, staining intensities of the tagged PDZRN3-

AS1-MP C-terminus after digitonin permeabilization were higher than of the matrix-localized 

ATPIF and COX4-N-terminus and similar to those of COX4- and RMND1-C-termini, which 

reside within the IMS. As a control, Triton X-100, which permeabilizes both mitochondrial 

membranes, revealed comparable signal intensities of all analyzed mitochondrial proteins 

(Figure 5-29 C).  

In summary, these experiments suggest that PDZRN3-AS1-MP is a small primate-specific 

transmembrane protein that resides within the inner mitochondrial membrane, where it might 

modulate mitochondrial proteins synthesis via its interaction with RMND1 and other proteins 

involved in mitochondrial translation. Given its predominant expression in the heart, this 

regulation might be particularly important in cardiac cells. 
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Figure 5-29: PDZRN3-AS1-MP localizes to the mitochondrial inner membrane. A) Schematic representation (not 

proportional) of the localization of known MOM proteins (VDAC1, TOM20), MIM proteins (LETM1, COX4, RMND1), 

and the matrix protein ATPIF within the mitochondrion and their orientation within mitochondrial membranes. The N-

terminus of PDZRN3-AS1-MP is predicted to reside within the mitochondrial matrix. MIM = mitochondrial inner 

membrane, MOM = mitochondrial outer membrane, IMS = intermembrane space. B) Western blot with mitochondrial 

digest results upon increasing concentrations of proteinase K (PK). Known MOM proteins (VDAC1 and TOM20) and 

MIM proteins (LETM1 and RMND1) are shown; COX4 functions as a protein-length-matched MIM control to 

PDZRN3-AS1-MP. C) IF stainings of TOM20, COX4, ATPIF, RMND1-HA, and PDZRN3-AS1-MP-3xFLAG after 

Triton X-100 (top) and digitonin (bottom) permeabilization in HeLa cells. PDZRN3-AS1-MP and RMND1 were co-

stained after co-overexpression. The remaining signal intensity after digitonin treatment confirmed the in A) predicted 

orientation of PDZRN3-AS1-MP within the MIM. Triton X-100 resulted in permeabilization of MOM and MIM, allowing 

consistent staining of mitochondrial proteins irrespective of their sub-organellar localization. Cell nuclei were stained 

with DAPI, TOM20-N-terminus with anti-N-term-TOM20 antibody, COX4-N- and C-terminus with anti-N-term- and 

anti-C-term COX4 antibody, ATPIF with anti-ATPIF antibody, C-terminus of FLAG-tagged PDZRN3-AS1-MP with 

anti-FLAG antibody and C-terminus of HA-tagged RMND1 with anti-HA antibody. The scale bars represent 20 µM. 
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6 Discussion 

 Novel microproteins – a pool for evolutionary innovation  6.1

Several approaches exist to identify translated sORFs and their potentially encoded 

microproteins, including computational pipelines, ribosome profiling, and mass spectrometry-

based techniques (see section 1.2). Currently, ribosome profiling allows for the most 

comprehensive annotation of sORF translation and has led to the identification and annotation 

of thousands of translated sORFs in humans and other species68. One significant advantage of 

ribosome profiling is its independence from sORF conservation, allowing the detection of poorly 

conserved but translated sORFs and their potential microprotein products.  

I presented a conservation analysis of over 1,000 sORF-encoded microproteins detected in 80 

human hearts, indeed revealing that only 11.7% are conserved across non-primate mammals. 

The fraction of human cardiac microproteins conserved in more distant species, such as fish or 

flies, would likely be even lower. Most (89.3%) are evolutionarily young, i.e., their sequence 

conservation is restricted to humans and the primate lineage, aligning with other conservation 

studies performed on microprotein sets identified in human cell lines38,104,286. It should be 

pointed out that sequence conservation does not undoubtedly prove an sORF’s translation and 

the existence of a corresponding protein in the species in which the counterpart sORF region is 

conserved. Although the sORF sequence may already be present in this other species, it may 

not possess all necessary regulatory elements to be transcribed and translated313,314. Therefore, 

the current results may overestimate the extent of transcription and translation of young human 

sORFs in non-human species. Generating new transcriptome, translatome, and proteome data 

from these species will help clarify whether human sORF transcription and translation truly 

occur in other species. Given its ability to identify translation events on a genome-wide scale 

and irrespective of conservation, ribosome profiling will likely play an essential role in this 

endeavor. 

An exciting aspect of these young human microproteins is the question of how they have 

evolved. Like annotated proteins, microproteins may emerge through DNA duplication events206, 

RNA-mediated retroposition285, or de novo from previously noncoding DNA202–205. Gene 

duplication followed by divergence was long thought to be the most common mechanism206,207. 

Several human-specific proteins implicated in advantageous human-specific evolutionary 

adaptations, such as changes in the size and folding of the neocortex315–318, have evolved from 

recent segmental gene duplications319,320. However, coherent with the recognition of de novo 

evolution being much more frequent than previously anticipated198,202,208–211,286, I showed that 

most young cardiac microproteins (826; 61.5%) emerged through this mechanism and thereby 
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significantly extended the number of previously reported de novo evolved human 

microproteins286. Pools of species- and lineage-specific translated sORFs, including de novo 

evolved ones, have been detected in non-human species199,202,205,321–327, especially based on 

analyses of fast-evolving tissues such as testis74,198,204,314,328. This study now supports that such 

pools also exist in humans, even in an organ with a relatively conserved function like the heart. 

 Cardiac sORF translation can produce detectable microproteins 6.2

in human hearts 

When working with ribosome profiling data, one needs to be aware that this technique captures 

the act of translation but not the final protein product. Whether this translation results in stable 

proteins requires validation by other methods.68 

 In vitro evidence for lncRNA coding potential 6.2.1

I first employed wheat germ-based coupled transcription and translation assays and confirmed 

microprotein translation from 44 of the 58 randomly selected lncRNAs in vitro. Expressing the 

entire lncRNA sequence with its 5’ and 3’ UTRs in these assays allowed me to assess the 

coding capacity of the natural sequence context. The subsequent introduction of sORF-

disrupting mutations revealed that the observed microproteins originated from the sORFs 

annotated based on the Ribo-seq data. Moreover, radioactive labeling of newly synthesized 

microproteins omitted the need for a protein tag, potentially influencing protein stability and 

turnover329. Notably, I observed a molecular weight limit of 2.5 kDa for detected microproteins in 

these assays. This observation could indicate that extremely small candidates are less stable 

and potentially less likely to be biologically relevant or may have technical reasons, e.g., such 

small proteins may simply be lost during gel electrophoresis. 

Overall, the validation rate of 70.2% supports that at least lncORF translation generally results 

in stable microproteins. However, one has to acknowledge that in vitro systems may not 

recapitulate regulatory mechanisms present in human cells that may affect protein translation 

and stability. For example, essential modulators of protein turnover, such as post-translational 

modifications (PTMs)330,331, are usually absent in wheat germ systems because the necessary 

substrates have largely been removed during extract preparation332. Hence, such in vitro assays 

are helpful to assess the general coding capacity of lncRNAs and can help candidate selection 

for follow-up experiments but should ultimately be validated in vivo.   
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 Microproteins can be identified in vivo using mass spectrometry 6.2.2

Gold standards of endogenous protein identification include antibody- and MS-based detection. 

However, the design and production of custom antibodies is time intensive, costly, and hence 

not easily applicable to a large set of proteins. In contrast, by including potential microprotein 

sequences in the MS-search space, MS can readily be employed to detect novel microproteins 

in a high-throughput fashion56,104,125–131. Applying the latter strategy, unique peptide evidence for 

30.3% of the sORF-encoded microproteins detected by ribosome profiling was obtained through 

interrogation of shotgun MS data collected previously from human heart tissue and iPSC-CMs. 

Eighty-one of these microproteins were detected with two tryptic peptides. However, the 

robustness of small protein detection in large proteomic datasets, particularly those based on 

single tryptic peptides and limited numbers of peptide-spectrum-matches (PSMs), has been 

under much debate, especially regarding elevated numbers of false-positive identifications333,334. 

Indeed, an increase in false-positive hits was observed when extending the reverse peptide 

search implemented in MaxQuant for FDR estimation with an additional target-decoy strategy, 

warranting complementary methods to increase detection confidence. To this end, I have 

administered SRM-MS, a targeted MS strategy with increased sensitivity and confidence 

compared to a conventional full scan MS/MS analysis295,296. This assay identified 76 

microproteins, 23 of which were also detected in the shotgun MS searches. 

I observed a positive effect of microprotein size on detectability in shotgun MS data that could 

be provoked by an increased ability to produce MS-compatible signature peptides or higher 

protein stability329. MS-compatible signature peptide production may be the more critical factor 

since microprotein size was not significantly affecting SRM-based detection where a pre-

selection of MS-suitable peptides was performed. The difference in disease state and heart 

regions may explain why microprotein abundance assessed by RNA- and Ribo-seq did not 

influence MS-detectability. The RNA- and Ribo-seq data were collected and averaged across 

left ventricular tissue from 80 patients, the majority with a DCM condition39. In contrast, the 

proteomics data were derived from 16 regions of three healthy human hearts252 and iPSC-

CMs39. This discrepancy between Ribo-seq and proteomics samples may also lead to 

decreased microprotein detection rates. Since microproteins can be tissue-, condition-, disease- 

or even donor-specifically expressed, they may simply not be present in the samples used for 

proteomic detection. Generating Ribo-seq and proteomics data from the same samples should 

help to increase the detection rate.36 

Overall, the MS analyses provide peptide evidence for hundreds of cardiac microproteins – 

many with limited sequence conservation – and generally support microprotein production in 

vivo. Such MS evidence may indicate that a microprotein is biologically active and is a valid 
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reason for selection for follow-up experiments. Still, it should be noted that the cell may also 

merely tolerate many, often lowly expressed microproteins, which may be only transiently 

translated during human and primate evolution74,85. On the other hand, lacking MS evidence 

does not necessarily exclude a microprotein's existence and biological relevance. As stated 

above, specific microprotein expression patterns may hinder their detection when Ribo-seq and 

proteomic samples are not matched. Additionally, technical reasons may limit MS detection, 

such as a microprotein’s intrinsic MS incompatibility139 or the high dynamic range of cardiac 

protein levels, which renders MS detection in the heart particularly challenging252. As a matter of 

fact, 50% of the annotated small proteins serving as size-matched controls in the SRM assay 

could not be identified, and hundreds of proteins are annotated by reference databases despite 

lacking MS evidence68,116. Microprotein-tailored optimization of the MS workflow through small 

protein enrichment, using alternative proteases, top-down approaches with undigested samples, 

database refinement, and targeted and data-independent acquisition (DIA) methods335,336 will 

likely boost microprotein identifications in the future. 

 LncRNAs – roles as protein-coding and noncoding molecules? 6.2.3

Interestingly, I found protein evidence based on IVT and MS-based approaches for 

microproteins translated from lncRNAs with well-described noncoding roles, i.e., their biological 

function had been assigned to the RNA molecule. These included lncRNAs associated with 

cancer (e.g., LINC-PINT287, CRNDE288, DANCR289, and TUG1292) and heart physiology (e.g., 

HAND2-AS1291, ZFAS1337, and RP11-532N4.2290). Identifying microproteins within such 

lncRNAs could indicate that the RNA-assigned functions are executed by the microprotein 

instead. However, they may also have dual roles as protein-coding and noncoding molecules, 

as proposed previously338,339. In fact, several mRNAs producing functional proteins are already 

known to contain regulatory noncoding elements340–343. Simply categorizing RNA molecules into 

coding and noncoding may thus not recapitulate true biological complexity, which should be 

considered when investigating the functions of any transcript. 

 Subcellular localization of microproteins suggests their 6.3

involvement in diverse cellular processes 

Known microproteins have been associated with numerous different cellular processes138,139,191. 

In alignment with this functional diversity, the immunofluorescence analysis after microprotein 

overexpression revealed that cardiac microproteins localize to various subcellular structures, 

where they may fulfill distinct biological tasks. This diversity in localization also diminishes the 

likelihood that the 3xFLAG-tag or overexpression biases cellular microprotein sorting to a 

specific organelle. However, non-physiological localization of tagged and overexpressed 
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microproteins has been observed previously344 and cannot be excluded for individual cases. 

The development of microprotein-specific antibodies or MS analysis of isolated cellular 

organelles may help confirm the detected localization without the need for ectopic expression 

and protein tags.  

Smaller microproteins were less likely to be identified by IF, a trend also observed for V5-tagged 

microproteins by Prensner and colleagues38. Possible explanations could be decreased stability 

or the detrimental effect of a tag on smaller microproteins38. The evolutionary age did not affect 

microprotein detectability after overexpression, and dozens of primate-specific microproteins 

could be assigned to distinct cellular organelles. 

Of the 92 microproteins I could assign to subcellular structures, 45 localized to mitochondria. 

Many of the functionally characterized microproteins play a role in mitochondrial processes 

138,167,345. This observation may be due to selected detection methods or to intrinsic microprotein 

features, rendering them particularly well suited for this organelle138. Supporting the latter, the 

human mitochondrial proteome, particularly at the inner mitochondrial membrane, is enriched 

for low molecular weight proteins below 100 aa167. Moreover, microproteins have a positive 

charge bias104,345 and an increased frequency of sulfur-containing amino acids345, which could 

promote mitochondrial localization346. For example, small proteins with simple helix-loop-helix 

structures bridged by disulfide bonds are preferentially imported by the mitochondrial import 

protein Mia40 (also known as CHCHD4)347,348, and positively charged amino acids are crucial 

for mitochondrial targeting sequences346. Indeed, mitochondrially localized microproteins had 

significantly higher isoelectric points compared to those localizing to other organelles. Together 

with gene-gene co-regulation analyses linking many cardiac microproteins to mitochondrial 

processes39, the IF results propose a subset of cardiac microproteins as novel players in 

mitochondrial biology. 

 Defining the interactome of microproteins 6.4

It is well established that a protein’s interactome can give insights into its biological role299, and 

the ability of novel proteins to engage with their protein environment was highlighted as one of 

five features associated with protein functionality300. Indeed, protein interaction studies have 

guided recent efforts to characterize microprotein functions38,40,51,57,129,142,158, but primarily 

focused on conserved candidates. Using PRISMA, I defined the interactomes of 45 

evolutionarily young and 15 conserved microproteins, providing insights into potential biological 

roles of previously uncharacterized cardiac microproteins, with a particular focus on 

microproteins with limited sequence conservation. Concordant with the observed diversity in 

subcellular localization, I found interactomes of microproteins to be biologically distinct and 
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include proteins involved in different cellular processes like mitochondrial amino acid 

metabolism, RNA-splicing, and intracellular trafficking.  

When comparing the interactomes of young and conserved microproteins, the specificity and 

significance of individual interactors did not differ between the two groups, suggesting that 

recently and “from scratch” evolved microproteins may readily be able to form protein 

interactions, as has been seen for random peptide libraries349. Additionally, the observed ability 

of young microproteins to interact with essential proteins aligns with previous observations in 

yeast214,215, drosophila223,224, and human cell lines279 that some young genes can quickly 

become indispensable. These interactions support a scenario where young proteins physically 

engage with a conserved and vital pathway, which may ultimately lead to a “handover” of 

essentiality279. 

Overall, the PRISMA interactome data provide a substantial resource for novel microprotein 

interactions and suggest that young microproteins can participate in fundamental cellular 

processes. However, it should be noted that this assay faces certain limitations that need to be 

considered and will be discussed in detail in the next section. 

 Strengths and limitations of PRISMA 6.4.1

Several reasons led to the selection of PRISMA as a technique to gain first insights into 

microprotein interactomes. Firstly, it is highly scalable and allows for parallel analysis of 

numerous microproteins. Secondly, it neither relies on the ectopic expression of candidates nor 

on adding a tag (e.g., BioID2, HA, FLAG, GFP, or APEX2) to the generally small microproteins 

investigated here, potentially altering their functions. Third, it does not depend on the efficiency 

and specificity of antibody-based affinity pulldowns via immunoprecipitation before MS. Lastly, 

PRISMA is well suited to discover SLiM-driven interactions due to the analysis of overlapping 

protein segments183,265,267,268, a feature whose importance will be highlighted in the following 

section.  

However, some limitations should be taken into account266. The binding of potential interactors 

to microprotein peptides occurs after cell lysis, which could produce interactions that would not 

happen in vivo due to cellular compartmentalization. Moreover, only interactors expressed in the 

used cell lysate can be detected (HEK293T cells) at the cost of cell type-specific interactions, 

and, in addition, direct and indirect interactions cannot be distinguished. While microprotein 

segmentation allows for the detection of interaction-mediating SLiMs, it cannot capture the 

natural protein context. It will thus miss the impact of three-dimensional folds on a microprotein’s 

interactome. Finally, the synthetic peptides used in PRISMA do not recapitulate a microprotein’s 

concentration, stability, or post-translational modification state within a cell. Hence, the identified 
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interactomes can be used to derive functional hypotheses but need validation through additional 

experiments. 

Modifying the PRISMA setup in future experiments can solve some of the pitfalls mentioned 

here. For example, the assay could be repeated for selected microproteins with a human heart-

derived protein lysate to capture heart-specific protein interactions. However, the limiting factor 

will be the availability of tissue material since high amounts of protein are needed for the assay 

(here: 75 mg for triplicates of a membrane with 225 peptides). Moreover, it is now possible to 

add PTMs during peptide synthesis, and future experiments comparing modified and 

unmodified microprotein sequences could gain valuable insights into PTM-mediated 

interactions265–267. Other factors, like the loss of the natural protein context and cellular 

compartmentalization, can only be addressed by different methods. Such strategies could 

include proximity labeling coupled with MS, e.g., BioID2 or APEX2350, although both rely on the 

fusion of rather big modifying enzymes to the small microproteins. Ultimately, combining 

different techniques and integrating different levels of information, such as cellular localization 

and co-expression data, will help distill biologically relevant microprotein interactions. 

 The role of short linear motifs in microprotein interactomes 6.4.2

Since microproteins often lack globular domains due to their small size, a microprotein’s 

interaction potential may be particularly dependent on SLiMs, which are prevalent within these 

small proteins83. Indeed, the PRISMA peptide tiling strategy allowed the identification of 

microprotein SLiMs putatively mediating microprotein-protein interactions. For example, several 

microproteins with phosphorylation motifs bound kinases, suggesting post-translational 

phosphorylation and potential integration of respective microproteins into regulatory networks. I 

identified SH3-domain proteins involved in cytoskeleton regulation to bind microproteins 

carrying proline-rich motifs, a known SLiM-domain interaction, also observed for the SOS1 

positive control peptide183,271. Additionally, I found interactions of splicing factors with an 

arginine-rich sequence of PVT1-MP and vesicular coat proteins that associate with a clathrin 

box motif-containing region of LINC01128-MP.  

Many of these microproteins were evolutionarily young, and the putative interaction-mediating 

SLiMs lay in regions with limited sequence conservation. For example, LINC01128-MP emerged 

de novo, and a frameshift exposed the human-specific C-terminal area, which is likely 

responsible for the observed clathrin interactions. C-terminal extensions are important 

determinants of other species' functional innovations. For instance, a disordered C-terminal 

extension has been hypothesized to help the de novo Goddard protein gain further interactions 

necessary for its function in sperm production in the Drosophila lineage217. Such examples 

illustrate how short sequence features like SLiMs may define the protein-protein interactomes of 
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young microproteins without the need to evolve more complex three-dimensional structures. 

This supports the idea that many young proteins with random amino acid compositions can 

quickly become functional after they emerge de novo218,229. 

As discussed above, PRISMA faces several limitations, and thus the results should be 

interpreted with care. However, supporting the biological relevance of some of the observed 

interactions, PVT1-MP and LINC01128-MP localized to compartments where I expected their 

interactors: the nucleus and CLTC-rich regions, respectively. Moreover, the knockdown of 

LINC01128 lncRNA led to a decrease of transferrin and EGF in endosomes in a previous study 

by Collinet et al.310, further strengthening the hypothesis that LINC01128-MP is involved in 

trafficking or in endocytic processes. At the time, Collinet et al.310 attributed the effect to the 

lncRNA molecule, as the microprotein had remained undetected. However, the here presented 

data suggest that the microprotein may drive this phenotype, potentially as a novel mediator 

between clathrin and cargo proteins. Future experiments, specifically knocking out the 

LINC01128-MP while leaving the lncRNA intact, should aid in disentangling the contribution of 

the RNA molecule and the microprotein to the observed effect on transferrin and EGF 

endocytosis. 

 PDZRN3-AS1-MP – a novel player in mitochondrial translation in human hearts? 6.4.3

Mitochondria contain proteins with variable conservation levels across eukaryotes, such as 

accessory OXPHOS proteins351. At the same time, the composition of the mitochondrial 

ribosome seems to evolve rapidly352. These features raise the possibility that evolutionarily 

young and mitochondrially located microproteins may integrate into such mitochondrial 

processes. The cardiac-enriched, putative transmembrane microprotein PDZRN3-AS1-MP is 

only present in humans and higher primates and could be a candidate contributing to lineage-

specific adaptations of the mitoribosome and mitochondrial protein translation. 

Several lines of evidence suggested that PDZRN3-AS1-MP plays a role in mitochondria and, 

more precisely, in the translation of mitochondrial proteins: i) it localizes to the mitochondrion, 

specifically to the mitochondrial inner membrane (MIM) with its N-terminus oriented towards the 

mitochondrial matrix, ii) its expression correlates with that of inner mitochondrial membrane 

proteins39, iii) PRISMA revealed interactions of the PDZRN3-AS1-MP N-terminus with proteins 

involved in mitochondrial translation, and iv) IP and co-IP experiments corroborated interactions 

with proteins related to that process. Particularly, RMND1 stood out as a strongly enriched 

interactor, which is itself a MIM protein thought to recruit the mitoribosome to the MIM near 

mRNA maturation sites coupling mitochondrial transcription and translation311,312. These data 

support a scenario where PDZRN3-AS1-MP integrates into this process through interactions 

with RMND1 and the mitoribosome, thereby contributing to the regulation of mitochondrial 
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protein translation. Given its mainly cardiac expression and limited sequence conservation, this 

involvement may serve specific needs of the human heart.  

Since the results are based on overexpression experiments of the tagged protein or PRISMA, 

future experiments employing customized antibodies could help to verify the observed 

interactions in endogenous settings. Ultimately, knockout studies in human cardiac model 

systems such as iPSC-CMs or engineered heart tissue (EHT)353 are necessary to corroborate 

PDZRN3-AS1-MP as a novel modulator of mitochondrial protein production in the heart. 

 Biological activity of human microproteins despite limited 6.5

sequence conservation? 

Until now, researchers have mainly concentrated on elucidating the functions of a minority of 

highly conserved newly discovered microproteins139,190,191. This bias is understandable as cross-

species conservation is traditionally associated with protein function1. Also, human and primate-

specific proteins cannot be studied in commonly used model systems - rodents, yeast, flies, or 

nematodes - because they are simply non-existent in these species. However, several 

examples of de novo evolved species- and lineage-specific but functional proteins, as presented 

in section 1.4, indicate that bioactivity may be acquired more rapidly than previously 

anticipated203. Along these lines, a recent CRISPR/Cas9 knockout screen57 linked 44 de novo 

evolved human microproteins to cellular growth, although the underlying molecular mechanisms 

have not been investigated57,286. 

I showed that subsets of young microproteins could be detected in vivo by MS, localize to 

distinct cellular compartments, and interact with their protein environment. This revealed first 

indications for their potential bioactivity and implicated human- and primate-specific 

microproteins, e.g., LINC01128-MP and PDZRN3-AS1-MP, in fundamental biological processes 

like intracellular trafficking and mitochondrial protein synthesis. Taken together, the literature 

and my data suggest that these young microproteins may present a rich pool of potentially 

bioactive molecules that should not be neglected in in-depth investigations. Instead, elucidating 

their functions may be crucial for our understanding of human- and primate-specific evolutionary 

adaptations and disease. 
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7 Conclusion 

In this thesis, I validated the production of selected cardiac microproteins translated in human 

hearts. I presented a detailed analysis of their conservation, subcellular localization, and protein 

interactome, which altogether allowed me to suggest potential biological roles for a subset of 

microproteins, including candidates that may be particularly important for heart biology. Unlike 

many other microprotein studies, I have not exclusively focused on highly conserved candidates 

but also provided new insights into the evolutionary origins and putative roles of evolutionarily 

young microproteins and highlighted their potential relevance. Future experiments employing 

phenotypic assays in microprotein knockout systems will help to validate the proposed biological 

relevance of specific candidates and their involvement in cellular processes, such as splicing, 

mitochondrial protein synthesis, and endocytosis.  

My work contributes to the realization that the genome may contain thousands of previously 

missed small proteins translated from presumed noncoding regions, including lncRNAs and 

UTRs of mRNAs. Translation of such microproteins from lncRNAs with previously described 

noncoding functions challenges our binary classification system of transcripts into coding and 

noncoding molecules, exemplifying the importance of considering both categories when 

assigning biological roles to a transcript. Additionally, microproteins encoded in mRNAs already 

harboring a protein-coding sequence (CDS) show that assigning only one CDS per transcript 

does not capture true biological complexity. This matter is complicated even further as the 

translation of potentially microprotein-encoding sORFs residing in UTRs may regulate CDS 

expression in a microprotein-independent or -dependent fashion68. These features show that 

eukaryotic genomes may be much more intricate and dense in information than previously 

anticipated. 

Most microprotein detection studies are conducted on model organisms and human cell lines138, 

but increasing efforts, including this study, are undertaken to identify microproteins in human 

primary cells and tissues36,39. The analysis of human material is essential as most human 

microproteins investigated here showed limited sequence conservation and could thus not have 

been detected in “common” model organisms. Given the known tissue- and condition-specific 

expression of microprotein-encoding lncRNAs44, searching different organs, cell types, and 

disease conditions will be critical in the future and likely lead to the continuous identification of 

novel microproteins.  

Based on the current literature, it became apparent that microproteins are involved in various 

(patho-)physiological processes, and biological roles have been identified for dozens of 

(primarily conserved) microproteins, as described in section 1.3. Still, we are just beginning to 
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understand the impact of translated sORFs and microproteins on biology. A significant body of 

work remains to prove the existence and bioactivity of the thousands of microproteins that 

remained uncharacterized. This study directly contributed to this endeavor and highlights that 

we should not restrict our efforts to highly conserved candidates but also consider those de 

novo evolved in humans and primates.  

Future developments that can drive this research field forward include improving and 

standardizing proteomic microprotein detection methods, which currently suffer from high false 

discovery rates and limited sensitivity336. Moreover, the development of tools tailored to a 

microprotein’s small size, e.g., techniques to obliterate the need for fusion tags354, and the 

increased incorporation of microproteins in high-throughput CRISPR/Cas9-based knockout 

screens38,57 will help advance microprotein research. Lastly, this field will benefit from bringing 

the existence of sORF translation and microproteins to the attention of a broader scientific 

audience, which is currently being pursued through their incorporation into gene annotation 

pipelines68. Such an endeavor will hopefully inspire future investigations and increase our 

understanding of this previously hidden part of the proteome. 
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9 Appendix 

 Supplemental Tables 9.1

 

All supplemental tables are stored on the figshare platform and can be downloaded under 

the following link (DOI: 10.6084/m9.figshare.21126055): 

https://figshare.com/s/f614b886875bdac25a12 

Supplemental Table 1:  

Sequencing primers, oligonucleotides, and plasmid vectors. 

Sheet 1: Sequences of vector backbones and oligonucleotides to create the pEF1a-custom vector. 

Sheet 2: Sequences of vectors used for IVT assays and mutagenesis primers. 

Sheet 3: Sequences of vectors used for ectopic microprotein expression.   

Supplemental Table 2:  

Metadata and results of conservation analysis, shotgun MS searches, IVT, SRM-MS, and 

in silico predictions for 1,505 cardiac sORFs and 527 sCDS. 

Sheet 1: Metadata and summarized results of conservation analysis, shotgun MS 

              searches, IVT, SRM-MS, and in silico predictions for 1,505 cardiac sORFs. 

Sheet 2: IVT setup and results. 

Sheet 3: SRM-MS setup. 

Sheet 4: SRM-MS results. 

Sheet 5: Metadata and conservation analysis of 527 sCDSs. 

Supplemental Table 3:  

Metadata and IF results of 120 microproteins investigated with IF.   

Supplemental Table 4:  

Metadata of 60 microproteins investigated with PRISMA. 

Supplemental Table 5:  

PRISMA setup and results. 

Sheet 1: Amino acid sequences of synthesized peptides spotted on membranes. 

Sheet 2: Microprotein interactors detected in PRISMA. 

Sheet 3: Results of essential protein enrichment per microprotein interactomes. 

Sheet 4: Results of essential protein enrichment per microprotein tile interactomes. 

Sheet 5: List of proteins essential for cell survival defined by Blomen and colleagues
279

. 

Sheet 6: Annotation of all predicted SLiMs per microprotein. 

Sheet 7: Annotation of SLiMs within disordered regions per microprotein tile. 

Sheet 8: Domain-SLiM-matches. 

Sheet 9: Microprotein interactors shared in overlapping tiles. 

Sheet 10: Microprotein interactors shared in overlapping tiles when more than three are detected. 

Sheet 11: Phosphorylated microproteins. 

https://figshare.com/s/f614b886875bdac25a12
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 Abbreviations 9.2

aa –  amino acid 

ABC buffer – ammonium bicarbonate buffer 

ACN – acetonitrile 

altORF – alternative ORF  

BSA – bovine serum albumin  

CAA – chloroacetamide  

CDS – protein-coding sequence 

cFB – cardiac fibroblast 

circRNA – circular RNA 

co-IP – co-immunoprecipitation 

CS – conservation score 

d – Cohen's effect size 

DCM – dilated cardiomyopathy 

DIA – data-independent acquisition  

DMEM – Dulbecco’s modified eagle medium 

dN – non-synonymous nucleotide substitutions  

dORF – downstream ORF 

doORF – overlapping downstream ORF 

DPBS – Dulbecco's phosphate buffered saline 

dS – synonymous nucleotide substitutions  

DTT – dithiothreitol 

DWORF – dwarf open reading frame  

ECL – enhanced chemiluminescence  

EHT – engineered heart tissue  

ELM – eukaryotic linear motif 

ER – endoplasmic reticulum 

ESI – electrospray ionization 

FA – formic acid 

FBS – fetal bovine serum 

FDR – false discovery rate 

FS – frameshift 

GO – Gene ontology 

GTEx – Genotype-Tissue Expression  

HCD – higher energy collision dissociation method  

HGNC – HUGO Gene Nomenclature Committee 

HPLC – High-Performance Liquid Chromatography 

HRP – horseradish-peroxidase 

IDR – intrinsically disordered region 

IF – immunofluorescence 

intORF – internal out-of-frame ORF 

IP – immunoprecipitation 

iPSCd-CMs – induced pluripotent stem cell-derived cardiomyocytes 

IVT – in vitro transcription and translation 

kDa – Kilodalton (1000 Dalton) 

LAS X – Leica Application Suite X 

LC-MS/MS – Liquid chromatography-coupled tandem mass spectrometry 

LFQ – label-free quantification  
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Abbreviations 

lncRNA – long noncoding RNA 

LV – left ventricle 

MIM – mitochondrial inner membrane 

MOM – mitochondrial outer membrane 

mRNA – messenger RNA 

MS – mass spectrometry 

MTLN – Mitoregulin 

NGS – next-generation sequencing 

nORF – novel ORF 

ORF – open reading frame 

OXPHOS – oxidative phosphorylation 

PFA – paraformaldehyde 

phyloCSF – phylogenetic codon substitution frequency 

PK – proteinase K 

PLN – phospholamban 

pI – Isoelectric point 

PPI – protein-protein interaction 

pre-mRNA – pre-messenger RNA 

pri – polished rice  

PRISMA – PRotein Interaction Screen on a peptide MAtrix 

PSM – peptide-spectrum-match 

PTM – post-translational modification 

PVDF – polyvinylidene difluoride  

RMND1 – Required For Meiotic Nuclear Division 1 Homolog  

RT – room temperature 

SCA – spectrum contrast angle 

sCDS – short coding sequence 

SEP – sORF-encoded peptide 

SERCA – sarcoendoplasmic reticulum calcium transport ATPase 

SLiM – short linear sequence motif 

smORF – small ORF 

sORF – short ORF 

SRM-MS – Selected reaction monitoring mass spectrometry 

Stage – STop And Go Extraction 

tal – tarsal-less  

TFA – trifluoroacetic acid 

TM – transmembrane 

TMD – transmembrane domain 

TRG – taxonomically restricted gene 

uoORF – overlapping upstream ORF 

uORF – upstream ORF 

UPR – unfolded protein response 

UTR – untranslated region 

WB – western blot 

WT – wild-type 
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List of amino acids 

A Ala Alanine  

C Cys Cysteine  

D Asp Aspartic acid  

E Glu Glutamic acid  

F Phe Phenylalanine  

G Gly Glycine  

H His Histidine  

I Ile Isoleucine  

K Lys Lysine  

L Leu Leucine  

M Met Methionine  

N Asn Asparagine  

P Pro Proline  

Q Gln Glutamine  

R Arg Arginine  

S Ser Serine  

T Thr Threonine  

V Val Valine  

W Trp Tryptophan  

Y Tyr Tyrosine  

List of nucleotides 

A Adenine  

C Cytosine  

G Guanine  

T Thymine  

U Uracil  
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