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ABSTRACT 

Eukaryotic cells are organized into membrane-enclosed compartments with elaborate networks of 

integral membrane proteins. From synthesis, localization, and insertion into designated cellular 

membranes, to proper folding and assembly of the membrane proteins, the successful biogenesis of 

membrane proteins is crucial for defining the organellar compartments and for overall proteostasis. 

Recent advances in the field of membrane protein biogenesis in both the endoplasmic reticulum (ER) 

and the mitochondria have identified novel machineries involved in the membrane insertion step. 

These are the ER membrane protein complex (EMC) at the ER and the mitochondrial carrier homolog 

2 (MTCH2) at the outer mitochondrial membrane (OMM). In this thesis, we employ a combination 

of biochemical, cell biological, structural, and genetic techniques to explore in mechanistic detail the 

insertase function of the EMC and MTCH2 at the molecular level. In the first part of the thesis, our 

work on the EMC maps out the pathway of a tail-anchored (TA) protein through the insertase and 

revealed a selectivity filter that provides the biochemical basis for how the EMC protects 

compartment integrity. The selectivity filter of the EMC limits TA protein mislocalization and 

prevents topological errors of multi-pass membrane proteins. In the second part, ongoing work on 

MTCH2 reveals the absence of a prominent selectivity mechanism and provides insight into a 

regulatory mechanism of MTCH2, which seems to be conserved across metazoan MTCH2 homologs. 
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1 
C h a p t e r  1  

INTRODUCTION 

1.1 Overview 

Eukaryotic cells are organized into many distinct subcellular compartments, each with a unique 

biochemical environment and dedicated machinery to carry out its specialized function within the 

cell. The evolution of discrete and functionalized compartments led to complex and interdependent 

but mutually cooperative environments (Sommer & Schleiff, 2014) that led to the emergence of the 

multicellular organism. The increasing complexity of cellular organization provided enormous 

benefits but introduced a new challenge, as proteins now needed to localize to their respective 

subcellular compartments. This necessitated the development of highly selective targeting 

mechanisms, and the translocation of proteins into or across cellular membranes. One key class of 

protein that relies on their accurate sorting to carry out their functions is membrane proteins.  

Membrane proteins comprise approximately one quarter of the eukaryotic proteome and are essential 

in a range of functions including intracellular trafficking, signal transduction, and neuronal signaling 

(Wallin & Von Heijne, 1995; Boyd et al., 1998; Krogh et al., 2001). Consequently, defects in 

membrane protein biogenesis and quality control underlie a myriad of human diseases (Sanders & 

Myers, 2004; Ng et al., 2012; Marinko et al., 2019), and more than half of all current therapeutic 

drugs target a membrane protein (Overington et al., 2006; Rask-Andersen et al., 2014). Considering 

the essential role these proteins play and the consequence of their failed biogenesis, understanding 

the general principles of their biogenesis is physiologically important and has overarching 

implications across many fields. 

Integral membrane proteins are characterized by the presence of at least one hydrophobic 

transmembrane domain (TMD) which must be recognized, targeted, and inserted into the 

hydrophobic lipid bilayer of the correct subcellular compartment and in the correct orientation. There 

are about 5000 integral membrane proteins predicted in the human proteome (Dobson et al., 2015) 

and they have highly diverse characteristics, from the number of TMDs they contain, to the 

topological orientation across the bilayer, and to the biophysical properties within the TMDs (von 

Heijne, 2007). The hydrophobic TMDs of integral membrane proteins pose a significant challenge as 



 

 

2 
all membrane proteins throughout the cell are initially synthesized on ribosomes in the aqueous 

environment of the cytosol where they are prone to aggregation. The TMDs must, therefore, be 

shielded by specialized factors and this requires the efficient recognition, targeting, and insertion of 

the TMDs into the lipid bilayer (Keenan et al., 2001; Shao & Hegde, 2011a; Borgese & Fasana, 2011). 

These steps are crucial to preventing non-productive interactions of TMDs that could lead to 

aggregation before they reach their correct subcellular compartment for protein folding and assembly 

into multi-subunit complexes (Shao & Hegde, 2011b; Cymer et al., 2015; Juszkiewicz & Hegde, 

2018). An additional challenge is the accurate sorting of integral membrane proteins from their site 

of synthesis in the cytosol, to their specific destination which can occur co- or post-translationally 

(Shan & Walter, 2005; Guna, et al., 2023; Vögtle et al., 2009; Jores et al., 2016). Failure in any step 

of the biogenesis pathway or mislocalization to the wrong compartment can lead to cellular stress, 

requiring a host of quality control pathways to maintain cellular homeostasis (Meusser et al., 2005; 

Hegde & Ploegh, 2010).  

1.2 Membrane protein biogenesis at the ER 

The endoplasmic reticulum (ER) is the largest site of membrane protein synthesis in the cell. 

Approximately one third of the human proteome matures at the ER, including membrane proteins 

and secretory proteins. The membrane proteins at the ER are a diverse group of proteins which are 

targeted to the ER via one of two principal mechanisms; the co-translational targeting directly into 

the membrane or the post-translational targeting of pre-made proteins. Co-translationally targeted 

membrane proteins vary in the number and topology of their TMDs. Single-pass (containing a single 

TMD) and multi-pass (containing two or more TMDs) membrane proteins are further categorized 

based on the presence of a signal peptide and their topology in the membrane. Type I membrane 

proteins contain a cleavable signal peptide and adopt the Nexo topology, where the N-termini is 

translocated across into the ER lumen and may localize to the extracellular matrix of a cell. Type II 

membrane proteins do not contain a signal peptide and adopt the Ncyt topology, where the N-termini 

is localized to the cytosol. And finally, Type III membrane proteins also lack a classical signal peptide 

but adopt the Nexo topology. The Type II and III membrane proteins are also referred to as signal-

anchored (SA) proteins as their first and/or only TMD is sufficient for recognition for ER targeting 

(Hartmann et al., 1989; Wallin & von Heijne, 1995; The UniProt Consortium, 2017). For multi-pass 

membrane proteins subsequent TMD topology is influenced by the topology of the first TMD. In 

contrast, the tail-anchored (TA) proteins are characterized by a single TMD followed by a short 
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soluble C-terminal domain of up to 30-40 amino acids that is translocated across the ER membrane. 

This topology necessitates a post-translational targeting as the TMD only emerges from the ribosomal 

exit tunnel after translation is terminated and the nascent chain is released (Kutay et al, 1993; Guna 

et al., 2023).  

A single mechanism alone is insufficient to address the complexities of recognition, targeting, and 

insertion of such a diverse array of membrane proteins at the ER. Over decades, several membrane 

protein biogenesis pathways at the ER have been described (Hegde & Keenan, 2022). Of these 

pathways, perhaps the most well studied is the signal recognition particle (SRP)-dependent 

recognition and co-translational delivery to the ER membrane for subsequent insertion by the Sec61 

translocon (Shao & Hegde, 2011b). In this pathway, the universally conserved SRP recognizes 

nascent TMDs of membrane proteins as they emerge from the ribosome, shielding them from the 

aqueous cytosolic environment (Halic & Beckmann, 2005; Shan & Walter, 2005). The SRP also 

recognizes the cleavable signal peptide of nascent polypeptide chains (Walter & Blobel, 1981; Walter 

et al. 1981). SRP then directs the ribosome-nascent chain (RNC) complex to the ER membrane by 

binding to the SRP receptor (SR) (Connelly & Gilmore 1993; Akopian et al., 2013), where it is 

delivered to the Sec61 translocation channel. The Sec61 translocon is formed from three subunits, 

Sec61α, Sec61β, and Sec61γ, that create a protein-conducting channel. The Sec61α subunit forms the 

aqueous central pore through which the soluble domains can translocate across into the ER lumen 

and the TMDs can insert into the lipid bilayer via the lateral gate of Sec61 (Van den Berg et al., 2004; 

Rapoport et al., 2017; Park & Rapoport, 2012).  

For decades, the above was the gold standard of membrane protein insertion into the ER and it was 

believed that most membrane proteins were inserted through this pathway. However, not all TMDs 

are hydrophobic enough to trigger the Sec61 lateral gate opening (Enquist et al., 2009), and 

consequently directed studies towards identifying and characterizing additional protein machinery 

that may be involved at the ER. A recent study defined a group of membrane proteins as the Oxa1 

superfamily, which includes the bacterial YidC insertase, the archael Ylp1 proteins, and three ER 

resident proteins; GET1, EMC3, and TMCO1 (Anghel et al., 2017). Members of the superfamily are 

functional insertases (Kumazaki et al., 2014; Borowska et al., 2015; Pleiner et al., 2020; McGilvray 

et al., 2020; McDowell et al., 2020), which catalyze the insertion of membrane proteins into the lipid 

bilayer, and play key roles in membrane protein biogenesis. A major focus of recent research has 



 

 

4 
been to understand how these insertases work in concert with other ER biogenesis machinery, such 

as Sec61, to mediate the proper topogenesis, folding, and assembly of membrane proteins. 

Recent studies have revealed the existence of a number of “super-complexes” that dynamically 

interact with one another to facilitate the biogenesis of multi-pass membrane proteins at the ER 

(McGilvray et al., 2020; Page et al., 2024). The multi-pass translocon (MPT) comprised of the Sec61 

translocon, the PAT complex, the BOS complex, and the GEL complex, function co-translationally 

during the biogenesis of multi-pass membrane proteins (McGilvray et al., 2020). The ER membrane 

protein complex (EMC) has also been reported to be involved in multi-pass membrane protein 

biogenesis (Chitwood et al., 2018), and recently been demonstrated to directly interact with the BOS 

complex and form the EMC-BOS holo-insertase complex. The EMC-BOS holocomplex facilitates 

insertion of the first TMD of multi-pass membrane proteins or hands over those the EMC cannot 

insert to the GEL (TMCO1 is a subunit) or Sec61 complexes for insertion, after which the MPT takes 

over in inserting the remaining TMDs (Page et al., 2024). 

These new findings have furthered our understanding surrounding the general principles of co-

translational membrane protein biogenesis and highlights the complexity of coordinated biogenesis 

pathways. However, for the aforementioned TA proteins that require post-translational targeting, 

alternative pathways are required for their targeting and insertion into the ER membrane. 

1.3 TA protein biogenesis at the ER and the EMC 

TA proteins are found in all cellular membranes and regulate essential processes such as vesicular 

transport (SNARE proteins), cholesterol homeostasis at the ER (squalene synthase; SQS), and 

apoptosis at the mitochondria (BCL-2, Bak). At the ER, TA proteins are primarily inserted through 

two pathways: (1) the guided entry of TA proteins (GET) pathway that utilizes the GET1/2 complex 

for insertion at the membrane, and (2) the ER membrane protein complex (EMC) that inserts a subset 

of ER-destined TA proteins. 

The GET pathway is a highly coordinated insertion pathway mediated by several cytosolic proteins 

and the GET1/2 complex at the ER membrane. In mammalian cells it begins with the cytosolic 

chaperone SGTA, which recognizes and captures the TMD of the TA protein as it is released from 

the ribosome. The TA protein is transferred from SGTA onto the ATPase GET3 (formerly TRC40) 

through the coordinated interactions of the factors GET5 (formerly TRC35), Bag6, and GET4 
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(formerly UBL4A). The TA protein loaded GET3 is then targeted to the ER membrane where it 

binds to the GET1/2 complex. Binding to GET1/2 dislodges the TA protein from GET3, releasing it 

for insertion into the lipid bilayer through the GET1/2 insertase. GET3 is recycled back into the 

cytosol to initiate the following round of TA protein trafficking to the ER membrane (Shao & Hegde, 

2011b; Stefanovic & Hegde, 2007; Schuldiner et al., 2008; McDowell et al., 2020).  

The second pathway of TA protein insertion at the ER utilizes the EMC as an insertase. Studies have 

reported that TA proteins with relatively low hydrophobicity TMDs cannot bind the GET3 chaperone 

well. Instead, these TA proteins are targeted to the ER by the chaperone calmodulin (CaM) and 

inserted into the lipid bilayer by the EMC (Shao & Hegde, 2011a; Guna et al., 2018). However, how 

the CaM bound TA protein is targeted to and handed off to the EMC is unclear, much less the precise 

molecular mechanism of how the EMC inserts the TMD into the lipid bilayer. 

The EMC is a widely conserved, highly abundant complex in all eukaryotes that plays a crucial role 

in the biogenesis of a diverse set of eukaryotic membrane proteins (Wideman, 2015; Chitwood & 

Hegde, 2019; Volkmar & Christianson, 2020). First identified in a yeast genetic screen for protein 

folding factors in the ER (Jonikas et al., 2009), the EMC is essential in all multi-cellular organisms 

and mutations in humans are linked to severe developmental disorders (Harel et al., 2016; Geetha et 

al., 2017; Shao et al., 2021). The mammalian EMC was identified as a 9-subunit complex with 7 

integral membrane subunits and 2 soluble subunits. The subunits are numbered EMC1-10, where 

EMC8 and 9 are functional paralogs and a single EMC complex will only have one or the other 

(Christianson et al., 2012; Wideman, 2015).  

After the initial discovery the biochemical function of the EMC was unknown; however, it had been 

implicated in membrane protein homeostasis due to its epistatic relationships and demonstrated to be 

involved in membrane protein biogenesis (Bircham et al., 2011; Richard et al., 2013; Satoh et al., 

2015; Lahiri et al., 2014; Shurtleff et al., 2018). Only recently has the EMC been demonstrated to 

function as an insertase for both co- and post-translationally targeted membrane proteins including 

low-to-moderate hydrophobicity TMD containing TA proteins (Guna et al., 2018,), as well as the first 

TMD of Nexo multi-pass membrane proteins (Chitwood et al., 2018).  

It was crucial to obtain a structure of the EMC to be able to dissect the molecular mechanism of its 

insertase activity. Biochemical studies have demonstrated that the EMC must be assembled with the 

correct stoichiometry of the nine subunits, as loss of a single “core” subunit (EMC 1, 2, 3, 5, 6) will 
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result in the degradation of the entire complex (Volkmar et al., 2019). Several structures of the yeast 

and human EMC were solved in the past few years, including one from our lab (Pleiner et al., 2020; 

Bai et al., 2020; O’Donnell et al., 2020; Miller-Vedam et al., 2020). The series of structures and 

accompanying mutagenesis experiments were crucial for proposing explanations of known function 

but provided surprisingly few new insights into the mechanism.  

Given the central role the EMC plays in the biogenesis of a host of membrane proteins, understanding 

the mechanism of its function is a key area of focus. With the structures of the EMC now in hand, it 

is possible to carefully dissect the EMC biochemically to uncover the molecular mechanism. 

Additionally, as a member of the Oxa1 superfamily of insertases, the mechanistic studies of the EMC 

will further define the general principles of membrane protein biogenesis across all domains of life.  

1.4 Membrane protein biogenesis at the mitochondria 

The mitochondria are eukaryotic organelles of bacterial ancestry (Roger et al., 2017) and therefore 

face significantly different challenges to membrane protein biogenesis compared to at the ER. 

Mitochondria have kept their bacterial predecessor’s morphology and contain two membranes, the 

outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM), which 

enclose the intermembrane space (IMS) and the mitochondrial matrix respectively. While the 

mitochondria have retained part of their own genome, only 13 genes in the mitochondrial genome 

encode for proteins found in the electron transport chain. The vast majority of mitochondrial proteins 

are nuclear encoded, requiring translation on cytosolic ribosomes, and subsequent targeting and 

import into the mitochondria (Busch et al., 2023; Pfanner et al., 2019).  

Similar to membrane proteins at the ER, membrane proteins in the OMM and IMM are diverse in 

nature and can be both co- and post-translationally targeted to the mitochondria. However, unique to 

the mitochondria is the classification of two types of membrane proteins: the β-barrel proteins and 

the α-helical proteins. The mitochondrial β-barrel proteins are a remnant of the bacterial ancestor and 

are only found in the OMM, whilst the α-helical membrane proteins are present in both the OMM 

and IMM. β-barrel proteins are a circular porous structure enclosed by β-sheets with hydrophobic 

residues facing the lipid bilayer on the outside and hydrophilic residues facing the interior of the pore. 

α-helical membrane proteins are characterized by the presence of one (single-pass) or more (multi-

pass) TMDs embedded into the lipid bilayer. Single spanning α-helical membrane proteins can be 

categorized into three types based on the position of the TMD: i) signal-anchored (SA) proteins 
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contain a TMD at their N-terminus with the short N-terminal soluble domain crossing the lipid 

bilayer, ii) TA proteins with a TMD at the C-terminus followed by a small domain that must be 

translocated, and iii) membrane proteins with the TMD acting as an internal membrane anchor. 

The vast diversity of membrane proteins in the mitochondria resulting from differences in the genome 

of expression (nuclear vs mitochondrial), site of translation (cytosolic vs mitochondrial matrix 

ribosomes), and the type of membrane protein (β-barrel vs α-helical proteins) have necessitated a 

variety of protein targeting and insertion pathways into the mitochondrial membranes. The small 

number of membrane proteins encoded in the mitochondrial genome are inserted into the IMM by 

the Oxa1 insertase, a member of the Oxa1 superfamily of insertases (Ott & Hermann, 2010). For 

nuclear encoded mitochondrial proteins, about 60-70% carry a cleavable N-terminal presequence 

(Vögtle et al., 2009). The presequence, an amphipathic helix enriched with positively charged 

residues, is recognized by the translocase of the outer membrane (TOM) complex which translocates 

the protein across the OMM and hands them off to the presequence translocase of the inner membrane 

(TIM23) (Abe et al., 2000; Gomkale et al., 2021; Busch et al., 2023). IMM membrane proteins with 

a presequence are either laterally released into the lipid bilayer directly by the TIM23 complex or are 

imported into the matrix followed by export back into the IMM through Oxa1 (Bohnert et al., 2010; 

Stiller et al., 2016). Not all IMM membrane proteins carry a presequence; some instead contain 

several internal targeting elements that are again recognized by the TOM complex and translocated 

across the OMM (Diekert et al., 1999). This is then followed by transfer to the carrier translocase of 

the inner membrane (TIM22) which mediates their insertion into the IMM (Sirrenberg et al., 1996; 

Rehling et al., 2003).  

For membrane proteins in the OMM, the two fundamentally different types of membrane proteins, 

the β-barrel and the α-helical proteins, require different machineries and mechanisms for their 

biogenesis. β-barrel proteins are conserved from the mitochondria’s bacterial ancestor and so is part 

of their biogenesis machinery. Conserved from the bacterial β-barrel assembly machinery, the sorting 

and assembly machinery (SAM) complex inserts β-barrel proteins into the OMM, following 

translocation into the IMS via the TOM complex (Busch et al., 2023, Dukanovic & Rapaport, 2011, 

Höhr et al., 2015, Kutik et al., 2008, Takeda et al., 2021). On the other hand, α-helical membrane 

proteins typically bypass the TOM complex and employ distinct machineries for their biogenesis into 

the OMM.  
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More than 90% of the OMM proteome, roughly 100 integral membrane proteins, are α-helical 

membrane proteins (Rath et al., 2021). Recent studies have identified distinct protein machineries 

involved in α-helical membrane protein biogenesis in different organisms: the mitochondrial import 

(MIM) complex in fungi, the peripheral archaic translocase of the outer membrane 36 (pATOM36) 

in trypanosomes, and the mitochondrial carrier homolog 2 (MTCH2) in mammals (Becker et al., 

2011; Doan et al., 2020; Vitali et al., 2018; Guna et al., 2022). The first to be identified and 

characterized was the MIM complex in fungi composed from the subunits Mim1 and Mim2. The 

MIM complex was found to be required for the biogenesis of both multi-pass and single-pass α-helical 

membrane proteins in the OMM. The MIM complex can facilitate the biogenesis of membrane 

proteins as a free complex or through transient interactions with the TOM and SAM complexes 

(Becker et al., 2008; Becker et al., 2011; Doan et al., 2020). While pATOM36 shows no sequence or 

structural homology to the MIM complex, it had been shown to be involved in the insertion and 

assembly of OMM proteins in trypanosomes (Bruggisser et al., 2017). Heterologous expression of 

Mim1/Mim2 and pATOM36 demonstrated that they can functionally replace each other in promoting 

α-helical insertion, with Mim1/Mim2 compensating for the absence of pATOM36 in trypanosomes 

and pATOM36 compensating for the loss of Mim1/Mim2 in yeast (Vitali et al., 2018), thus 

identifying the second OMM insertase.  

α-helical membrane protein biogenesis in the mammalian OMM remained elusive as no prior studies 

were able to identify homologs of the MIM complex or pATOM36. This raised the possibility that 

mammalian cells had evolved a distinct and specialized OMM insertase. It was only recently that a 

study from our lab identified MTCH2 to be involved in the biogenesis of a mitochondrial OMM TA 

protein in human cells (Guna et al., 2022). 

1.5 TA protein biogenesis at the OMM and MTCH2 

Mitochondrial TA proteins play roles in a variety of vital cellular processes including protein 

translocation and maturation (Tom5, Tom6, Tom7, Tom22), mitochondrial fission (Fis1), and cellular 

apoptosis (Bcl2 family) (Mozdy et al., 2000; Wattenberg & Lithgow, 2001; Cory & Adams, 2002; 

Beilherz et al., 2003). Recently, MTCH2 was identified through a genetic screen searching for 

biogenesis factors of mitochondrial TA proteins in mammalian cells. Through a series of in cell and 

in vitro assays, MTCH2 was shown to physically associate with mitochondrial TA proteins and be 

essential for their biogenesis. The study also demonstrated that MTCH2 was both necessary and 

sufficient for the insertion of mitochondrial TA proteins into the lipid bilayer. Proteomic analysis of 
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MTCH2 depleted cells revealed that the depletion also impacted other protein classes, including SA 

proteins and multi-pass membrane proteins in the OMM. This established MTCH2 as a bona fide 

OMM insertase for α-helical membrane proteins in mammalian cells (Guna et al., 2022). 

MTCH2 is a member of a solute carrier family, the SLC25 transporter family. Members of the SLC25 

family are IMM resident proteins and typically transport solutes across the IMM. However, MTCH2 

and the related proteins MTCH1 and SLC25A46 are divergent members localized to the OMM 

(Ruprecht & Kunji. 2020). In addition, MTCH2 further differs from the canonical members of the 

family as it has no known transporter activity and the AlphaFold predicted model only predicts 5 

TMDs that create a hydrophilic vestibule exposed to the lipid bilayer (Guna et al., 2022).  

The initial discovery of MTCH2 was in its pivotal role in apoptotic signaling through interactions 

with a Bcl2 family protein, truncated BID (tBID), in the OMM (Grinberg et al., 2005; Zaltsman et 

al., 2010; Raemy et al., 2016). Since, MTCH2 has been implicated in numerous cellular processes. 

First, as a modulator of mitochondrial dynamics, MTCH2 is a regulator of mitochondrial fusion and 

elongation (Bahat et al., 2018; Labbé et al., 2021). Second, as a regulator of lipid homeostasis and 

linked to obesity in multiple genome wide association studies (Bauer et al., 2009; Schmid et al., 2012; 

Bernhard et al., 2013; Landgraf et al., 2016; Kong et al., 2019). And third, involved in oxidative 

phosphorylation homeostasis as a repressor of oxidative phosphorylation (Maryanovich et al., 2015; 

Buzaglo-Azriel, et al., 2016). Additionally, several genetic variants of MTCH2 have been found to 

be linked to obesity, heart failure, and polycystic ovary syndrome (Takeuchi et al., 2011; Louwers et 

al., 2014; Kang et al., 2020; Fischer et al., 2023). The identification of MTCH2 as an OMM insertase 

complements these findings and provides a molecular explanation for the pleiotropic relationships.  

The atomic structures and the precise molecular mechanism of any of the OMM insertases have not 

been elucidated. Provided its function as an insertase, understanding the mechanistic details of 

membrane protein insertion by MTCH2 will be key in understanding general principles of α-helical 

membrane protein biogenesis in the OMM as well as manipulation of proteostasis for therapeutic 

benefits. 

1.6 Methods to study OMM membrane protein biogenesis in mammalian cells 

Mitochondrial membrane protein biogenesis has been more extensively studied in other organisms 

like the budding yeast, S. cerevisiae, than in humans. Several factors contribute to this disparity. First, 
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the increased skills and resources required to study processes in human cells as opposed to in yeast. 

Second, the smaller yeast genome is easily manipulated compared to the human genome. This makes 

it more feasible to conduct high-throughput screens to identify novel gene functions in yeast. In 

contrast, the complexity of human cells and their genome makes such screens more challenging and 

resource intensive. A third key difference is the lack of robust experimental tools and techniques to 

study mitochondrial membrane protein biogenesis in human cells. Specifically, tools to study 

membrane protein biogenesis in the OMM in human cells have been lacking. Mitochondria are 

encased by two membranes, each with distinct protein biogenesis pathways. The double membrane 

structure of mitochondria makes it difficult to distinguish between general mitochondrial import and 

specific OMM integration. This distinction is difficult to achieve using traditional methods to study 

protein localization, such as microscopy, highlighting the need for novel techniques to specifically 

study protein biogenesis at the OMM. Development of tools to specifically query membrane protein 

integration into the OMM will be crucial for advancing our understanding of the biogenesis and 

function of this small but vital class of membrane proteins. 

1.7 Overview of the thesis 

The overarching aim of this thesis is the elucidation of the mechanistic details of membrane protein 

biogenesis at both the ER and OMM. A combination of biochemical, cell biological, structural, and 

genetic techniques were used to dissect and probe at the question. Chapter 2 focuses on membrane 

protein biogenesis at the ER and the molecular mechanism of the EMC insertase activity. Leveraging 

our improved structural characterization of the EMC, we employ biochemical analyses to probe the 

interaction between the EMC and its TA protein substrate, and map the path of a TA protein through 

the EMC. Additionally, we dissect the molecular basis for accurate membrane protein sorting at the 

ER and describe it in mechanistic detail. My work describes the identification of a selectivity filter in 

the EMC which limits misinsertion of mitochondrial TA proteins and prevents topological errors of 

multi-pass membrane proteins at the ER.  

Chapter 3 describes a set of tools we developed to study the biogenesis of α-helical membrane 

proteins in the OMM. We highlight three methods to monitor α-helical protein insertion both in 

human cells and in vitro: a split fluorescent reporter system in cells; an in vitro import assay with 

functional, insertion competent mitochondria isolated from human cells; and the reconstitution of 

purified MTCH2 into proteoliposomes for studies in a minimal system. Building on this, Chapter 4 

utilizes the tools described to characterize MTCH2’s insertase activity at the molecular level. My 
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work probes for a selectivity mechanism in MTCH2 for mitochondrial TA proteins, and instead 

identifies a possibility that MTCH2 is under regulation. I further show that the metazoan and holozoan 

homologs of MTCH2 may also be under the same regulation as human MTCH2. 

Finally, Chapter 5 summarizes the work in this thesis, highlighting how our findings have added to 

our understanding of membrane protein biogenesis, together with concluding remarks. 
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C h a p t e r  2  

A SELECTIVITY FILTER IN THE ER MEMBRANE PROTEIN COMPLEX LIMITS 
PROTEIN MISINSERTION AT THE ER 

The following chapter is adapted from Pleiner, Hazu, and Pinton Tomaleri et al., 2023 and modified 

according to the Caltech Thesis format. 

Pleiner, T.*, Hazu, M.*, Tomaleri, G.P.*, Nguyen, V.N., Januszyk, K., & Voorhees, R.M. (2023). 

A selectivity filter in the ER membrane protein complex limits protein misinsertion at the ER. 

Journal of Cell Biology 222 (8), doi: 10.1083/jcb.202212007 

 

2.1 Abstract 

Tail-anchored (TA) proteins play essential roles in mammalian cells, and their accurate localization 

is critical for proteostasis. Biophysical similarities lead to mistargeting of mitochondrial TA proteins 

to the ER, where they are delivered to the insertase, the ER membrane protein complex (EMC). 

Leveraging an improved structural model of the human EMC, we used mutagenesis and site-specific 

crosslinking to map the path of a TA protein from its cytosolic capture by methionine-rich loops to 

its membrane insertion through a hydrophilic vestibule. Positively charged residues at the entrance to 

the vestibule function as a selectivity filter that uses charge-repulsion to reject mitochondrial TA 

proteins. Similarly, this selectivity filter retains the positively charged soluble domains of multipass 

substrates in the cytosol, thereby ensuring they adopt the correct topology and enforcing the “positive-

inside” rule. Substrate discrimination by the EMC provides a biochemical explanation for one role of 

charge in TA protein sorting and protects compartment integrity by limiting protein misinsertion. 
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2.2 Introduction 

A hallmark of eukaryotic cells is their organization into subcellular compartments that spatially 

separate otherwise incompatible biochemical reactions. The evolution of compartmentalization 

enabled the increasingly complex cellular processes required for emergence of multicellular life. To 

carry out distinct functions, each compartment must contain a unique and precisely defined set of 

proteins and metabolites. 

Membrane proteins comprise ∼20% of the human proteome (Krogh et al., 2001), and their 

localization is a primary determinant of organellar identity, underscoring the importance of their 

accurate sorting. Due to the presence of one or more hydrophobic transmembrane domains (TMDs), 

targeting and insertion of membrane proteins must be tightly regulated to prevent their aggregation 

in the aqueous cytosol. Canonical localization of many membrane proteins to mitochondria and the 

ER relies on cleavable targeting sequences that direct proteins to the correct organelle. Both the 

mitochondrial targeting sequence and the ER-specific signal sequence are proteolytically removed 

upon arrival at their respective compartment, and thus have evolved principally to ensure accurate 

sorting without the need to serve a functional role in the mature protein. 

However, given the functional and topological diversity of the membrane proteome, many nascent 

proteins cannot utilize these stereotypical biogenesis pathways. In these cases, membrane proteins 

instead rely on recognition of a TMD and its surrounding residues for accurate sorting (Rapoport et 

al., 2017; Guna and Hegde, 2018). These sequences must therefore play dual roles, experiencing 

evolutionary pressure to both function in the mature protein (i.e. insertion, folding, and assembly) and 

ensure accurate localization.  

One important family of membrane proteins that rely on their TMD and its flanking residues for 

recognition, targeting, and insertion are tail-anchored (TA) proteins (Kutay et al., 1993; Chio et al., 

2017; Hegde and Keenan, 2011; Guna et al., 2022a). TA proteins are characterized by a single C-

terminal TMD followed by a short soluble domain of up to 30-40 amino acids. Their globular N-

termini are localized to the cytosol and are responsible for carrying out their diverse functions. 

Because of their topology, the TMD of a TA protein emerges from the exit tunnel of the ribosome 

only after translation termination, and they must be post-translationally targeted to the correct 

organelle. TA proteins are found on all cellular membranes and regulate essential processes such as 

neurotransmitter release via exocytosis (SNARE proteins), cholesterol synthesis at the ER (squalene 
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synthase [SQS]), and the onset of apoptosis at mitochondria (BCL-2, Bak). Given their biophysical 

diversity and the limited information for targeting, how TA proteins are accurately sorted between 

compartments has been a long-standing open question in the field.  

TA protein localization is thought to be primarily dictated by two features: (i) properties of the TMD 

including its hydrophobicity and helical propensity, and (ii) properties of the C-terminal soluble 

domain that must be translocated across the bilayer during insertion (Costello et al., 2017; Fry et al., 

2021; Kalbfleisch et al., 2007). TAs with highly hydrophobic TMDs are preferentially targeted to the 

ER membrane for insertion via the guided entry of tail-anchored protein (GET) pathway (Schuldiner 

et al., 2005; Schuldiner et al., 2008). Its central targeting factor in human cells, GET3 (Stefanovic and 

Hegde, 2007; Favaloro et al., 2008), binds TMDs using an ordered methionine-rich substrate binding 

groove and delivers its substrate TA proteins to the GET1/2 insertase for membrane integration 

(Mariappan et al., 2011). TAs with lower hydrophobicity TMDs, however, do not efficiently bind 

GET3 and thus cannot access the GET pathway (Guna et al., 2018). The largest classes of such low 

hydrophobicity TAs are those targeted to the ER, where they are inserted by the ER membrane protein 

complex (EMC) (Jonikas et al., 2009; Christianson et al., 2012; Guna et al., 2018), and those targeted 

to the outer mitochondrial membrane, where they are inserted by MTCH1 and 2 (Guna et al., 2022). 

Because of their biophysical similarity, there is thought to be some constitutive levels of mistargeting 

between these compartments, necessitating dedicated quality control machinery at the ER and 

mitochondria to extract mislocalized TA proteins (Chen et al., 2014; Okreglak and Walter, 2014; 

McKenna et al., 2020).  

Because functional constraints limit the potential diversity of the TMD alone, a second sequence 

element, the short polar C-terminal domain, is known to contribute to TA protein sorting (Isenmann 

et al., 1998; Kuroda et al., 1998; Borgese et al., 2007). Though biophysically diverse, mitochondrial 

TA proteins are enriched for positive charges in their C-terminal tails, while the C-termini of ER 

targeted TA proteins are more likely to be net neutral or negatively charged. Manipulation of C-

terminal charge is known to be sufficient to shift the localization of TA proteins between the ER and 

mitochondria (Horie et al., 2002; Rao et al., 2016; Costello et al., 2017). However, the biochemical 

basis for how changes in charge can alter TA protein sorting is fundamentally not clear. Considering 

recent advances in our mechanistic understanding of TA protein insertion into the ER (Pleiner et al., 

2020; Bai et al., 2020; O'Donnell et al., 2020; Miller-Vedam et al., 2020), we sought to re-examine 
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the molecular basis for sorting specificity between mitochondrial and ER TA proteins at this 

cellular compartment. 

2.3 Results 

Selectivity at the ER membrane 

Previous studies of the canonical co-translational insertion pathway suggest that sorting fidelity is the 

combined result of contributions from cytosolic targeting steps and selectivity at the membrane 

(Trueman et al., 2012; Akopian et al., 2013; Jomaa et al., 2022). In the case of TA proteins, the source 

of this specificity at either step has remained elusive. While specificity during cytosolic targeting 

must undoubtedly contribute to TA protein localization, we found that even when loaded onto the 

identical chaperone in vitro, some mitochondrial TA proteins cannot be efficiently inserted into the 

ER membrane (Figure 2.1A). This selectivity appeared to correlate with C-terminal charge, because 

when positively charged amino acids were introduced within the C-terminus of the canonical ER TA 

protein squalene synthase (SQS), its insertion efficiency was dramatically diminished. Based on these 

observations, we concluded that there must be a source of substrate discrimination directly at the ER 

membrane, with selectivity occurring at the insertion step.  

The EMC is the major insertase for ER-destined TA proteins with lower hydrophobicity TMDs, 

which are similar to those of mitochondrial TA proteins. Consistent with this biophysical similarity, 

we and others have demonstrated that the EMC is responsible for misinsertion of mitochondrial TA 

proteins into the ER (Figures 2.1B-D; Guna et al., 2022b; McKenna et al., 2022). Using an established 

split GFP system to specifically query TA integration into the ER (Figure 2.1B; Inglis et al., 2020), 

we found that multiple mitochondrial TA proteins were misinserted in an EMC, but not GET1/2, 

dependent manner (Figures 2.1C-D). We therefore reasoned that one source of discrimination against 

TAs with positively charged C-termini at the ER, either mitochondrial or the SQS mutants, must 

originate from properties of the EMC.  

Substrate TMDs physically associate with the EMC’s hydrophilic vestibule  

With the goal of determining the biochemical basis of EMC’s substrate specificity, we sought to map 

the path of a TMD from the cytosol into the bilayer through the EMC. Structures of the yeast and 

mammalian EMC identified two intramembrane surfaces that could potentially catalyze TMD 

insertion: a hydrophilic vestibule that positions several conserved positively charged residues within 
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the cytosolic leaflet of the bilayer, and a hydrophobic crevice that contains a large lipid-filled 

wedge within the membrane (Pleiner et al., 2020; Bai et al., 2020; O'Donnell et al., 2020; Miller-

Vedam et al., 2020). Site-specific crosslinking experiments previously identified EMC3 as the major 

substrate interaction partner within the purified EMC (Pleiner et al., 2020), consistent with EMC3’s 

homology with other members of the Oxa1 superfamily of insertases (Anghel et al., 2017). However, 

the path of a substrate TMD has never been directly determined, and potential contributions to 

insertion from both intramembrane surfaces of the EMC have been proposed.  

To map direct physical association of substrates with the EMC, we exploited several independent 

zero-length crosslinking approaches to chart substrate interaction at single-residue resolution. First, 

we introduced the site-specific crosslinker 4-Benzoylphenylalanine (BpA) into the TMD of a 

canonical EMC TA substrate and identified UV-dependent crosslinks to both EMC3 and EMC4 by 

immunoprecipitation (Figure S2.1A). Unlike EMC3, which is present on both sides of the complex, 

the cytosolic and intramembrane surfaces of EMC4 partially enclose only the hydrophilic vestibule, 

suggesting substrates must at least transiently localize with this side of the EMC. Second, we 

exploited the fact that endogenous EMC3 does not contain any naturally occurring cysteine residues 

to perform disulfide crosslinking between a TA protein and the EMC. Because disulfide-bond 

formation can only occur between residues within 3-5 Å of each other, productive crosslinking 

necessarily indicates a direct physical association. Zero-length disulfide formation between single 

cysteines introduced at defined positions in EMC3, and a unique cysteine at two different positions 

within a substrate TMD, identified a strong preference for substrate binding to the hydrophilic 

vestibule of detergent-solubilized EMC (Figures 2.2A-B and S2.1B). A similar preference was 

observed when comparing matched positions on either side of EMC3 at the base of the membrane. 

This preferential crosslinking was independent of cysteine position within the substrate TMD (Figure 

S2.1C) and was also observed upon incorporation of orientation-independent photo-crosslinkers in 

EMC3 (Figure S2.1D).  

Finally, and most definitively, we developed a strategy to capture the transient interaction between a 

substrate TMD and the EMC by disulfide crosslinking in native, insertion competent, ER membranes 

(Figures 2.2C and S2.1E). Using this approach, we again observed a marked preference for interaction 

of TAs with the hydrophilic vestibule of EMC3 compared to the hydrophobic crevice. In native 

membranes and with purified EMC, substrates preferentially crosslinked to a cytosol-facing position 
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on EMC3 at the entrance to the lipid bilayer, suggesting a potential increase in dwell time at this 

location.  

To further exclude that the opposite hydrophobic crevice is involved in TA protein insertion, we 

introduced multiple mutations to polar and hydrophobic residues in this region and found that they 

are all dispensable for TA protein biogenesis in human cells (Figures S2.1F-H). These data, in 

combination with sequence conservation, homology to Oxa1 superfamily insertases, and mutational 

analysis, definitively identify the hydrophilic vestibule as the insertase competent module of the 

EMC. 

An improved model of the EMC defines intramembrane surfaces required for insertion 

Having identified the hydrophilic vestibule as the major site of substrate binding to the EMC, we 

sought to better define its architecture and thereby identify potential sources of substrate specificity. 

The insertase core of the EMC (composed of EMC3 and 6) is partially enclosed by the dynamic 

subunits EMC4, 7 and 10. However, whether EMC7 and 10 contain TMDs, how these may be 

positioned, as well as the specific contributions of all three auxiliary subunits, was incompletely 

defined.  

To characterize the biophysical properties of the hydrophilic vestibule we obtained an improved cryo-

electron microscopy (cryo-EM) reconstruction of the human EMC that allowed us to unambiguously 

assign and position the three TMDs of EMC4 and the single TMDs of EMC7 and 10 (Figures 2.3A, 

S2.2 and S2.3A-C; Table 2.1). In support of this model, we biochemically confirmed that human 

EMC7 and 10 both contain single C-terminal TMDs that span the lipid bilayer (Figure S2.3D). 

Examination of the roles of these subunits suggested that, consistent with previous studies, EMC4 

and 7, but not 10, are required for TA protein biogenesis (Figure S2.3E; Louie et al., 2012; Volkmar 

et al., 2019; Lakshminarayan et al., 2020). These auxiliary subunits do not play an architectural role 

in complex stability, as their depletion did not affect assembly of the core EMC subunits (EMC1, 2, 

3, 5, 6, 8) (Figure S2.3F). However, we additionally found that complete loss of EMC4 impaired the 

assembly of EMC7 and 10 into the EMC. Because EMC4’s C-terminal β-strand completes the 

membrane-proximal β-propeller of EMC1, it is possible that loss of EMC4 disrupts the lumenal 

binding sites of EMC7 and 10. We concluded that the hydrophilic vestibule formed by the TMDs and 

cytosolic loops of EMC3 and 6 is partially enclosed by the five dynamic TMDs of EMC4, 7 and 10.  
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Capture of substrate TAs in the cytosol by the EMC 

 Based on this improved model of the EMC, we determined that the cytosolic loops of EMC3 and 7 

are positioned immediately below the hydrophilic vestibule, making them prime candidates for 

cytosolic capture of substrates. We had previously shown that the flexible loops of EMC3 contain 

conserved methionine residues, commonly found in the TMD binding domains of cytosolic 

chaperones, that were important for EMC function (Pleiner et al., 2020). We therefore hypothesized 

that the loops of EMC3 and 7 could be involved in physically interacting with substrate TMDs in the 

cytosol. We set out to test key facets of this working model, with the goal of understanding whether 

the molecular details of substrate capture could contribute to discrimination between ER and 

mitochondrial TA proteins. 

Consistent with earlier data, we found that methionine residues within the cytosolic loop of EMC3 

were essential for TA protein biogenesis in cells (Figures 2.3B and S2.4A-B). Similarly, we found 

that the flexible C-terminus of EMC7 was required for EMC function (Figures 2.3C and S2.4C-F). 

Deletion of twelve residues to disrupt a predicted amphipathic α-helix, but not deletion of a matched 

upstream α-helix, strongly impaired SQS biogenesis, nearly phenocopying EMC7 knockout. We 

further demonstrated that the hydrophobicity of conserved residues within both this amphipathic helix 

of EMC7 and the methionine-rich loops of EMC3 is important, because their mutation to leucine, but 

not alanine or glutamate, supported wild type levels of EMC function in cells (Figures 2.3C and 

S2.4A-F). However, for these loops to be directly involved in TA protein capture, they must be 

capable of physically interacting with substrate TMDs. Indeed, using zero-length disulfide 

crosslinking, we found that the cytosolic loops of EMC3 and 7 specifically interact with substrates in 

a TMD-dependent manner (Figures 2.3B, 2.3D and S2.4G-H).  

We concluded that the primary role of these flexible loops is to position hydrophobic residues within 

the cytosol, which physically capture substrate TMDs for subsequent insertion into the membrane. 

To test whether TA capture in the cytosol could contribute to substrate selectivity by the EMC, we 

used site specific crosslinking to compare the interaction of the TMD of wild type and mutant SQS, 

containing a positively charged C-terminus, with the loops of EMC3. We observed only a modest 

decrease in cytosolic capture of the positively charged SQS mutant (Figure S2.4I), suggesting that 

capture by EMC3 and 7 did not substantially contribute to substrate discrimination based on C-

terminal charge. We therefore turned to consideration of the intramembrane surfaces of the 

hydrophilic vestibule.  
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Substrates must passage through a positively charged hydrophilic vestibule for insertion 

The improved atomic model of the EMC enabled detailed structure-function analysis of the 

biophysical requirements of the hydrophilic vestibule for TA protein insertion. The defining 

characteristic of the hydrophilic vestibule is a network of conserved polar and positively charged 

residues within the cytosolic leaflet of the lipid bilayer. Previous analysis suggests that charged and 

polar residues required for EMC function are positioned within the TMDs of the core insertase 

subunits EMC3 and 6 (Pleiner et al., 2020). Mutations to the positively charged residues in EMC3 

strongly impaired insertion in cells, whereas mutations to EMC6 had only mild effects.  

A more complete understanding of the localization of EMC4, 7 and 10 allowed us to systematically 

introduce mutations to all of the polar residues that face the EMC3/6 insertase core (Figure 2.3E). 

However, we found that mutations to polar, charged, and methionine residues within EMC4’s TMDs 

had little to no effect on TA protein biogenesis (Figures 2.3E and S2.5A-C). Only mutations of 

residues that likely affect TMD packing (N140) or lipid headgroup interaction (K67) showed 

significant phenotypes. If EMC4 does not directly contribute to function, it may instead be playing a 

role in regulating access to the hydrophilic vestibule, as deletion of its cytosolic EMC2-binding site 

strongly impaired SQS biogenesis (Figures S2.5D-E). Of all the polar intramembrane residues tested 

within the hydrophilic vestibule, the highly conserved R31 and R180 of EMC3 are the most crucial 

for TA protein insertion, and their combined mutation displayed an additive effect on substrate 

biogenesis (Figures 2.3E and S2.5F-G). 

Positively charged soluble domains impede insertion by the EMC 

Both these mutational data and our crosslinking results together suggest that substrates must passage 

into the membrane directly along a positively charged surface of EMC3. Mislocalization of a 

mitochondrial TA protein into the ER requires both insertion of its TMD and translocation of its 

associated positively charged C-terminal domain. Thus, we reasoned that the positively charged 

hydrophilic vestibule is ideally positioned to discriminate mitochondrial and ER TA proteins through 

charge repulsion (Figure 2.4A).  

To test the fundamental premise of this hypothesis, we first characterized the impact of charge on 

insertion by the EMC. In order to directly query the role of C-terminal charge, without confounding 

effects from comparing different substrates or TMDs, we generated a series of mutants of the 
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canonical ER TA protein, SQS, containing increasing amounts of positive charge within its soluble 

C-terminal domain (Figure 2.4B). Using the split GFP reporter system, we found that while all SQS 

mutants inserted into the ER in an EMC-dependent manner, insertion efficiency was inversely 

correlated with positive charge (Figures 2.4C-D). Even addition of a single positive charge to the C-

terminus of SQS resulted in a dramatic decrease in integration into the ER. Validating that this effect 

is specifically occurring at the insertion step and cannot be explained by other effects in cells (e.g. 

substrate stability), we observed a similar trend between charge and insertion into ER microsomes in 

vitro (Figure 2.4E). 

In addition to its role in TA protein insertion, the EMC co-translationally inserts the first Nexo TMD 

(N-terminus facing the ER lumen) of many GPCRs that do not contain signal sequences (Chitwood 

et al., 2018). Like the C-termini of ER TA proteins, these GPCRs contain N-termini that are typically 

short, unstructured, and net negatively charged (Figure 2.5A; Wallin and von Heijne, 1995). Using 

the EMC-dependent GPCR OPRK1, we found that introduction of positive charge is again inversely 

correlated with insertion propensity by the EMC (Figures 2.5B-C). We therefore propose that 

inefficient translocation of positively charged extracellular domains is an inherent property of the 

EMC shared by both its co- and post-translational insertase function.  

The EMC selectivity filter enforces TA protein sorting fidelity and the positive inside rule 

The EMC’s strong bias against translocation of positively charged domains provides a biochemical 

explanation for discrimination of mitochondrial TA proteins at the ER. To determine if this selectivity 

is due at least in part to charge repulsion between the hydrophilic vestibule of the EMC and the soluble 

C-terminal domain of a substrate TA protein, we tested whether manipulation of the electrostatic 

potential of the EMC could alter substrate selectivity.  

Due to the prominent location of R31 and R180 of EMC3 at the cytosolic entrance to the hydrophilic 

vestibule, these residues are ideally positioned to form a charge barrier that selectively prevents 

translocation across the lipid bilayer. If true, mutations that alter the electrostatic potential of these 

residues could alleviate repulsion between the EMC and positively charged soluble domains, 

allowing increased misinsertion of mitochondrial TA proteins. Mutation of both EMC3 R31 and 

R180 to alanine or glutamate did not affect EMC assembly, and as expected markedly impaired 

insertion of SQS in cells using our ratiometric fluorescent reporter system (Figures 2.6A-B and 

S2.5H). However, SQS variants containing increasingly positively charged C-termini showed 
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increased insertion by the glutamate, but not the alanine mutant EMC. A similar trend was observed 

for insertion of SQS variants in vitro into wild type, alanine, or glutamate mutant ER microsomes, 

validating that charge specifically affects insertion propensity (Figure 2.6C). Similarly, these EMC3 

mutations differentially affected the insertion of the co-translational substrate OPRK1 and its 

positively charged N-terminal domain mutants in cells (Figure 2.6D).  

Because these SQS variants serve only as a proxy for the effects of charge on insertion, we tested 

whether manipulation of the EMC selectivity filter could also affect mislocalization of bona fide 

mitochondrial TA proteins into the ER. Indeed, we found that multiple mitochondrial TA proteins, 

most notably RHOT1, showed increased ER insertion upon expression of the glutamate, but not the 

alanine mutant of EMC3 in cells and in vitro (Figures 2.7A-B). Fis1, MAOA and MAOB similarly 

showed increased ER insertion. Even with increased mistargeting of TA proteins to the ER, induced 

by depletion of the outer mitochondrial membrane insertase MTCH2 (Guna et al., 2022b), the 

selectivity filter at the EMC limited mitochondrial TA protein mislocalization to the ER (Figure 

S2.5I).  

Based on this strong preference by the EMC against translocation of positively charged domains, we 

next tested whether charge repulsion could be used by the EMC to more broadly enforce the correct 

topology of multipass membrane proteins. Earlier work suggests the EMC assesses the topology-

defining signal-anchor of nascent membrane proteins after ER targeting and hand-over from SRP 

(Chitwood et al., 2018). The N-terminal domains of type II (Ncyt) multipass proteins face the cytosol 

when inserted in the correct topology and are enriched for positive charge. We postulated that the 

positively charged selectivity filter of the EMC would therefore reject such TMDs. To test this 

directly, we analyzed the extent of Nexo misinsertion of the GFP11-tagged Ncyt model protein TRAM2 

in the presence of the EMC3 selectivity filter mutations. Indeed, the negatively charged glutamate, 

but not alanine mutant, increased insertion of TRAM2 in the incorrect Nexo topology (Figures 2.7C 

and S2.5J). This misinserted population is subject to ER-associated degradation because it can be 

stabilized by the p97 inhibitor CD-5083. We therefore concluded that the EMC selectivity filter 

additionally limits misinsertion of multipass proteins in the incorrect topology and thus contributes 

to enforcing the ‘positive-inside’ rule (von Heijne, 1986). 
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2.4 Discussion 

These results suggest that charge repulsion at the EMC provides a selectivity filter to control the 

subcellular localization of TA proteins (Figure 2.7D), enforcing their accurate sorting between the 

ER and mitochondrial outer membrane. The enrichment of positive charge in the C-termini of 

mitochondrial (and likely peroxisomal) TA proteins serves as a flag for discrimination at the ER by 

the EMC. Unlike their TMDs, which must mediate function and targeting, the C-terminal domains of 

most TA proteins are functionally dispensable and may have evolved primarily to facilitate sorting 

specificity. The combined evolution of mitochondrial TA protein’s positively charged C-termini and 

the positively charged hydrophilic vestibule of the EMC thereby limits misinsertion of TA proteins 

at the ER membrane. 

The molecular basis for TA protein discrimination was revealed by a systematic analysis of substrate 

insertion in vitro and in cells that defines the path through the hydrophilic vestibule of the EMC into 

the membrane. After delivery to the ER by a cytosolic chaperone, the first step in substrate insertion 

is handover and capture by the EMC. We found that substrate TMDs physically interact with the 

conserved, hydrophobic loops of EMC3 and EMC7 located immediately beneath the vestibule in the 

cytosol. Mutational analysis suggests that only the hydrophobicity of these loops, but not their specific 

amino acid sequence, is important for TA protein insertion. Indeed, comparison of EMC3 with its 

bacterial and archaeal homologs suggests that methionine-rich cytosolic loops are a conserved feature 

of Oxa1 superfamily insertases (Borowska et al., 2015), but the specific positioning of these 

hydrophobic residues is not strictly critical. We propose that these hydrophobic loops represent the 

first transient, flexible interaction site for substrate TMDs by the EMC.  

We observed that substrates crosslink more efficiently to both these loops and the cytosol-exposed 

residues of the hydrophilic vestibule than to residues within the lipid bilayer. This difference was 

especially pronounced in native insertion-competent membranes, more likely to represent on-

pathway intermediates that are not artefacts of detergent solubilization. These data would be 

consistent with a longer dwell time of substrates in this cytosolic intermediate followed by faster 

partitioning into the lipid bilayer. Similarly, a recent kinetic analysis of the bacterial insertase YidC 

suggests rapid substrate capture via its cytosolic loops and substantially slower translocation of the 

polar domain and membrane insertion (Laskowski et al., 2021). A plausible explanation for this 

observation might be that translocation of a polar domain across the hydrophobic lipid bilayer has a 

high energetic barrier and thus is a rate-limiting step to insertion.  
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This would be consistent with molecular dynamics simulations that suggest that TMD partitioning 

into the membrane is an energetically favorable process and membrane protein insertases are 

primarily required to decrease the energetic barrier for translocation of a soluble domain across the 

bilayer (Nicolaus et al., 2021; White and Wimley, 1999). Therefore, interaction of a substrate TMD 

with EMC’s cytosolic hydrophobic loops could prevent aggregation, while its C-terminus probes the 

hydrophilic vestibule. For correctly targeted TA proteins, the EMC’s hydrophilic vestibule serves as 

a funnel that catalyzes translocation of their C-termini into the ER lumen by providing a 

hydrophobicity gradient between the aqueous cytosol and the core of the bilayer. Positioning of 

similar hydrophilic grooves or vestibules within a locally thinned membrane is a common feature of 

evolutionary distinct protein translocases (Kumazaki et al., 2014; Voorhees et al., 2014; McDowell 

et al., 2020; Wu et al., 2020), and represents a striking example of convergent evolution. In the case 

of the EMC, the dynamic TMDs of EMC4, 7 and 10 provide a protected environment, devoid of any 

potential off-pathway interaction partners, for the nascent protein to sample the bilayer.  

However, for mistargeted mitochondrial or peroxisomal TA proteins, the positive net charge of the 

hydrophilic vestibule would impose a kinetic barrier to translocation of their positively charged C-

terminal domains. In these TA proteins, positive charges are frequently found clustered near their 

TMD, suggesting that simple net charge alone may not determine the extent of charge repulsion at 

the EMC. Repulsion likely delays translocation and thus increases the chance of TA protein 

dissociation from the hydrophobic loops. Using purified components, we previously showed that the 

cytosolic domain of the EMC does not contain an ordered high-affinity TMD binding site (Pleiner et 

al., 2021), as can be found in GET3 or SRP (Guna and Hegde, 2018). A composite transient TMD 

capture surface formed by flexible hydrophobic loops might allow for faster dissociation of TA 

protein clients and thus enable quicker accept/reject decisions. Rejected TA proteins in the cytosol 

could then be either recaptured for targeting to the correct organelle or triaged for degradation by 

quality control machinery. In this way, the EMC provides an additional layer of specificity to the 

accurate sorting of the ~600 TA proteins that must be expressed and localized in human cells.  

The degree to which mitochondrial TA protein misinsertion into the ER is affected by the EMC 

selectivity filter is variable and likely influenced by multiple factors. For example, the inherent 

propensity for mistargeting to the ER differs amongst mitochondrial TA proteins (Guna et al., 2022b). 

Additionally, detailed sequence features of a TA protein's C-terminal domain (i.e. total charge, charge 

density/positioning, secondary structure propensity) or TMD itself (i.e. helical propensity, length, 
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hydrophobicity) might alter the effect of the EMC selectivity filter. The rules that determine the 

dependency of an individual TA protein on the selectivity filter represent an important question for 

future work. 

The two positively charged residues in EMC3, which provide the charge barrier for entrance to the 

hydrophilic vestibule, are universally conserved in all Oxa1 superfamily insertases. As a result, its 

homologs, including GET1 and YidC, have also been suggested to inefficiently translocate positively 

charged soluble domains (Rao et al., 2016; Soman et al., 2014). Indeed, the effect of charge on 

insertion efficiency appears to be an inherent quality of the EMC and affects both its post- and co-

translational substrates. Similar to EMC’s TA protein substrates, GPCRs that lack an N-terminal 

signal sequence and are therefore potential EMC clients, typically contain neutral or negatively 

charged N-terminal extracellular domains (Figure 2.5A; Wallin and von Heijne, 1995). Using the 

same strategy for discrimination of mitochondrial TA proteins, the EMC also enforces the ‘positive-

inside’ rule (von Heijne, 1986) for a subset of co-translational multipass substrates that meet its 

general client criteria (i.e. those without signal sequence containing a short and unstructured N-

terminal domain). For Ncyt multipass clients, the EMC selectivity filter imposes correct topology by 

limiting translocation of their typically positively charged N-terminal cytosolic domains into the ER 

lumen using charge repulsion. The resulting longer dwell times at the EMC for Ncyt clients then likely 

triggers transfer to Sec61 for insertion in the correct topology.  

Given that signal-sequence containing proteins are delivered to the ER membrane via the same route 

as multipass membrane proteins, it is likely that signal sequences also transiently sample EMC’s 

hydrophilic vestibule. Their frequently positively charged N-terminal region (N-region) could 

mediate their rejection by the EMC selectivity filter and thus trigger handover to Sec61 for insertion 

in the correct Ncyt topology, required for signal sequence cleavage. In this model, the biophysical 

properties of the N-region would dictate the extent of charge repulsion at the EMC and therefore 

modulate signal sequence topogenesis. We thus propose that the EMC might contribute to the 

previously observed Nexo misinsertion of signal sequence-containing proteins that makes them 

substrates of corrective quality control pathways (McKenna et al., 2022). By extension, the selectivity 

filter in the EMC would play a further role in enforcing the correct topology of secreted proteins, 

along with TAs and multipass membrane proteins. 

In summary, we have characterized the molecular logic for how the EMC contributes to selective 

membrane protein localization in human cells. Its function is analogous to the active role Sec61 plays 
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in substrate selection and rejection at the ER (Trueman et al., 2012). Whether MTCH1 and 2 also 

confer similar contributions to substrate selectivity at the mitochondrial outer membrane is an 

important question for future research. However, specificity at the membrane is only one layer of the 

multi-faceted approach used to regulate protein sorting. Cells employ a sieved strategy in which the 

overall fidelity of protein localization is the combined result of selectivity at each biogenesis step 

including chaperone binding in the cytosol, insertion at the membrane, and extraction of misinserted 

substrates (Rao et al., 2016). How specificity is imparted during the targeting and extraction steps is 

an area that warrants further study. Particularly in metazoans, where membrane protein 

mislocalization can lead to disease (Juszkiewicz and Hegde, 2018), these steps are tightly coupled to 

quality control machinery that ensures immediate recognition and degradation of failed intermediates. 

By limiting misinsertion of TA proteins and preventing topological errors in multipass membrane 

proteins, the EMC serves as a guardian for protein biogenesis at the ER. 
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Figure 2.1. Selectivity at the ER membrane limits misinsertion of mitochondrial TA proteins 

by the EMC. 

(A) (Top) Topology of a TA protein. (Bottom) 35S-methionine-labeled TA protein with the indicated 

TMDs and C-terminal domains (CTDs), were expressed in the PURE system and purified as 

complexes with the cytosolic chaperone calmodulin. Glycosylation (glyc) of the CTD upon 

incubation with human ER microsomes (hRMs) indicates successful insertion. Samples were 

analyzed by SDS-PAGE followed by autoradiography. (B) Schematic of the split GFP reporter 

system used to selectively monitor TA protein insertion into the ER. TA proteins fused to GFP11 are 

expressed in K562 cells constitutively expressing GFP1-10 in the ER lumen, along with a translation 

normalization marker (RFP). Successful integration into the ER results in GFP complementation and 

fluorescence. (C) (Top) ER insertion pathways. (Bottom) ER insertion of the indicated ER (SQS, 

VAMP2, ASGR1) and mitochondrial (RHOT2, RHOT1, MAOA, MAOB, Fis1) TA proteins, using 
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the split GFP system as described in (B), was assessed in cells transduced with either a non-

targeting (control), EMC2, or GET2 knockdown (kd) single guide RNA. GFP fluorescence relative 

to the normalization marker RFP was determined by flow cytometry and displayed as a histogram. 

(D) Cells from (C) were harvested and samples of total cell lysates were analyzed by SDS-PAGE and 

western blotting with antibodies against EMC2, GET2, and BAG6, a non-targeted control protein. 
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Figure 2.2. The EMC uses a hydrophilic vestibule for TA protein insertion. 

(A) Views of the two intramembrane surfaces of the EMC. Residues in EMC3 (purple) lining either 

the hydrophilic vestibule or hydrophobic crevice were mutated to cysteines for disulfide crosslinking 

and are highlighted in blue or tan, respectively. EMC4, 7 and 10 are omitted in the inset for clarity. 

(B) Purified wildtype (WT) or EMC3 cysteine (Cys) mutant EMC was incubated with CaM-SQS 

containing a cysteine in the TMD at either position T408 (CaM-SQS[T408C]) or L401 (CaM-

SQS[L401C]). After substrate release from CaM with EGTA, cysteines in close proximity were 

crosslinked with the zero-length disulfide crosslinker DPS. Quenched reactions were analyzed by 

SDS-PAGE and autoradiography. (C) Human ER-derived microsomes (hRMs) prepared from EMC3 

WT or Cys mutant cell lines were mixed with CaM-SQS(T408C) for crosslinking as described in (B). 

Substrate crosslinks were enriched by denaturing purification of EMC3-GFP. Samples were analyzed 

by SDS-PAGE followed by autoradiography or western blotting. 
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Figure 2.3. Characterization of the cytosolic and intramembrane residues required for insertion 

by the EMC. 

(A) Displayed is an improved model of the human EMC determined using cryo-EM. View of the 

insertase core composed of EMC3/6, enclosed by the three TMDs of EMC4, and the single TMDs of 

EMC7 and 10. (B) (Top) Schematic of the topology and domain organization of EMC3, highlighting 

three flexible cytosolic loops (L1-3) located beneath the hydrophilic vestibule of the EMC. (Bottom) 

Purified wildtype (WT) or EMC3 Cys mutant EMC were incubated with purified CaM-SQS(L401C) 

complexes for disulfide crosslinking and analysis as in Figure 2.2B. (C) (Top) Schematic of the 

topology and domain organization of EMC7. ss = signal sequence; Link = linker; H1 = helix 1; H2 = 

helix 2. (Bottom) HEK293 EMC7 knockout (KO) cells were transduced with lentivirus to express 

WT EMC7, or the indicated mutants of EMC7 helix 2 (H2). The effects of each mutant on biogenesis 
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of SQS was determined using the ratiometric fluorescent reporter assay, normalized to WT and 

plotted as a bar chart. (D) Disulfide crosslinking, as described in Figure 2.2B, of SQS(L401C) with 

purified EMC complexes, containing cysteines either in H2 of EMC7 (M214S), loop 2 of EMC3 

(T102C) or within the membrane (EMC3 N117C). (E) View of the hydrophilic vestibule with EMC7 

and 10 omitted for clarity. Residues indicated with spheres are colored according to the effects of 

individual alanine mutations at these positions in EMC3 and 4 on expression of SQS in HEK293T 

cells. The effect of each mutant was determined by flow cytometry using the ratiometric fluorescent 

reporter assay as in (C), normalized to wildtype, and is displayed according to the indicated legend. 
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Figure 2.4. Positively charged C-terminal domains of TA proteins impair insertion by the EMC. 

(A) (Left) Model of the TMDs of EMC3 and 6 that constitute the central insertase of the EMC. (Right) 

Surface representation of the electrostatic potential of the insertase core ranging from -3 to +3 kT/e. 

EMC4, 7, and 10 were omitted for clarity. (B) Schematic of the SQS C-terminal domain (CTD) 

charge series. The C-terminus of SQS was mutated to introduce positively charged residues at the 

indicated positions. (C) Integration of the indicated SQS mutants into the ER was determined using 

the split GFP reporter system described in Figure 2.1B. (D) Same assay as in (C), but with cells 

expressing either a non-targeting (control) or EMC2 knockdown (kd) single guide RNA. (E) The 

indicated 35S-methionine labeled SQS charge mutants were expressed in rabbit reticulocyte lysate and 

incubated with human ER-derived microsomes (hRMs) prepared from HEK293 wildtype (WT) or 

EMC6 knockout (KO) cells. ER insertion is monitored by glycosylation (glyc) of an acceptor motif 

fused to the C-terminus of the TA protein substrates. 
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Figure 2.5. Positively charged N-terminal domains of GPCRs impair EMC insertion. 

(A) Distribution of charge within the soluble N-terminal domain of the 709 human GPCR sequences 

annotated in the Uniprot database. Only those GPCRs lacking a signal sequence (i.e. signal anchored) 

were included, because these represent substrates that could potentially rely on the EMC for insertion 

of their first TMD in an Nexo topology (N-terminus facing the ER lumen) (Chitwood et al., 2018). (B) 

WT (total N-terminal charge of -5) or the indicated N-terminal domain (NTD) charge mutants of the 

GPCR OPRK1 GFP-fusions were expressed along with an RFP normalization marker in RPE1 cells. 

Cells were analyzed by flow cytometry and the GFP:RFP ratio is displayed as a histogram. Bypassing 

insertion by the EMC by fusion to a cleavable signal sequence (ss) enhances ER integration of the 

OPRK1(+5) charge mutant. (C) As in (B), but cells were treated with scrambled (control) or EMC5 

knockdown (kd) siRNAs and analyzed by flow cytometry. Note that though the stability of the 

positively charged NTD variants is reduced, they remain EMC-dependent for their insertion. 
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Figure 2.6. Charge reversal in the hydrophilic vestibule alleviates charge repulsion. 

(A) K562 ER GFP1-10 cells were transduced with lentivirus to express either WT, R31A+R180A or 

R31E+R180E EMC3. Cells were harvested, solubilized and samples of the total lysates were 

analyzed by SDS-PAGE and Western blotting with the indicated antibodies. (B) ER insertion of the 

indicated SQS charge mutants was measured in cells expressing either wild type (WT), 

R31A+R180A, or R31E+R180E EMC3 using the split GFP reporter system described in Figure 2.1B. 

(C) The indicated SQS mutants were prepared as in Figure 2.4E and incubated with hRMs from WT, 

R31A+R180A or R31E+R180E EMC3 expressing cell lines. Successful ER insertion is monitored 

with a glycosylation (glyc) acceptor motif fused to the C-terminus of each substrate. The percent 

glycosylated is indicated below the gel. Expression of both EMC3 mutants does not impair the 

biogenesis of GET1/2-dependent VAMP2 or the secreted protein prolactin (Prl) that depends on the 

Sec61 complex (translocon). (D) WT (-5) or the indicated charge mutants of OPRK1 were fused to 
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GFP and expressed with RFP as a translation normalization marker in RPE1 cells. Cells 

additionally expressed either BFP-tagged EMC3 WT, R31A+R180A or R31E+R180E. Cells were 

analyzed by flow cytometry to derive the GFP:RFP ratio of BFP positive cells. 
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Figure 2.7. A selectivity filter in the EMC limits mitochondrial TA protein misinsertion at the 

ER. 

(A) As in Figure 2.6B, but with the indicated mitochondrial TA proteins. Note the strong increase in 

ER mis-localization of RHOT1 in EMC3 R31E+R180E expressing cells. (B) As in Figure 2.6C but 

expressing the TMD and C-terminus of the indicated mitochondrial TA proteins in non-nucleased 

rabbit reticulocyte lysate. (C) Schematic of the split GFP reporter system used to selectively monitor 

TRAM2 insertion in the incorrect topology into the ER. GFP11-tagged TRAM2 is expressed in K562 

cells constitutively expressing GFP1-10 in the ER lumen, along with a translation normalization 
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marker (RFP). Successful integration of TRAM2 in the correct topology will result in no 

fluorescence. Insertion in the incorrect topology results in GFP complementation and fluorescence. 

(D) ER insertion of GFP11-TRAM2 was measured in cells expressing either wild type (WT), 

R31A+R180A, or R31E+R180E EMC3 with or without the p97 inhibitor CD-5083 using the split 

GFP reporter system described above. (E) Model for how the EMC distinguishes clients by polar 

domain charge. A TA protein TMD or the first TMD of a multipass membrane protein is initially 

captured by flexible hydrophobic loops in the cytosol, allowing their C- or N-terminal domain 

(CTD/NTD) to probe the net positively charged hydrophilic vestibule. In the absence of positive 

charge, the polar domain is translocated rapidly, enabling TMD insertion. Insertion of TA proteins 

with positively charged C-termini or multipass TMDs with positively charged N-termini is slowed 

by charge repulsion, which facilitates TMD dissociation (rejection). Charge repulsion can be 

alleviated by introducing negative charge into the hydrophilic vestibule, resulting in increased 

misinsertion of mitochondrial TA proteins into the ER membrane, as well as increased insertion of 

multipass proteins in the incorrect topology. 
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2.5 Material and Methods 

Plasmids and antibodies 

Constructs for in vitro translations in rabbit reticulocyte lysate were based on the pSP64 vector 

(Promega, USA). Constructs for in vitro translation in the E. coli PURExpress system were generated 

from the T7 PURExpress plasmid (New England Biolabs, USA). pSpCas9(BB)-2A-Puro (PX459) 

and lentiCRISPR v2 were gifts from Feng Zhang (Addgene plasmids #48139 and #52961). pLG1-

puro non-targeting sgRNA 3, used for cloning CRISPRi sgRNAs, was a gift from Jacob Corn 

(Addgene plasmid #109003). The second generation lenti-viral packaging plasmid psPAX2 

(Addgene plasmid #12260) and envelope plasmid pMD2.G (Addgene #12259) were gifts from Didier 

Trono. The pHAGE2 lenti-viral transfer plasmid was a gift of Magnus A. Hoffmann and Pamela 

Bjorkman. For expression in K562 cells, a lenti-viral backbone containing a UCOE-EF-1α promoter 

and a 3′ WPRE element was used (Addgene #135448), which was a kind gift of Martin Kampmann 

and Jonathan Weissman. The expression plasmid for the SENPEuB protease (Addgene ID #149333) 

was a gift of Dirk Görlich. Plasmids for amber suppression in mammalian cells were kind gifts of 

Simon Elsässer. Note that the mCherry variant of RFP was used throughout this study, but the simpler 

nomenclature of RFP is used in the text and figures. Similarly, EGFP is used throughout this study, 

but referred to as GFP. 

The following antibodies were used in this study: rabbit polyclonal anti-EMC2 (25443-1-AP, 

Proteintech, USA); mouse polyclonal anti-EMC3 (67205-1-Ig, Proteintech, USA); rabbit polyclonal 

anti-EMC4 (27708-1-AP, Proteintech, USA); rabbit polyclonal anti-EMC5 (A305-833, Bethyl 

Laboratories, USA); rabbit polyclonal anti-EMC7 (27550-1-AP, Proteintech, USA); rabbit 

monoclonal anti-EMC10 (ab180148, Abcam, UK); rabbit polyclonal anti-GET2 (#359 002, Synaptic 

Systems, Germany); mouse monoclonal anti-HA-HRP (H6533, Millipore-Sigma, USA); mouse 

monoclonal anti-FLAG M2-HRP (A8592, Millipore-Sigma, USA). The rabbit polyclonal antibodies 

against BAG6 and GFP were gifts from Ramanujan Hegde (Chakrabarti and Hegde, 2009; Mariappan 

et al., 2010). Secondary antibodies used for Western blotting were: Goat anti-mouse- and anti-rabbit-

HRP (#172-1011 and #170-6515, Bio-Rad, USA). The chemiluminescent substrates used were 

SuperSignal West Pico PLUS and SuperSignal West Femto Maximum Sensitivity (34580 and 34096, 

Thermo Fisher Scientific, USA). The signal was detected on Blue Devil Autoradiography Film (#30-

101, Genesee Scientific, USA). 
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The following sgRNAs were cloned into PX459 or lentiCRISPR v2 and used to generate knockout 

cell lines: EMC3 (AAGAAAGTGATGATAACGAT); EMC4 (TCATACACACCATCATAGTA); 

EMC6 (GCCGCCTCGCTGATGAACGG); EMC7 (TTCTCCGTCTACCAGCACTC); EMC10 

(AGTGCCAACTTCCGGAAGCG). The following sgRNAs were cloned into pLG1 for CRISPRi 

knockdowns: non-targeting control (GGCTCGGTCCCGCGTCGTCG); EMC2 

(GCCATCTTCCCAGAACCTAG); GET2 (ATGTTGGCCGCCGCTGCGA); MTCH2 

(GACGGAGCCACCAAGCGACC). 

The following siRNAs were used in this study: negative control no. 2 siRNA (#4390846) and EMC5 

siRNA s41131 (both Silencer Select; Thermo Fisher Scientific, USA) 

Expression and purification of biotinylated anti-GFP and anti-ALFA nanobody  

Protease-cleavable biotinylated anti-GFP and anti-ALFA tag nanobodies (Götzke et al., 2019; 

Kirchhofer et al., 2010) that were used for EMC purifications throughout this study were expressed 

in E. coli and purified using Ni2+-chelate affinity chromatography using protocols described in detail 

before (Pleiner et al., 2015; Pleiner et al., 2020; Stevens et al., 2023). The expression of His14-Avi-

SUMOEu1-anti GFP nanobody from plasmid pTP396 (Addgene #149336) was carried out with the 

following modification. Instead of biotinylating the nanobody in vitro with purified biotin ligase 

BirA, pTP396 was expressed in the E. coli strain AVB101 (Avidity, USA), which contains an IPTG-

inducible plasmid for BirA co-expression. 50 µM biotin was added to the main culture 1 h before 

induction of nanobody and BirA expression.  

The sequence of the ALFAST nanobody was derived from the original study describing its generation 

(Götzke et al., 2019) and cloned into pTP396. Expression was carried out in E. coli Rosetta-gami 2 

cells (Millipore-Sigma, USA) in a 1 L scale for 6 h at 18˚C after induction of protein expression with 

0.2 mM IPTG. The resulting His14-Avi-SUMOEu1-anti ALFA nanobody fusion protein was purified 

from cell lysate using Ni2+-chelate affinity chromatography for in vitro biotinylation with purified 

biotin ligase BirA as described before (Pleiner et al., 2020). 

Immobilized biotinylated nanobodies were cleaved off of streptavidin magnetic beads using an 

engineered SUMO protease (SENPEuB) that recognizes the SUMOEu1 module (Vera Rodriguez et al., 

2019). His14-Tev-tagged SENPEuB protease (Addgene ID #149333) was expressed in E. coli NEB 

express Iq as described before (Pleiner et al., 2020). For sequential immunoprecipitations, a 
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commercial system with orthogonal cleavage sites based on the SUMOStar tag and SUMOStar 

protease (LifeSensors, USA) (Liu et al., 2008) was used. 

Conjugation of ALFA nanobody to HRP for Western blotting 

To use the ALFA nanobody in Western blotting, it was coupled to HRP-maleimide via a single 

engineered C-terminal cysteine residue as described for other nanobodies before (Pleiner et al., 2018). 

Mammalian in vitro translation 

In vitro translation reactions in rabbit reticulocyte lysate (RRL) were carried out with in vitro 

transcribed mRNA as described before (Sharma et al., 2010). PCR products generated from pSP64-

derived plasmids or gene fragments (synthesized by Integrated DNA Technologies or Twist 

Biosciences, both USA) served as templates for run-off transcription and contained a 5’ SP6 promoter 

followed by an open-reading frame and a 3’ stop codon. A 10 µl transcription reaction contained 7.6 

µl T1 mix (Sharma et al., 2010), 0.2 µl SP6 polymerase (New England Biolabs, USA), 0.2 µl RNAsin 

(Promega, USA), 100 ng PCR product, and was carried out for 1.5 h at 37˚C. Transcriptions were 

added directly to RRL. Unless indicated otherwise, RRL was treated with S7 micrococcal nuclease 

(Roche, Germany) in the presence of CaCl2 to remove endogenous hemoglobin mRNA. Nascent 

proteins are labeled during translation reactions of 15-30 min at 32˚C in RRL by incorporation of 

radioactive 35S-methionine (Perkin Elmer, USA). Nascent TA proteins were released from the 

ribosome with 1 mM puromycin and then incubated with 5% (v/v) of either canine pancreatic rough 

microsomes (cRMs) (Walter and Blobel, 1983) or human ER-derived microsomes (hRMs), prepared 

from engineered cell lines as described below, for another 20 min at 32˚C. Samples were analyzed by 

SDS-PAGE and autoradiography to detect the translated 35S-labeled TA protein.  

Successful post-translational insertion into microsomes was monitored by glycosylation of a 

canonical NXS/T acceptor motif. This was appended either as part of a charged C-terminal opsin tag 

(MNGTEGPNFYVPFSNKTVD) or where no additional C-terminal domain charge was desired, an 

NGT motif was placed 22 amino acids downstream of the TMD after a neutral glycine-serine linker 

and followed by an additional C-terminal GS dipeptide. 
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Protease protection assay 

To assess the membrane spanning topology of EMC7 and EMC10, they were tagged with an N-

terminal 1xHA and a C-terminal 3xFLAG tag and translated in RRL in the presence of cRMs as 

described above. Protease-accessible regions of both proteins were digested by incubation with 0.5 

mg/ml Proteinase K for 1 h at 4˚C in the presence or absence of 0.05% (v/v) Triton X-100 to solubilize 

cRM membranes. Proteinase K was inactivated by addition of 5 mM PMSF and quick transfer into 

boiling SDS buffer (100 mM Tris/HCl pH 8.4; 1% [w/v] SDS). Denatured digestion reactions were 

diluted tenfold with IP buffer (50 mM HEPES/KOH pH 7.5; 300 mM NaCl; 0.5% [v/v] Triton X-

100) and incubated with anti-HA or anti-FLAG M2 resin (Millipore-Sigma, USA) for 1 h at 4˚C for 

immunoprecipitation of protected fragments.  

Preparation of human ER-derived microsomes (hRMs) 

To prepare hRMs from Expi293 suspension cell lines, cells were harvested and then washed twice in 

50 ml 1x PBS. Cells were then resuspended in 4x pellet volume of sucrose buffer (10 mM 

HEPES/KOH pH 7.5.; 2 mM MgAc; 250 mM Sucrose, 1x Protease inhibitor cocktail [Roche, 

Germany]) and lysed with ˜50 strokes in a tight-fit dounce homogenizer. Complete cell lysis was 

verified by trypan blue staining. The lysate was then diluted twofold and spun for 30 min at 3,214 xg 

in a table-top centrifuge at 4˚C to remove nuclei and cell debris. This spin was repeated and the 

resulting supernatant was then centrifuged for 1 h at 75,000 g at 4˚C (TLA-100.3 rotor or Type60 Ti 

rotor; Beckman Coulter, USA). The supernatant was aspirated and the membrane pellet gently 

resuspended in microsome buffer (10 mM HEPES/KOH pH 7.5; 1 mM MgAc; 250 mM Sucrose, 0.5 

mM DTT). Membranes prepared for disulfide crosslinking were resuspended in microsome buffer 

without DTT. The absorbance at 280 nm of the resuspended membranes was measured by boiling an 

aliquot in SDS buffer (100 mM Tris/HCl pH 8.4; 1% [w/v] SDS). The hRM preparation was then 

adjusted to an absorbance of 75 at 280 nm using microsome buffer. To remove endogenous mRNAs, 

the adjusted hRM preps were further treated with S7 micrococcal nuclease (Roche, Germany) at a 

concentration of 0.075 U/µl in the presence of 0.33 mM CaCl2 for 6 min in a 25˚C water bath, then 

quickly removed to ice and quenched by Ca2+-chelation with 0.66 mM EGTA. Nucleased hRMs were 

snap-frozen in liquid nitrogen in single-use aliquots and stored until further use at -80˚C. 
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In vitro translation of TA proteins in the PURExpress system 

Plasmids containing a 5’ T7 promoter, followed by an open-reading frame, stop codon and 3’ T7 

terminator were used as templates for the coupled in vitro transcription/translation PURExpress 

system (New England Biolabs, USA). The various SQS constructs used for cysteine crosslinking 

comprised an N-terminal 3xFLAG tag, the human Sec61β cytosolic linker (residues 2-59) with the 

natural cysteine at position 39 mutated to serine, as well as the five N-terminal flanking residues, 

TMD and complete C-terminus of human FDFT1/SQS (residues 378-end). Cysteine residues were 

introduced at the indicated positions using site-directed mutagenesis. TA protein translations were 

supplemented with radioactive 35S-methionine and 10 µM purified Calmodulin (CaM) (Shao et al., 

2017). 

For use in photocrosslinking reactions, TA protein substrates were generated that contained the 

unnatural amino acid and photocrosslinker 4-Benzoylphenylalanine (BpA) (Bachem, Switzerland), 

which was incorporated into the TMD by amber stop codon suppression in the PURExpress system 

lacking all release factors (ΔRF123; New England Biolabs, USA). The release factors RF2 and RF3, 

but not RF1 (which recognizes the UAG [amber] stop codon) were added back to the reaction. BpA 

was added at 100 µM and incorporated at UAG codons using purified BpA aminoacyl-tRNA 

synthetase and suppressor tRNA, prepared as described before (Shao et al., 2017).  

All PURE translation reactions were carried out for 2 h at 32˚C and then ribosome-associated nascent 

chains were released by addition of 1 mM puromycin (Thermo Fisher Scientific, USA) and further 

incubation for 10 min at 32˚C. To remove aggregated protein, the translation reactions were layered 

over a 20% (w/v) sucrose cushion prepared in physiological salt buffer (PSB) (50 mM HEPES/KOH 

pH 7.5; 130 mM KAc, 2 mM MgAc) that further contained 100 nM CaCl2. After a 1 h spin at 55,000 

rpm (TLS-55 rotor; Beckman-Coulter, USA) at 4˚C, soluble TA protein-CaM complexes were 

retrieved from the supernatant.  

Photocrosslinking 

Purified EMC complexes in detergent micelles for photocrosslinking were obtained via anti-GFP 

nanobody IP from stable human suspension cell lines that ectopically express GFP-EMC2. They were 

mixed with 35S-Methionine labeled BpA-containing TA protein-CaM complexes generated in the 

PURExpress system as described above. TA proteins were released from CaM shortly before UV 
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radiation by addition of 1 mM EGTA to chelate calcium. Except for the -UV control sample, all 

reactions were irradiated at a distance of ˜7-10 cm with a UVP B-100 series lamp (Analytik Jena, 

Germany) for 15 min on ice before quenching with SDS-PAGE sample buffer. Samples were adjusted 

to 1% (w/v) SDS and boiled. Denatured reactions were diluted tenfold with IP buffer (50 mM 

HEPES/KOH pH 7.5; 300 mM NaCl; 0.5% [v/v] Triton X-100) and incubated with Protein A 

sepharose beads (Thermo Fisher Scientific, USA) and EMC3 or EMC4 antibodies for 

immunoprecipitation. Samples were analyzed by SDS-PAGE and autoradiography. 

Site specific incorporation of the photocrosslinking amino acid 3’-azibutyl-N-carbamoyl-lysine 

(AbK) into EMC3 in mammalian cells was performed by amber suppression using the 

Methanosarcina mazei pyrrolysyl-tRNA synthetase (PylRS)/tRNAPyl
CUA (PylT) pair (Ai et al., 2011). 

Constructs for amber suppression in mammalian cells were created as follows using previously 

reported plasmids as a template (Elsässer et al., 2016). The first plasmid encodes 4 copies of 

PylT(U25C), as well as WT PylRS, which was further modified by mutating Y306A and Y384F to 

accommodate the bulky AbK (Yanagisawa et al., 2008; O'Donnell et al., 2020). The coding region of 

EMC3 was inserted with a C-terminal GFP-tag into a second plasmid which also encoded 4 additional 

copies of PylT(U25C). Selected amino acid positions in EMC3 were mutated to amber stop codons, 

for incorporation of AbK at these sites. To generate AbK-containing EMC, Expi293 cells (Thermo 

Fisher Scientific, USA) were transiently co-transfected with 4xPylT/PylRS(Y306A, Y384F) and 

4xPylT/EMC3(Amber[TAG])-GFP plasmids at a ratio of 4:1 using PEI “MAX” (Polysciences, 

USA). The cells were grown in the presence of 0.5 mM AbK (Iris Biotech, Germany) and harvested 

72 h after transfection. EMC complexes with successfully suppressed Amber stop codons contained 

full length AbK-modified EMC3 and could thus be purified via the C-terminal GFP-tag as described 

below. The purified EMC complexes were mixed with 35S-Methionine labeled SQS(WT)-CaM 

complexes generated in the PURExpress system and irradiated with UV as described above. Samples 

were analyzed by SDS-PAGE and autoradiography. 

Disulfide crosslinking 

EMC complexes containing wild type or cysteine mutant EMC3 or EMC7 variants were purified 

from stable human suspension cell lines as described below and mixed with wild type or cysteine 

mutant SQS-CaM complexes generated in the PURExpress system as described above. The zero-

length disulfide crosslinker 4,4’-Dipyridyldisulfide (DPS) (Millipore-Sigma, USA) was added to a 

final concentration of 250 µM to initiate the crosslinking of cysteines in close proximity after SQS 



 

 

43 
release from CaM with 1 mM EGTA. The reaction was incubated for 2 h on ice and analyzed by 

SDS-PAGE and autoradiography. 

For disulfide crosslinking in membranes, hRMs were prepared from stable human suspension cell 

lines expressing wild type or cysteine mutant EMC3 variants as described above. hRMs were mixed 

with PURE translated SQS-CaM complexes in PSB and 500 µM DPS. After substrate release with 

500 µM EGTA, reactions were incubated for 2 h on ice before quenching with 5 mM L-Cysteine 

(Millipore-Sigma, USA). The reactions were then adjusted to 1% (w/v) SDS and incubated at room 

temperature for 10 min to denature the EMC complex. The denatured reactions were diluted tenfold 

with IP buffer (50 mM HEPES/KOH pH 7.5; 300 mM NaCl; 0.5% [v/v] Triton X-100) and the 

EMC3-GFP subunit was specifically enriched via anti-GFP nanobody IP. After elution by boiling in 

sample buffer containing 0.5 M urea, the samples were analyzed by SDS-PAGE and autoradiography. 

Cell culture and cell line generation  

Adherent HEK293 cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and 2 mM L-Glutamine. For Flp-In T-Rex 293 cell 

lines containing integrated doxycycline-inducible reporters, tetracycline-free FCS was used and 

culture medium additionally supplemented with 15 µg/ml blasticidin S and 100 µg/ml hygromycin 

B. RPE1 cells were cultured in DMEM/F-12 (1:1) supplemented with 10% FCS and 2 mM L-

Glutamine. 

Flp-In 293 T-Rex cells were purchased from Thermo Fisher Scientific (USA). Stable Flp-In 293 T-

Rex cell lines designated as GFP-2A-RFP-SQS/VAMP2 express the RFP-tagged transmembrane 

domain and flanking regions of human squalene synthase (SQS/FDFT1) or vesicle-associated 

membrane protein 2 (VAMP2). The generation of these cell lines was described previously (Guna et 

al., 2018; Pleiner et al., 2020). In these cell lines, GFP is expressed as a soluble cytosolic protein from 

the same mRNA as RFP-SQS/VAMP2 using a viral 2A sequence that induces peptide-bond skipping 

by the ribosome (de Felipe et al., 2006). Their RFP and GFP fluorescence intensity can be measured 

by flow cytometry to derive an RFP:GFP ratio. Changes in this ratio after perturbation, e.g. expression 

of a mutant EMC subunit, reflect differences in the post-translational stability of the TA protein 

reporter.  
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The stable, doxycycline-inducible GFP-EMC2 Flp-In 293 T-Rex cell line and its adaptation to 

suspension growth in FreeStyle 293 Expression Medium (Thermo Fisher Scientific, USA) was 

described before (Pleiner et al., 2020). Clonal knockouts of EMC4, 7 and 10 in this background were 

obtained by transfecting the adherent parental cell line with PX459 encoding the respective sgRNA 

using TransIT-293 transfection reagent (Mirus, USA). 48 h post transfection, 1 µg/ml puromycin was 

added for three consecutive days. Medium was subsequently exchanged to allow for two days of 

recovery before single cell clones were seeded into 96-well plates by limiting dilution. Knockout 

efficiency of the selected clones was verified by Western blotting and the resulting adherent knockout 

cell lines were either used directly for flow cytometry experiments or adapted to suspension growth 

for EMC purifications.  

Expi293 cells (Thermo Fisher Scientific, USA) were maintained at a concentration of 0.5-2.0 million 

cells per ml in Expi293 Expression Medium (Thermo Fisher Scientific, USA). An EMC3 knockdown 

suspension cell line was generated by transient transfection of Expi293 cells with an EMC3 sgRNA 

cloned into lentiCRISPR v2 using PEI “MAX” (Polysciences, USA). Transfected cells were treated 

with 10 µg/ml puromycin for four consecutive days. Then the medium was exchanged to allow for 

10 days of recovery. The polyclonal cell population demonstrated a sufficient level of consistent 

downregulation of endogenous EMC3 and was thus used directly to re-introduce wild type EMC3 or 

various mutants tagged with a C-terminal TagBFP or GFP via lenti-viral transduction as described 

below. Transduced cell lines were sorted using fluorescence of the fused TagBFP or GFP to obtain a 

homogenous population of cells with near full replacement of endogenous EMC3 with a tagged 

mutant copy of interest. Wild type EMC7 or various cysteine mutants with an N-terminal ALFA tag 

were introduced via lenti-viral transduction into the EMC3-GFP cell line.  

A K562 CRISPRi cell line, stably expressing dCas9-BFP-KRAB Tet-ON (Jost et al., 2017), was 

transduced with lentivirus as described below to constitutively express β-strands 1-10 of superfolder 

GFP (residues 2-214) (Cabantous et al., 2005) in the ER lumen via fusion to an N-terminal signal 

sequence and a C-terminal KDEL sequence as described previously (Guna et al., 2022b). 

CRISPRi knockdowns 

K562 dCas9-BFP-KRAB Tet-ON, ER GFP1-10 cells were transduced via spinfection as described 

below with lentivirus containing a pLG1-puro backbone and a sgRNA targeting a gene of interest. 

Sequences of sgRNAs were derived from the hCRISPRi-v2 compact library (Horlbeck et al., 2016). 
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48 h after spinfection, 1 µg/ml puromycin was added for three consecutive days to select cells with 

a successfully integrated sgRNA expression cassette. After two days of recovery, cells were 

transduced with GFP11-tagged TA protein reporters expressed from a lentiviral backbone under 

control of a UCOE-EF1α promoter. Cells were analyzed 48 h after reporter spinfection by flow 

cytometry (8 days after sgRNA transduction). 

Lenti-viral transduction 

Lentivirus was generated by co-transfection of HEK293T cells with a desired transfer plasmid and 

two packaging plasmids (psPAX2 and pMD2.G) using the TransIT-293 transfection reagent (Mirus, 

USA). 48 h post transfection, culture supernatant was harvested, aliquoted, and flash frozen in liquid 

nitrogen.  

For transduction of Expi293 or suspension-adapted Flp-In 293 T-Rex cells, 20 million cells were 

mixed with 2.5 ml freshly harvested lenti-viral supernatant (i.e. the complete supernatant from one 6-

well of lenti-producing HEK293T cells 48 h after transfection) in 20 ml medium in a 125 ml vented 

Erlenmeyer flask (Celltreat, USA) (Stevens et al., 2023). Then the flask was transferred to a shaking 

incubator and transduced cells were grown for around 16 h. Cells were then pelleted, resuspended in 

50 ml of fresh medium, and grown for 2-3 days before sorting of successfully transduced cells on a 

SH800S cell sorter (Sony Biotechnology, USA). 

K562 cells were transduced by spinfection. Briefly, 250,000 cells were mixed with 50-200 µl of 

lentiviral supernatant and RPMI medium in the presence of 8 µg/ml polybrene in a total volume of 1 

ml in a 24-well plate. 24-well plates were spun at 1,000 xg for 1.5 h at 30˚C. Cells were then 

resuspended and transferred to a 6-well plate. Lenti-viral reporter constructs used in K562 cells for 

flow cytometry analysis all contained an upstream UCOE-EF1α promoter, followed by RFP, a P2A 

site, and the full length human coding regions for all mitochondrial TA proteins fused to GFP11 via 

a five residue Gly-Ser linker. SQS mutants were expressed in the same cassette, but contained the 

cytosolic linker (residues 2-70) of human Sec61β at the N-terminus followed by the TMD, N-terminal 

flanking region and complete C-terminus of human FDFT1/SQS (residues 378-417 [end]). Charge 

mutations were introduced as shown in Figure 2.4B. EMC3 WT or its arginine mutants were 

expressed in K562 cells from a lentiviral transfer plasmids with an upstream EF1α promoter and fused 

to a C-terminal TagBFP-3xFLAG tag. 
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For lenti-viral transduction of adherent HEK293 or RPE1 cells, 50-200 µl lentiviral supernatant 

and 8 µg/ml polybrene (Millipore-Sigma, USA) were usually added directly to ˜70% confluent cells 

in 2.5 ml culture medium in a 6-well. Lenti-viral reporter constructs of SQS and VAMP2 for use in 

HEK293 cells (Figures 2.3C,E, S2.3E, S2.4A,D-E, S2.5A-B,D) contained an upstream CMV 

promoter, followed by GFP, a 2A site, and RFP, which was directly fused to the TMD and flanking 

regions of human FDFT1/SQS or VAMP2 as described before (Guna et al., 2018; Pleiner et al., 2020). 

OPRK1 reporter constructs used in RPE1 cells, expressed full length human OPRK1 (WT/-5), 

OPRK1(E45K, D46R, E50K) (+1 variant) or OPRK1(E35K, D37R, E45K, D46R, E50K) (+5 

variant) as N-terminal fusions to GFP, followed by a 2A site, and RFP from a CMV promoter. 

Flow cytometry analysis of reporter cell lines 

All adherent cells were trypsinized, washed, and resuspended in 1xPBS for flow cytometry analysis. 

K562 cells were analyzed directly. Analysis was either on an Attune NxT Flow Cytometer (Thermo 

Fisher Scientific, USA) or a MACSQuant VYB (Miltenyi Biotec, Germany). Flow cytometry data 

was analyzed using FlowJo v10.8 Software (BD Life Sciences, USA). Unstained cells transiently 

transfected with either GFP, RFP (or BFP if needed) were analyzed separately along every run as 

single-color controls for multicolor compensation using the FlowJo software package. 

For experiments in K562 cells, lenti-viral fluorescent reporters were introduced via spinfection as 

described above usually 48 h before analysis. To probe the effect on EMC2 or GET2 knockdown on 

reporter insertion, cells were additionally transduced with sgRNA expressing lenti-viral vectors as 

described under ‘CRISPRi knockdowns’. To analyze the effect of EMC3 mutations on TA protein 

reporters, K562 cells were first spinfected with lentivirus expressing EMC3(WT/mut)-BFP. After 48 

h, mitochondrial TA protein or SQS charge mutant reporter lentivirus was spinfected. Cells were 

analyzed by flow cytometry after another 48 h. For experiments with p97 inhibitor (CD-5083 

[Selleckchem, USA]) the cells were treated with 1.25 µM inhibitor for the last 6 h before analysis. 

Adherent HEK293 or RPE1 cells were analyzed 48 h after transduction as described above. 

Purification of engineered EMCs from stable suspension cell lines 

Stable human suspension cell lines expressing tagged wild type or mutant copies of EMC subunits 

were generated and grown as described above. EMC complexes were purified using anti-GFP or anti-

ALFA nanobody essentially as described before (Pleiner et al., 2020; Stevens et al., 2023). Cells were 
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harvested by centrifugation for 10 min at 3,000 xg and washed in 1xPBS. Cell pellets were 

resuspended with 6.8 ml solubilization buffer (50 mM HEPES/KOH pH 7.5; 200 mM NaCl; 2 mM 

MgAc; 1% [w/v] LMNG [Anatrace, USA], 1 mM DTT, 1x complete EDTA-free protease inhibitor 

cocktail [Roche, Germany]) per 1 g of cell pellet and incubated for 30 min at 4˚C. Lysates were 

cleared by centrifugation for 30 min at 4˚C at 18,000 rpm (SS-34 rotor; Beckman-Coulter, USA).  

In parallel, Pierce magnetic Streptavidin beads (Thermo Fisher Scientific, USA) were equilibrated in 

wash buffer (solubilization buffer with 0.0025% [w/v] LMNG) and then incubated with biotinylated 

anti-GFP or anti-ALFA tag nanobody, purified as described above. After nanobody immobilization, 

free biotin binding sites were blocked by incubation with wash buffer containing 10 µM dPEG24-

biotin acid (Quanta Biodesign, USA) for 10 min on ice. Blocked, nanobody-decorated beads were 

then added to cell lysate for binding to detergent-solubilized ALFA- or GFP-tagged EMC complexes 

for 1 h at 4˚C with head-over-tail mixing. Magnetic beads were then collected and washed three times 

with wash buffer, before resuspension of the beads in wash buffer containing 250 nM SENPEuB 

protease in a volume amounting to one half of the original bead suspension volume. Protease elution 

was allowed to proceed for 20 min on ice. All EMC complexes purified for disulfide crosslinking 

were eluted in wash buffer without DTT. 

EMC complexes containing fully replaced cysteine mutant EMC7 variants were purified via a two-

step procedure using first the C-terminal GFP tag on EMC3 and then the N-terminal ALFA tag on 

EMC7. The GFP nanobody eluate, obtained by SENPEuB cleavage, was diluted twentyfold with wash 

buffer and incubated with beads containing immobilized ALFA nanobody. The ALFA nanobody was 

tagged with an orthogonal SUMOStar protease cleavage site and bound EMC was then eluted along 

with the ALFA nanobody in wash buffer containing 500 nM SUMOStar protease. The resulting eluate 

was aliquoted and flash frozen in liquid nitrogen. The concentrations of purified EMC complexes for 

disulfide crosslinking were normalized by measuring GFP fluorescence on a BioTek Synergy HTX 

plate reader (Agilent, USA). Normalization was verified by SDS-PAGE and Sypro Ruby staining 

(Thermo Fisher Scientific, USA). If necessary, normalizations were adjusted based on the 

quantification of Sypro Ruby stained EMC subunit bands in Fiji. 

Purification of EMC for structure determination 

A suspension-adapted GFP-EMC2 Flp-In 293 T-Rex cell line (Pleiner et al., 2020) was used to purify 

the EMC for structural analysis. Additionally, EMC7 carrying a C-terminal ALFA tag was introduced 
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into this cell line via lenti-viral transduction as described above. The lenti-viral transfer plasmid 

encoded EMC7-ALFA fused via a viral 2A sequence to BFP (EMC7-ALFA-2A-TagBFP). BFP 

fluorescence was used to sort a homogenous stable suspension cell line that ectopically expresses 

both GFP-EMC2 and EMC7-ALFA. EMC was purified as described above, but with the following 

minor modifications. Cells were solubilized with solubilization buffer containing 1% glyco-diosgenin 

(GDN) (Anatrace, USA). The wash buffer contained 0.05% [w/v] GDN. Finally, the EMC eluate was 

concentrated using an Amicon Ultra 0.5 ml 100K MWCO concentrator (Millipore-Sigma, USA) and 

further purified via size-exclusion chromatography using a Superose 6 Increase 3.2/300 column 

(Cytiva, USA) equilibrated in wash buffer (50 mM HEPES/KOH pH 7.5; 200 mM NaCl; 2 mM 

MgAc; 0.05% [w/v] GDN and 1 mM DTT). Fractions corresponding to the EMC were pooled and 

concentrated as above to 0.5 mg/ml. To reduce the conformational flexibility of EMC7 at the insertase 

side, we added stoichiometric amounts of purified ALFA nanobody (Götzke et al., 2019), which binds 

the C-terminal ALFA tag on EMC7.  

Grid preparation and data collection  

CryoEM grids were prepared by applying 3 μl of purified EMC at 0.5 mg/mL to glow discharged (60 

seconds using a Pelco easiGlow, Emeritech K100X at a plasma current of 20 mA), Holey carbon 

grids (Quantifoil R1.2/1.3). The sample was blotted for 4-6 sec with filter paper at 8°C, 100% 

humidity at a -4-blot force prior to plunging into liquid ethane for vitrification using the FEI Vitrobot 

Mark v4 x2 (Thermo Fisher Scientific, USA). The data set was acquired on a Titan Krios electron 

microscope (Thermo Fisher Scientific, USA) operated at 300 keV equipped with a K3 direct electron 

detector and an energy filter (Gatan, USA) with a 20-eV slit width. A total of 11,822 micrographs 

were collected using 3-by-3 pattern beam image shift, acquiring movies for three non-overlapping 

areas per hole, using an automated acquisition pipeline in SerialEM (Mastronarde, 2005). Movies 

were recorded with 40 frames at a magnification of 105,000x in super resolution mode at a calibrated 

magnification of 0.416 Å/pixel using a dose of 60 e−/Å2 at a dose rate of 16.0 e−/pixel/s and a defocus 

range of −1.0 to −3.0μm.  

Image processing  

The data processing workflow is summarized in Figure S2.2 and was performed using cryoSPARC 

v.3.3–v.4.0 (Punjani et al., 2017). In short, 11,822 micrographs were motion corrected, dose 

weighted, and down sampled (two-fold to 0.832 Å/pixel) using the Patch Motion followed by patch-
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based CTF estimation using Patch CTF. 10,206 movies were selected and manually curated using 

cut-offs for CTF fit (5.0 Å) and total motion (50 pix) for further processing. The particle picking was 

done using the automated Blob Picker function with particle diameter of 150 to 400 Å. After two 

rounds of 2D classification, 1,271,124 particles were used for two rounds of heterogeneous ab initio 

reconstruction (4 volumes), using Maximum/Initial resolution of 9 and 7Å respectively and an 

Initial/Final minibatch size of 400 and 1,200 particles respectively. Once we obtained an initial map 

with clear features of the EMC, we reclassified the 1.2 million particles using 3D heterogeneous 

classification using one well-defined class of the EMC and three decoy classes, using a batch size of 

5,000 particles per class and initial low-pass filter of 50 Å. Prior to the final round of classification of 

212,440 particles were re-extracted in a box size of 400 pix. The final round of classification yielded 

a population 193,900 particles that were further refined using non-uniform refinement to obtain a 

reconstruction at 3.5 Å resolution.  

To explore the previously observed flexibility between the lumenal, membrane, and cytoplasmic 

domains, the particles were subjected to two rounds of 3D-variability analysis/clustering, selecting 

five modes and a filter resolution ranging from 4.0-8.0 Å. After carefully analyzing each 

reconstruction, a mode corresponding to a missing subunit of the EMC was identified. The subset of 

particles was then split into 20 clusters using 3D Variability Analysis Display for this mode. Particles 

belonging to the nine-subunit complex (156,706 particles) that contained high-resolution features 

were combined and refined using non-uniform refinement. This yielded a map with a resolution of 

3.6 Å, in which we detected a stronger EM density for the TMDs of EMC4 and 7. 

Particles belonging to the eight-subunit complex (37,194 particles) were combined and similarly to 

the nine-subunit complex, the particles were refined using non-uniform refinement. This yielded a 

map with a resolution of 3.9 Å. All three maps (consensus, 9- and 8-subunit) were post-processed by 

applying a sharpening B factor of -112 Å2, -103 Å2, and -76 Å2, respectively. Finally, for the analysis 

of EMC10’s TMD position a low-pass filter of 5.5 Å was applied to each map using volume tools in 

cryoSPARC. 

All map resolutions were calculated at the final round of refinement using the gold standard 

FSC=0.143 criterion from the half maps. Statistic details of the EMC EM maps are reported in Table 

2.1. 

 



 

 

50 
Model building and refinement 

An initial model for the nine-subunit EMC was generated by docking the EMC structure in a lipid 

nanodisc (PDB: 6WW7) (Pleiner et al., 2020) into the cryo-EM density using UCSF Chimera 

(Pettersen et al., 2004) followed by an initial round of refinement using Phenix (Liebschner et al., 

2019). Next, for the not well-ordered TMDs of EMC4 and 7 high-confidence subcomplexes EMC3 

(residues 5-42 and 101-209), EMC4 (59- 155), EMC6 (12-end), and EMC7 (155-178) were generated 

using AlphaFold2-Multimer ColabFold (AlphaFold2_advanced.ipynb) (Mirdita et al., 2022) and then 

rigid body fitted into the densities. Finally, all models were combined and further manual refinement 

was conducted in COOT (Casañal et al., 2019; Emsley et al., 2010). Next, lipids, N-glycans and 

disulfide bond pairs were added where justified by both the EM density and its chemical environment. 

Finally, the final model was refined against the 9-subunit map using phenix.real_space_refine. 

Although we could successfully model a backbone through the contiguous density of the TMDs of 

EMC4 and 7, we could not unambiguously assign its registry and therefore these TDMs were assigned 

as poly-Ala/Gly in the final model. Statistic details of the EMC model are reported in Table 2.1. 

Figures were made using PyMol (Schrödinger LLC) and UCSF ChimeraX. 

Online supplemental material 

Figure S2.1 shows crosslinking and in cell reporter assay data in support of defining the hydrophilic 

vestibule as the insertase side of the EMC. Figure S2.2 shows an overview of the cryo-EM data 

processing pipeline. Figure S2.3 shows the updated atomic model of the EMC, as well as biochemical 

data characterizing the peripheral subunits EMC4, 7 and 10. Figure S2.4 shows in cell reporter assay 

and crosslinking data that demonstrate substrate capture by the cytosolic loops of EMC3 and 7. Figure 

S2.5 shows data demonstrating that intramembrane residues in EMC4 do not contribute significantly 

to TA protein insertion, as well as data highlighting the cooperative effect of mitochondrial insertase 

MTCH2 and the EMC selectivity filter in mitochondrial TA protein sorting. Table 2.1 lists cryo-EM 

data collection, refinement, and validation statistics. 

Data availability 

The data reported in this work are available in the published article and its online supplemental 

material. The atomic coordinates and cryo-EM maps have been deposited and openly available in the 

Protein Data Bank under accession code PDB 8S9S and in the Electron Microscopy Data Bank under 
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accession codes EMDB-40245 (nine-subunit map), EMDB-40246 (consensus map), and EMDB-

40247 (eight-subunit map). 
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2.6 Supplementary Material 

 

Figure S2.1. Defining the hydrophilic vestibule as the insertase-competent side. 

(A) Schematic depiction of the site-specific photocrosslinking approach. The 35S-methionine labeled 

TA protein substrate Sec61β, with a BpA photocrosslinker incorporated into its TMD, was produced 
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as a complex with calmodulin (CaM) in the PURE in vitro translation system. It was then incubated 

with EMC solubilized and purified in the detergent LMNG. Except for the -UV controls, all reactions 

were irradiated with UV light after substrate release from CaM with EGTA and then analyzed by 

SDS-PAGE and autoradiography. Crosslinks to EMC3 and EMC4 were identified by 

immunoprecipitation (IP) with anti-EMC3 and -EMC4 antibodies. The asterisk indicates the 

crosslinked TA protein dimer band. (B) Coomassie stained SDS-PAGE gel of the disulfide 

crosslinking experiments with purified EMC shown in Figure 2.2B before analysis via 

autoradiography. The gel shows that equal amounts of EMC were used in the different crosslinking 

reactions. (C) Disulfide crosslinking with purified EMC as in Figure 2.2B, but with cysteines 

positioned around a turn of the SQS TMD, showing that the observed crosslinking bias to residues 

on the hydrophilic vestibule (in blue) is independent of cysteine position. All crosslinking reactions 

were performed in parallel, and gels were exposed to the same film. (D) Purified EMC complexes 

containing the unnatural amino acid and photocrosslinker Abk incorporated into EMC3 at the 

indicated positions were mixed with SQS(WT)-CaM complexes prepared in the PURE system and 

irradiated with UV light after substrate release from CaM with EGTA. Samples were analyzed by 

SDS-PAGE and autoradiography. (E) Insertion activity of human ER-derived microsomes (hRMs) 

prepared from EMC3 WT or Cys mutant cell lines. Two well-characterized EMC substrates, SQS 

and TMD1 of the β-adrenergic receptor 1 (βADR1) (Chitwood et al., 2018; Guna et al., 2018), were 

translated in rabbit reticulocyte lysate in the presence of the indicated hRMs. Successful ER insertion 

results in the glycosylation (glyc) of the fused opsin tag. Canine pancreatic rough microsomes (cRMs) 

were used as a control. (F) HEK293 cells stably expressing RFP-SQS or -VAMP2 and cytosolic GFP 

as a normalization control were transduced with lentivirus to express the indicated mutants of EMC3, 

5 and 6 in the hydrophobic crevice. The RFP:GFP ratio for each mutant was determined using flow 

cytometry and is plotted as a histogram. (G) Side-view of the membrane-spanning region of the EMC, 

focusing on the large cleft-like hydrophobic crevice. Residues on EMC3, 5 and 6 that were mutated 

in (F) line the cleft and are highlighted. (H) Incorporation of EMC subunit mutants into intact EMCs. 

A fraction of cells from (F) were harvested, solubilized, and subjected to anti-HA or anti-FLAG 

immunoprecipitation. Co-purification with the soluble subunit EMC2 indicates successful 

incorporation of WT and mutant EMC3, 5 and 6 variants, suggesting that all of the mutant subunits 

are assembled into the mature EMC. 
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Figure S2.2. Classification and refinement procedure of an improved model of the human 

EMC. 
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(A) A representative micrograph with several particles highlighted with yellow circles. Scale bar 

= 75 nm. (B) Representative 2D class averages generated during data processing. Scale bar = 5 nm. 

The number of particles for each class and its resolution are indicated. (C) Flowchart highlighting the 

data processing pipeline used to obtain an improved structure of the EMC. The 3D Variability 

Analysis (3DVA) enabled the exploration of the heterogeneity of the sample and allowed to parse out 

a subset of particles that lack the subunit EMC10, which provided unique insights into the placement 

of EMC10’s TMD. Particles with all nine subunits, or those missing EMC10 (dashed boxes) were 

combined separately. Particles with poorly-defined or low-resolution features were discarded (see 

Methods). (D) Final EM density maps colored by local resolution in Å. For clarity a dust filter was 

applied in ChimeraX. (E) Gold-standard Fourier Shell Correlation (FSC) curves for the consensus, 

9- and 8-subunit complex maps generated by cryoSPARC V4.0. 
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Figure S2.3. Architecture of the insertase-competent region of the EMC.  

(A) Updated model of the EMC, with views of the hydrophilic vestibule (left) and hydrophobic 

crevice side (right). (B) Low-pass filtered maps (5.5 Å) generated using volume tools in cryoSPARC 

V4.0. (Left) 9-subunit EMC complex map colored by the EMC subunits with the atomic model 

displayed as a superimposed cartoon. The EM density for the detergent micelle is displayed in gray. 

(Right) 8-subunit EMC complex (ΔEMC10) map. Due to the inherently flexible nature of EMC10’s 

TMD we could not unambiguously model its TMD; however, comparing +/Δ ΕΜC10 maps gave 

insights into localization of its TMD because the ΔEMC10 map lacks additional density (colored in 
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brown) enclosing the hydrophilic vestibule of the EMC. (C) Updated schematic of the topology of 

all nine EMC subunits. EMC8 and 9 are mutually exclusive paralogs. (D) EMC7 and EMC10 span 

the membrane. 35S-methionine labeled EMC7 (top) or EMC10 (bottom) carrying an N-terminal signal 

sequence (ss) and 1xHA tag, as well as a C-terminal 3xFLAG tag were in vitro translated in rabbit 

reticulocyte lysate supplemented with canine pancreatic rough microsomes (cRMs). Nascent chains 

were released from the ribosome with puromycin, and non-incorporated as well as cytosolically 

accessible proteins were digested with proteinase K (PK) in the presence or absence of Triton X-100 

to solubilize the cRM membrane. The resulting protease protected fragments were subjected to 

denaturing anti-HA and anti-FLAG immunoprecipitations (IP). Note that only the N-terminal HA 

tags of EMC7 and EMC10 were protected (PF = protected fragment) from PK digestion, whereas the 

C-terminal 3xFLAG was PK-accessible, indicating a type I, single-spanning topology for both 

subunits. (E) EMC4 and EMC7, but not EMC10 are required for SQS biogenesis in human cells. WT 

or EMC4/7/10 KO HEK293 cells were transduced with lentivirus to express RFP-SQS or -VAMP2. 

The relative level of the RFP-fused TA protein to an internal GFP expression control was measured 

via flow cytometry and plotted as a histogram. (F) Purification of EMC complexes from HEK293 

cells stably expressing GFP-EMC2 (WT), with or without additional knockout of EMC4, 7 or 10. 

Samples of total lysate and elution following an IP via GFP-EMC2 were analyzed by SDS-PAGE 

and western blotting with the indicated antibodies. 
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Figure S2.4. Substrate capture by EMC3’s hydrophobic loop 2 and EMC7’s hydrophobic 

helix H2. 

(A) HEK293 cells stably expressing RFP-SQS or -VAMP2 and cytosolic GFP as a normalization 

control were transduced with lentivirus to express the indicated EMC3 loop 2 mutants, along with 

BFP as a transduction marker. For each mutant, the RFP:GFP ratio of BFP-positive cells was derived 

via flow cytometry and is plotted as a histogram. ML2 refers to all four methionines in loop 2. (B) 

The indicated EMC3 loop 2 mutants were introduced into HEK293 cells via lentiviral transduction. 

Cells were harvested, solubilized and subjected to anti-FLAG immunoprecipitation (IP). Eluates were 

analyzed by SDS-PAGE and western blotting with the indicated antibodies. (C) Alignment of EMC7 

C-terminus sequences from various eukaryotes using Clustal Omega (Sievers et al., 2011). Two 

conserved sequence stretches are predicted by secondary structure algorithms to form α-helices, 

termed H1 and H2. Residues mutated in (E) are highlighted in blue. AlphaFold 2 models of H1 and 

H2 are shown. H1 is methionine-rich and H2 is predicted to form an amphipathic α-helix. (D) As in 

Figure 2.3C, but with the indicated mutants of H1 or the lumenal linker (link) between the EMC7’s 

β-sandwich and TMD. MH1 refers to all four methionines in helix 1. KKR➝EEE denotes the 

combined mutation of K115E, K117E, and R119E. (E) Wild type (WT) or EMC7 KO HEK293 cells 

were transduced with lentivirus to express either BFP alone or BFP plus EMC7(WT) or the indicated 

mutants. 48 h after rescue construct transduction, cells were transduced with lentivirus expressing 

either RFP-SQS or -VAMP2, as well as a cytosolic GFP normalization control. The RFP:GFP ratio 

was determined by flow cytometry and is plotted as a histogram. Note that deletion of H2 strongly 

impaired SQS insertion in cells. Mutation of hydrophobic residues F213, M214 and F218 on H2 to 

either alanine or glutamate, but not leucine, similarly impaired SQS, but not VAMP2 biogenesis. (F) 

A BFP control, wild type EMC7 (WT), or the indicated mutants of EMC7 were introduced into EMC7 

KO HEK293 cells via lentiviral transduction. Cells were harvested, solubilized and subjected to anti-

ALFA immunoprecipitation. Eluates were analyzed by SDS-PAGE and western blotting with 

antibodies against EMC2 and 7. (G) Purified EMC complexes containing either WT EMC7 or EMC7 

with cysteines in H1 (R191C) or H2 (M214C) were incubated with purified CaM-SQS complexes 

with or without a TMD. The cysteine was placed either in the TMD (L401C) or the soluble linker 

(F58C), for the WT and ΔTMD SQS constructs, respectively. Disulfide crosslinking was carried out 

as in Figure 2.2B. (H) Coomassie stained SDS-PAGE gel of the disulfide crosslinking experiment 

shown in Figure 2.3D before analysis via autoradiography. The gel shows that equal amounts of EMC 

were used in the different crosslinking reactions. (I) Purified wildtype (WT) or EMC3 Cys mutant 
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EMC were incubated with purified CaM-SQS(L401C) complexes with wildtype (WT) or 

positively charged (+4) CTD. Disulfide crosslinking and analysis were carried out as above. 
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Figure S2.5. Biophysical properties of the hydrophilic vestibule. 
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(A) View of the insertase-competent side of the EMC. EMC7 and 10 were omitted for clarity. 

Residues of EMC4 mutated in (B) are highlighted. R31 and R180 of EMC3 are shown as blue sticks 

for reference. (B) HEK293 cells stably expressing RFP-SQS and cytosolic GFP as a normalization 

control were transduced with the indicated mutants of EMC4, along with BFP as a transduction 

marker. The RFP:GFP ratio of BFP-positive cells for each mutant was derived via flow cytometry 

and is plotted as a histogram. (C) The indicated EMC4 mutants from Figure 2.3D and (B) were 

introduced into HEK293 cells via lentiviral transduction. Cells were harvested, solubilized, and 

subjected to anti-ALFA immunoprecipitation (IP). Eluates were analyzed by SDS-PAGE and 

Western blotting with antibodies against EMC2 and 4. (D) The N-terminus of EMC4 is required for 

TA protein biogenesis in cells. HEK293 WT or EMC4 KO cells were transduced with lentivirus to 

express either BFP alone or BFP plus EMC4(WT) or a ΔNT mutant (residues 57-end). 48 h after 

rescue construct transduction, cells were transduced with lentivirus expressing RFP-SQS, as well as 

a cytosolic GFP normalization control. The RFP:GFP ratio of BFP-positive cells was derived via flow 

cytometry and is plotted as a histogram. (E) A portion of the cells from (D) was harvested, solubilized 

and subjected to purification of EMC4 variants via their N-terminal ALFA tag using the ALFA 

nanobody. The eluate was analyzed by SDS-PAGE and Western blotting with HRP-coupled ALFA 

nanobody or the indicated antibodies. (F) HEK293 cells stably expressing RFP-SQS or -VAMP2 and 

cytosolic GFP as a normalization control were transduced with lentivirus to express the indicated 

mutants of EMC3, as well as BFP. The RFP:GFP ratio of BFP-positive cells for each mutant was 

derived via flow cytometry and is plotted as a histogram. (G) A portion of the cells from (F) was 

harvested, solubilized, and subjected to purification of EMC3 variants via their C-terminal 3xFLAG 

tag. Incorporation of the single mutants was described before (Pleiner et al., 2020). (H) Expi293 

suspension cells stably expressing EMC3-GFP WT or R31E+R180E were solubilized and subjected 

to anti-GFP nanobody purification. The eluate was normalized by GFP fluorescence and analyzed by 

SDS-PAGE followed by Sypro Ruby staining. Note that both EMC3 WT and R31E+R180E mutant 

incorporate into EMCs with similar efficiency as they co-purify with all other EMC subunits. (I) 

Same assay as in Figure 2.7A but in cells transduced with either a non-targeting (control) or MTCH2 

knockdown single guide RNA (sgRNA). (J) Same assay as in Figure 2.7D measuring the ER insertion 

of GFP11-TRAM2, but showing only WT EMC3 -/+ p97 inhibitor CD-5083. 
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Table S2.1. Cryo-EM data collection, refinement, and validation statistics. 
 

 Consensus  
(EMDB-40246) 

 

Nine-subunit 
(EMDB-40245) 

(PDB 8S9S) 

Eight-subunit 
(EMDB-40247) 

 

Data collection and processing    
Microscope 
Voltage (kV) 

FEI Titan Krios 
300 

  

Camera Gatan K3   
Magnification  105,000   
Defocus range (μm) -1.0 to -3.0   
Pixel size (Å/pix) 0.416   
Electron exposure (e–/Å2) 60   
Number of frames per movie 40   
Dose Rate (e-/pix/s) 16.0   
Automation software SerialEM   
Number of micrographs 
Initial particle images (no.) 

11,822 
1,271,124 

  

Final particle images (no.) 193,900 156,706 37,194 
Local resolution range  3.0 – 7.0 3.0 – 7.0 3.5 – 8.0 
Map resolution range (Å, FSC=0.143) 3.5 3.6 3.9 
Refinement    
Software (phenix.real_space_refine) PHENIX 1.20.1-4487   
Initial model used (PDB code)  6WW7 + Alpha Fold  
Correlation coefficient (CCmask)  0.83  
Map sharpening B factor (Å2) -112 -103 -76 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
 

 
18,012 
2262 

7 NAG & 6 PCW 

 

B factors (Å2) 
    Protein 
    Ligand 

 
 

 
106 
102 

 

R.M.S deviations 
    Bond lengths (Å) (# > 4σ) 
    Bond angles (°) (# > 4σ) 

  
0.003 
0.612 

 

Validation    
    MolProbity score 
    Clashscore 
    Poor rotamers (%) 
    Cß deviations (%) 

 1.92 
12.13 
0.27 
0.00 

 

CaBLAM outliers (%)  1.60  
    
 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

  
95.29 
4.71 
0.00 
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C h a p t e r  3  

MONITORING ALPHA-HELICAL MEMBRANE PROTEIN INSERTION INTO 
THE OUTER MITOCHONDRIAL MEMBRANE IN MAMMALIAN CELLS 

The following chapter is adapted from Hazu et al., 2024 and modified according to the Caltech 

Thesis format. 

Hazu, M., Guna, A., Stevens, T.A., Voorhees, R.M., (2024) “Monitoring alpha-helical membrane 

protein insertion into the outer mitochondrial membrane in mammalian cells” Methods in 

Enzymology, 707, 63-99; doi: 10.1016/bs.mie.2024.07.054 

 

3.1 Abstract 

Mitochondrial function is dependent on the correct localization and insertion of membrane proteins 

into the outer mitochondrial membrane (OM). In mammals, the OM contains ∼150 proteins, the 

majority of which contain α-helical transmembrane domains. This family of α-helical proteins has 

significantly expanded in metazoans and has evolved to mediate critical signaling and regulatory 

processes including mitochondrial fusion and fission, mitophagy, apoptosis, and aspects of the innate 

immune response. Recently, the conserved OM protein MTCH2 has been identified as an insertase 

for α-helical proteins in human mitochondria. However, our understanding of the targeting, insertion, 

folding and quality control of α-helical OM proteins remains incomplete. Here we highlight three 

methods to monitor α-helical protein insertion both in human cells and in vitro. First, we describe a 

versatile split fluorescent reporter system that can be used to monitor the insertion of α-helical 

proteins into the OM in human cells. Second, we delineate a streamlined approach to isolating 

functional, insertion competent mitochondria from human cells that are compatible with in vitro 

import assays. Finally, we explain in detail how to reconstitute the insertion of α-helical proteins in a 

minimal system, by creating functional proteoliposomes containing purified MTCH2. Together these 

tools represent an integrated platform to enable the detailed mechanistic analysis of biogenesis of the 

diverse and physiologically essential α-helical OM proteome. 
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3.2 Introduction 

Mitochondria have evolved to play central roles in metabolism, cellular stress, homeostasis, and 

signalling (Friedman and Nunnari, 2014, Nunnari and Suomalainen, 2012). In order to support these 

functions, the double-membrane bound mitochondria depend on an extremely diverse class of 

proteins, which are distributed among four sub-compartments: the outer membrane (OM), 

intermembrane space (IMS), inner membrane (IM), and the matrix (Morgenstern et al., 2017, 

Pagliarini et al., 2008). The vast majority of mitochondrial proteins are encoded in the cell nucleus, 

with the exception of a small number of highly hydrophobic subunits of the electron transport chain 

(Anderson et al., 1981). Nuclear encoded mitochondrial proteins are therefore translated on cytosolic 

ribosomes and must be subsequently targeted and imported into the correct compartment (Becker et 

al., 2019, Busch et al., 2023, Neupert and Herrmann, 2007, Pfanner et al., 2019, Richter-Dennerlein 

et al., 2015). 

This biogenesis process is particularly important for the proteins in the OM, which are responsible 

for all communication between the mitochondria and the rest of the eukaryotic cell. The OM contains 

two major classes of membrane proteins, β-barrel and α-helical, which rely on distinct biogenesis 

machinery for integration into the bilayer. β-barrel proteins, which would have been present in the 

mitochondria’s bacterial predecessor (Gray et al., 1999, Timmis et al., 2004), rely on a two-step 

process: translocation into the IMS via the translocase of the OM (TOM) and subsequent insertion 

into the OM by the sorting and assembly machinery (SAM) complex (Busch et al., 2023, Dukanovic 

and Rapaport, 2011, Höhr et al., 2015, Kutik et al., 2008, Takeda et al., 2021). By contrast, how α-

helical proteins, which would not have been found in the ancestral endosymbiont, are inserted into 

the OM remains incompletely understood, particularly in mammals. 

α-helical proteins are biophysically defined by the presence of one or more transmembrane domains 

that must be embedded within the bilayer. Foundational work performed in yeast has delineated the 

fundamental principles of α-helical protein integration into mitochondria (Becker et al., 2011, Doan 

et al., 2020, Krüger et al., 2017, Vitali et al., 2020). Additionally, functional analogues of α-helical 

membrane protein insertion machinery have been identified in trypanosomes (Vitali et al., 2018). 

However, in metazoans the increasingly multi-functional role of mitochondria led to the expansion 

of the α-helical OM proteome (Gabaldón and Huynen, 2004, Gabaldón and Huynen, 2007). In 

metazoans, this family of proteins regulate key aspects of apoptosis, innate immunity, and 

mitochondrial dynamics (Ravagnan et al., 2002, Saotome et al., 2008, Seth et al., 2005, Yoon et al., 
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2003). Because of their essential roles, the mammalian cell has evolved specialized machinery 

responsible for the biogenesis and maintenance α-helical OM proteins. 

Recently, MTCH2 was shown to be a central player in the insertion of a suite of α-helical OM proteins 

in mammalian cells (Guna et al., 2022). MTCH2 was identified through a genetic screen focused on 

identifying factors required for biogenesis of mitochondrial tail-anchored (TA) proteins. TA proteins 

are a functionally important subset of OM proteins, defined by the presence of a single C-terminal 

transmembrane domain. Using a series of in vivo and in vitro assays, MTCH2 was rigorously 

established as a bona fide protein insertase as it is (i) necessary for the biogenesis of TA proteins in 

cells, (ii) required for insertion into isolated mitochondria in vitro, (iii) physically associates with 

TAs, and (iv) is sufficient for insertion in a purified reconstituted system. Proteomic analysis of 

MTCH2 depleted cells showed that other classes of proteins were also affected, including signal-

anchored proteins (defined by an N-terminal transmembrane domain and flanking regions serving as 

sorting signals and anchors to the membrane) and multipass proteins. The discovery of MTCH2 

highlights the many aspects of the biogenesis and quality control of the OM proteome that remain 

incompletely understood. 

In this chapter, we describe three methods to study both OM protein biogenesis and more specifically, 

the function of MTCH2. First, we outline strategies for monitoring insertion of OM proteins in cells 

using a split fluorescent reporter system suitable for imaging, genome-wide genetic screens, and flow 

cytometry-based reporter assays. We specifically focus on the construction and validation of cell 

lines, as well as subsequent design of a broad range of reporters. Second, we describe a protocol for 

monitoring OM protein insertion in vitro using purified mitochondria from human cells. Finally, we 

describe our method for generating a purified reconstituted system for OM protein insertion using 

minimal components, including how to integrate the OM insertase MTCH2 into functional 

proteoliposomes. 

3.3 Experimental procedures 

3.3.1 Tools to visualize outer membrane protein biogenesis in cells 

Experimental Design and General Considerations 

Studying α-helical OM proteins in mammalian cells, particularly using a fluorescent readout, requires 

a series of considerations. First, a subset of α-helical proteins are known to integrate into the 
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endoplasmic reticulum (ER) and/or peroxisomes, because roughly 15% of the mitochondrial 

proteome is dual localized (Dinur-Mills et al., 2008, Yogev and Pines, 2011). Overexpression of 

mitochondrial OM proteins can further exacerbate this problem, leading to non-physiological 

mislocalization to other organelles and/or aggregation and thereby persistence in the cytosol (Guna 

et al., 2022). Because of these issues, a simple GFP fusion cannot be used to specifically study the 

population of an OM protein that is correctly localized to the mitochondria. Further, fusion of a 

globular fluorescent tag to many α-helical proteins can perturb their targeting and localization in cells. 

Therefore, to specifically query the population of α-helical proteins correctly inserted into the 

mitochondrial OM, we exploited a split fluorescent reporter system adapted from work from Le 

Vasseur et al., 2021. Here, the first ten β-strands of GFP (GFP1-10) are constitutively expressed in 

the IMS of the mitochondria and the final complementary β-strand (GFP11) is fused to the substrate 

of interest. The GFP11 is a smaller tag that does not interfere with the insertion of many α-helical 

proteins. Successful integration of the protein into the OM in the correct topology will result in 

reconstitution of GFP in the IMS and therefore fluorescence (shown as a schematic in Figure 3.1A). 

This strategy allows monitoring of α-helical insertion by microscopy or flow cytometry, enabling 

imaging, genetic, and cell biological experiments. 

Cell line generation 

Central to this strategy is the specific expression of GFP1-10 at high fidelity in the IMS in the cell 

line of interest. This is achieved by fusion of a canonical mitochondrial targeting sequence to the N-

terminus of the first ten strands of GFP. Some general considerations when designing this cell line 

are as follows.  

1. Targeting sequence: Though multiple targeting sequences can be used, we have tested those 

from MICU1 (residues 1-60) (Le Vasseur et al., 2021) and LACTB (residues 1-68) (Hung et al., 

2014), which both result in efficient and specific targeting to the IMS.  

2. Expression level: When generating the constitutive GFP1-10 cell line, it is critical to titrate the 

level of GFP1-10 to minimize cellular toxicity, which we’ve found can result when GFP1-10 

levels are too high. Conversely, it is important that enough GFP1-10 accumulates to ensure 

efficient fluorescence upon integration of the GFP11 containing substrate. We recommend the 

generation of a monoclonal, homogenous cell line which can be expanded for downstream 



 

 

69 
experiments. This allows changes to resulting GFP fluorescence levels to be ascribed to 

reporter expression, rather than variability in GFP1-10 levels. 

3. Cell type: We have had success generating compartment specific GFP1-10 cell lines in many 

backgrounds including K562s, HEK293Ts, U2OS, and RPE1s. Cellular background should 

therefore be selected depending on the intended downstream application and phenotype to be 

studied. For example, adherent cells may be more appropriate for imaging applications while 

many suspension cell lines can easily be expanded to the large number of cells required for 

genome-wide screening or other flow cytometry-based applications.  

4. Fluorescent system: Although we will specifically describe use of the GFP1-10 system, both 

mCherry and mNeonGreen have been successfully used for other split-fluorescence applications 

(Feng et al., 2019, Tamura et al., 2021). Each fluorescent protein may have particular advantages 

depending on the intended downstream application, such as decreased background fluorescence 

and differential stability (Feng et al., 2017). Such considerations may be important when 

visualizing more subtle phenotypes. However, the toxicity of expressing an alternative 

fluorescent protein in the IMS must be empirically determined.  

5. Cellular compartment: Finally, while OM protein integration is most easily monitored by 

fluorescence in the IMS, we have found that GFP1-10 expression is compatible with diverse 

compartments including the ER lumen (Inglis, Page, Guna, & Voorhees, 2020), mitochondrial 

matrix, peroxisome, and nucleus. An analogous strategy can therefore be flexibly leveraged for 

experiments in diverse cellular compartments.    

Substrate reporter design  

Once a suitable cell line has been generated, assaying mitochondrial protein insertion relies on the 

successful fusion of the 11th complementary β-strand of GFP (GFP11) to the protein of interest. 

When designing constructs, the following considerations should be made.  

1. Topology: The GFP11 must be fused to a region of the substrate that is exposed to the IMS upon 

insertion into the OM. In general, we have used either the N or C-terminus, and testing of both 

termini can also be used to empirically determine protein topology. It may also be possible to 

include GFP11 in an internal soluble loop, provided sufficient flexibility can prevent steric 

inhibition of complementation, see point below.  

2. Fusion considerations: We have empirically found that sufficient flexibility is required for 

efficient binding and complementation between GFP1-10 and GFP11. If the GFP11 sequence is 
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appended too close to a transmembrane domain (and therefore will be localized immediately 

adjacent to the bilayer), or if the soluble domain of the substrate contains rigid structural 

elements, this may impede complementation. At the same time, addition of a very long linker 

can alter mitochondrial targeting, translocation, and/or insertion. Therefore, in most cases we 

have utilized a 10 amino acid flexible linker between the transmembrane domain and GFP11, 

which generally allows complementation without impacting protein biogenesis. When the 

endogenous sequence flanking the transmembrane domain is less than 10 amino acids, a glycine 

and serine linker is added to extend the GFP11 a minimum of 10 amino acids away from the 

membrane.  

3. Normalization: For many flow cytometry-based assays, including genetic screens, it may be 

useful to include an expression normalization marker in the reporter design. When testing 

cellular perturbations, such as knockdown or knockout of putative biogenesis factors, this 

permits discrimination of generalized effects on mRNA transcription and protein translation, 

from changes in targeting, integration, and stability of the mitochondrial substrate. In many cases 

we have relied on expression of both our GFP11-fused substrate and a second fluorescent protein 

(e.g. mCherry), separated by the viral 2A skipping sequence from a single open reading frame 

(Figure 3.1A). The ratio of GFP to mCherry fluorescence provides a normalized read out of the 

post-translational stability of the reporter substrate, which depends on targeting and integration 

into the mitochondrial OM (Pleiner et al., 2023, Yanagitani et al., 2017). For imaging-based 

applications however, expression of the substrate alone may be sufficient. 

Generating a cell line expressing GFP1-10 in the IMS 

Cell line generation involves two steps: stable expression of GFP1-10 preceded by either the MICU1 

or LACTB1 targeting sequence, followed by confirmation of GFP1-10 integration by transient 

introduction of a GFP11 containing construct in the IMS. Depending on the cell type of interest, 

constitutive expression of GFP1-10 can be achieved through several strategies, including stable 

integration using a recombination-based strategy, such as the Flp-In system, or lentiviral transduction. 

Lentivirus is our method of choice for most applications because it allows easy titration by varying 

the multiplicity of infection (MOI), and results in rapid and stable expression in a variety of cell types. 

Because GFP1-10 itself cannot be directly visualized, to estimate the lentiviral titer of the GFP1-10, 

one can in parallel generate lentivirus and transduce with constructs expressing intact GFP. 
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Experimentally, we have found that generating monoclonal lines from an MOI that results in 60% 

- 80% GFP positive cells has the best outcomes. 

Next, the GFP1-10 transduced cells must be identified by transient transfection of a substrate that 

positions GFP11 in the IMS, such that the resulting GFP fluorescence can be used for FACS. For this 

second step, the majority of cell lines are compatible with standard lipid-based transfection methods. 

However, many suspension cells like K562s require nucleofection for transient reporter expression, 

which we describe here. We recommend using this strategy to generate a monoclonal, homogenous 

cell line which can be expanded for downstream experiments. 

Materials and Equipment 

General 

• K562 cells (human lymphoblast cells ATCC, USA; cat. no. CCL-243)  

• HyClone Roswell Park Memorial Institute (RPMI)-1640 medium with HEPES, L-glutamine 

(Cytiva, USA; cat. no. SH30255.01) 

• HyClone fetal bovine serum (FBS) (Cytiva, USA; cat. no. SH30071.03) 

• Penicillin-Streptomycin (100x) (Millipore-Sigma, USA; cat. no. P4333-20 mL) 

• Gibco Dulbecco’s phosphate-buffered saline (DPBS), no calcium, no magnesium (Thermo Fisher 

Scientific, USA; cat. no. 14190136) 

• Tissue culture incubator (Thermo Fisher Scientific, USA; model Heracell 240i CO2 incubator) 

• Automated Cell Counter (Thermo Fisher Scientific, USA; model Countess II) 

• Cell counting slides (Bulldog-bio, USA; cat. no. DHC-N01) 

• Water bath (Julabo, USA; model PURA 22) - set at 37 °C 

• 24-Well Cell Culture Plate (Genesee Scientific, USA; cat. no. 25-107) 

• 24-Well Cell Culture Plate (Genesee Scientific, USA; cat. no. 25-107) 

• 15 mL centrifuge tube, sterile (Fisher Scientific, USA; cat. no. 05-539-12) 

• 1.7 mL microcentrifuge tubes (VWR, USA; cat. no. 87003-294) - autoclaved 

Lentiviral spinfection 

• Benchtop Centrifuge (Eppendorf, USA; model Centrifuge 5810R with A-4-81 rotor) 

• MTP/Flex buckets (adaptors for plates) (Eppendorf, USA; cat. no. 022638866) 

• Polybrene Transfection Reagent (10 mg/mL) (Millipore-Sigma, USA; cat. no. TR-1003-G) 
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• Lentivirus (EF1α_MICU1(1-60)-GFP1-10 and/or EF1α_LACTB(1-68)-GFP1-10) 

• Lentivirus (EF1α_MICU1(1-60)-GFP and/or EF1α_LACTB(1-68)-GFP) 

Nucleofection 

• Amaxa Nucleofector 96-well Shuttle System (Lonza, USA) 

• 4D-Nucleofector Core Unit (Lonza, USA; cat. no. AAF-1003B) 

• 4D-Nucleofector 96-well Unit (Lonza, USA; cat. no. AAF-1003S) 

• SF Cell Line 96-well Nucleofector Kit (Lonza, USA; cat. no. V4SC-2096) 

• Plasmid (Ef1α_mCherry-P2A-MICU1(1-60)-GFP11) 

Cell sorting 

• Cell Sorter (Sony Biotechnology, USA; model SH800S) 

• FlowTubes with strainer cap (VWR, USA; cat. no. 76449-658) 

Step-by-Step Methods 

Maintain freshly thawed K562 cells in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL 

Penicillin, and 100 µg/mL Streptomycin. Healthy cells have a doubling time of roughly 24 h and are 

therefore split 1:4 every 48 h to maintain them between 0.25 and 1.00 × 106 cells/mL. Cells are grown 

in a humidified incubator at 37 °C and 5% CO2. 

Day 1: Start lentivirus titration of MICU1(1–60)-GFP1-10 and/or LACTB(1−68)-GFP1–10 and 

MICU1(1−60)-GFP and/or LACTB(1−68)-GFP. 

Enhanced BSL2 biosafety level precautions must be taken when working with lentivirus. 

Here we outline an example spinfection protocol using four different lentiviral titers for both GFP1-

10 and GFP (as a proxy for GFP1-10 titer). Titration is intended to identify how much virus results 

in the ideal level of GFP1-10 in the transduced population, using the full GFP as a proxy. The titration 

volumes can be adjusted as needed. 

1. Pre-warm centrifuge capable of spinning tissue culture plates (6-well and 24-well) to 30°C - 

32°C. 

2. Resuspend stock K562 cells by gentle pipetting and determine cell count. 
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3. For a lentiviral spinfection in 24-well plates: 0.25 × 106 cells, 8 µg Polybrene, lentivirus, and 

RPMI medium are mixed in a total 1 mL of volume. 

4. Make a 9x master mix for lentiviral spinfection for a titration of 2x four lentiviral titers (both 

the intact GFP as a proxy for lentiviral titer, and GFP1-10 in parallel). 

• Add 7.2 µL 10 mg/mL Polybrene (final 8 µg/mL) to a 15 mL tube. 

• Add 2.25 × 106 cells to the polybrene (2.25 mL cells at 1 × 106 cells/mL). 

• Add RPMI medium to the cells bringing total volume to 5.4 mL (9 × 600 µL). 

• Mix by inverting the tube ~3 - 5 times. 

5. Aliquot 600 µL of master mix per well into eight wells in a 24-well cell culture plate. 

6. Thaw frozen lentivirus aliquots rapidly in a 37°C water bath.  

7. Add different volumes of each lentivirus (GFP1-10 and GFP) to each well, for a total volume 

of 1 mL in the well.  

• 100 µL lentivirus + 300 µL RPMI medium 

• 200 µL lentivirus + 200 µL RPMI medium 

• 300 µL lentivirus + 100 µL RPMI medium 

• 400 µL lentivirus 

8. Mix the wells by gentle pipetting with a P1000. 

9. Place the 24-well cell culture plate into centrifuge taking care to use a second plate to balance. 

10. Centrifuge the plates at 1000 ×g for 2 h at 30°C. 

11. Once the spin is complete, resuspend each well by gently pipetting with a P1000.  

12. Place the cells in a humidified 37°C, 5% CO2 incubator. 

13. 48 h post-spinfection, check the transduction efficiency of the full GFP construct. Select the 

titer with a 60% - 80% GFP positive population. Keep the corresponding condition from the 

resulting GFP1-10 spinfection.  
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Day 2-4: Pre-nucleofection 

Roughly 48 h are required for the integration and expression of a construct following lentiviral 

infection. Therefore, transient expression of a GFP11 construct via nucleofection should occur at least 

48 h after transduction with GFP1-10. Select a construct which has been previously validated to result 

in GFP fluorescence upon integration into the OM or localization to the IMS. Realistically, only one 

sample is needed for each cell line once a population that is 60% - 80% positive is identified.  

14. Subculture spinfected K562 cells at a density of 0.5 × 106 cells/mL for 1-2 days before 

nucleofection. Higher cell densities may cause decreased nucleofection efficiency. 

Day 5: Nucleofection (SF Cell Line 96-well Nucleofector Kit) 

15. Start up the Nucleofector 96-well Shuttle Software (Device and Software). Verify device 

connection and upload experimental parameter file.  

16. Select the appropriate 96-well nucleofector program for K562 cells: FF-120 

17. Pre-warm a 24-well cell culture plate with 800 µL RPMI medium per well (one well per 

nucleofection sample) and place in the incubator. 

18. Prepare 1 µg plasmid DNA in a 1.5 mL tube. Use concentrated DNA to minimize volume. 

19. Prepare Nucleofector Solution master mix. Add 3.6 µL Supplement 1 to 16.4 µL SF Cell Line 

Nucleofector Solution per sample. 

20. Resuspend and count cells to determine cell density. 

21. Centrifuge 2 × 105 cells per nucleofection, at 300 × g for 5 min at room temperature. Remove 

the supernatant. 

22. Gently resuspend the cell pellet in 20 µL Nucleofector Solution. 

23. Transfer the cells into the 1.5 mL tube containing DNA and mix gently. 

24. Transfer the resuspended cells with DNA into the 96-well Nucleocuvette plate. 
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25. Gently tap the 96-well Nucleocuvette plate to make sure the sample covers the bottom of 

the well. 

26. Place the 96-well Nucleocuvette plate, with the lid closed, into the retainer of the 96-well 

Shuttle Device. Confirm the orientation of the plate. Well A1 must be in the upper left position. 

27. Start the nucleofection process by pressing the “Upload and start” button. 

28. After the run is complete, open the retainer in the Shuttle Device and carefully remove the 96-

well Nucleocuvette plate from the retainer.   

29. Transfer 100 µL of pre-warmed RPMI medium from the 24-well plate and mix the cells by 

gently pipetting up and down a few times. Transfer the total volume (120 µL) into the 24-well 

cell culture plate. This step should be done as quickly as possible, as the Nucleofection Solution 

is toxic. 

30. Incubate the cells in a humidified incubator at 37°C and 5% CO2. 

31. After 24 h, reporter expression should be clearly visible on a fluorescent microscope. If the 

transiently transfected reporter includes an expression marker such as mCherry, this should 

also be easily visualized in the cytosol.  

Day 8: FACS sorting of cells expression the IMS GFP1-10 

Nucleofection creates pores in the plasma membrane and is therefore often inherently toxic. Thus, 

cells will require at least 24 h of recovery post-nucleofection before further manipulation. Typically, 

we aim to sort individual cells 48–72 h post-nucleofection, which provides sufficient recovery time 

but limits dilution of the transiently transfected plasmid. 

32. Prepare 96-well cell culture plates with 200 µL of RPMI-1640 medium supplemented with 

20% FBS, 100 U/mL Penicillin, and 100 µg/mL Streptomycin.  

33. Harvest 1 × 106 cells of non-nucleofected and nucleofected K562 cells, at 300 × g for 5 min.  

34. Resuspend in 1 mL of DPBS supplemented with 20% FBS. Strain the resuspended cells 

through a strainer cap into a FACS tube. 
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35. Analyze non-nucleofected K562 cells first (we use a SONY SH800S, but other equivalent 

sorters can also be used). Adjust laser settings and gates for live and single cells. Finally, adjust 

laser settings and gates for background fluorescence of mCherry (if using) and GFP (resulting 

from complementation of GFP1-10 with IMS localized GFP11). 

36. Analyze nucleofected K562 cells. 60% - 80% of cells should show GFP fluorescence, based 

off of the titer you chose to move forward with. 

37. Sort single cells that express any GFP fluorescence (and mCherry if using) into the prepared 

96-well plates. GFP fluorescence intensity variation is an indicator of the number of plasmid 

copies that got in during nucleofection rather than number of copies of GFP1-10 in the cell. 

Sort 1000 cells into a single corner well on each plate sorted to ensure successful sorting and 

monitor cell growth. 

38. After the sort, check the 1000 cells well on each plate and confirm cells were sorted into the 

plate. Place plate into a humidified 37°C, 5% CO2 incubator. 

39. Allow the single cell clones to grow undisturbed for 2-3 weeks in a 96-well plate. As cells 

become confluent, expand into larger wells (48-well, 24-well, etc.). Pick 2-3 clones with the 

following properties. 

• Viability: Cell viability is ideally greater than 90%, similar to the wildtype K562 cells. 

Clones with low viability will not recover well and eventually die. 

• Growth: Cells should be doubling roughly every 24 h. Clones with longer doubling times 

are discarded. 

• Cell shape: Cell shape and size should be homogenous. There will always be some large 

and some small cells but these should not exceed 5% of the population. 

• GFP1-10: 100% of the cells should be expressing the GFP1-10 in the IMS. Confirm by 

expressing GFP11 in the IMS. 

Notes 

• The 1000 cells FACS sorted well also aids in finding the correct focal plane for visualizing sorted 

cells on the light microscope when screening for monoclonal colonies. 
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Split fluorescence reporter assay in human cells 

To study OM biogenesis, a substrate fused to GFP11 must be introduced into the expanded GFP1-10 

cell line that has been generated. As previously discussed, this can be achieved through several 

strategies, depending on the cell type of interest. Here, we outline a protocol for lentiviral transduction 

of an OM substrate fused to GFP11 along with a translation normalization marker, mCherry, into 

K562 cells. Prior to introduction of a reporter, GFP1-10 cells can be manipulated using either genetic 

perturbations (i.e. knockdown or knockout) or drug treatments before analysis by flow cytometry or 

FACS.   

Materials and Equipment 

General 

• K562 cells (stably expressing GFP1-10 in the IMS) (generated in above) 

• HyClone RPMI-1640 medium with HEPES, L-glutamine (Cytiva, USA; cat. no. SH30255.01) 

• HyClone fetal bovine serum (FBS) (Cytiva, USA; cat. no. SH30071.03) 

• Penicillin-Streptomycin (100x Pen) (Millipore-Sigma, USA; cat. no. P4333-20ML) 

• Tissue culture incubator (Thermo Fisher Scientific, USA; model Heracell 240i CO2 incubator) 

• Automated Cell Counter (Thermo Fisher Scientific, USA; model Countess II) 

• Cell counting slides (Bulldog-bio, USA; cat. no. DHC-N01) 

• Water bath (Julabo, USA; model PURA 22) – set at 37°C 

• 24-Well Cell Culture Plate (Genesee Scientific, USA; cat. no. 25-107) 

• 96-Well Cell Culture Plate (Genesee Scientific, USA; cat. no. 25-109) 

• 15 mL centrifuge tube, sterile (Fisher Scientific, USA; cat. no. 05-539-12) 

• 1.7 mL microcentrifuge tubes (VWR, USA; cat. no. 87003-294) - autoclaved 

Lentiviral spinfection 

• Benchtop Centrifuge (Eppendorf, USA; model Centrifuge 5810 R with A-4-81 rotor) 

• MTP/Flex buckets (adaptors for plates) (Eppendorf, USA; cat. no. 022638866) 

• Polybrene Transfection Reagent (10 mg/mL) (Millipore-Sigma, USA; cat. no. TR-1003-G) 

• Lentivirus (mCherry-P2A-reporter protein-GFP11) 
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Flow cytometer 

• Flow Cytometer (Thermo Fisher Scientific, USA; model Attune NxT Flow Cytometer) 

• Flow cytometry data analysis tool (FlowJo, USA; software FlowJo) 

Step-by-Step Methods 

Maintain freshly thawed K562 cells expressing GFP1-10 in the IMS in RPMI-1640 medium 

supplemented with 10% FBS, 100 U/mL Penicillin, and 100 µg/mL Streptomycin. GFP1-10 

expressing cells should be maintained as normal, typically displaying a doubling time of roughly 24 h 

and should be split 1:4 every 48 h to maintain a density between 0.25 and 1.00 × 106 cells/mL. Cells 

are grown in a humidified incubator at 37°C and 5% CO2. 

Day 1: Spinfection 

Enhanced BSL2 biosafety level precautions must be taken when working with lentivirus. 

This is an example protocol for testing 5 reporter constructs. 

1. Place tissue culture plate adaptor buckets into the centrifuge and pre-warm to 30 °C - 32 °C. 

2. Resuspend by gentle pipetting and count the density of the K562 cells. 

3. For a lentiviral spinfection in 24-well plates: 0.25 × 106 cells, 8 µg Polybrene, lentivirus, and 

RPMI medium are mixed in a total 1 mL volume. 

4. Make a 6x master mix for lentiviral spinfection. 

• Add 4.8 µL 10 mg/mL Polybrene (final 8 µg/mL) to a 15 mL tube. 

• Add 1.5 × 106 cells to the polybrene (1.5 mL cells at 1 × 106 cells/mL). 

• Add RPMI medium to the cells bringing total volume to 5.4 mL (6 × 900 µL). 

• Mix by inverting the tube ~3-5 times. 

17. Aliquot 900 µL of the master mix per well into 5 wells in a 24-well cell culture plate. 

18. Thaw frozen lentivirus aliquots rapidly in a water bath.  
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19. Add appropriate volumes of lentivirus for each reporter to each well, for a total volume of 

1 mL. The amount of lentivirus required will depend on the desired MOI, the lentiviral titer, 

and the goals of the experiment. Typically, we find that ranges between 25 and 200 µL is 

appropriate for many experiments, but this amount must be empirically determined for each 

lentiviral prep.  

20. Mix the wells by gently pipetting with a P1000.  

21. Place the 24-well cell culture plate onto the plate adaptor bucket and place inside the centrifuge. 

Make a balance plate with water and place in the centrifuge. 

22. Spin the plates at 1000 ×g for 2 h at 30°C. 

23. Once the spin is complete, resuspend each well by gently pipetting with a P1000.  

24. Place the cells in a humidified 37°C, 5% CO2 incubator overnight. 

25. Maintain the cells at a density of 0.5 × 106 cells/mL until analysis. 

Day 4: Analysis by flow cytometry (72 h post-spinfection) 

14. Transfer 1 mL of parental GFP1-10 expressing cells with no reporter into a 1.5 mL tube. 

15. Transfer cells transduced with reporters from the 24-well plate into 1.5 mL tubes.  

16. Analyze fluorescence directly on a cell analyzer. 

• K562 cells can be analyzed directly in RPMI medium on a flow cytometry machine. If 

preferred, the cells can be washed in DPBS and resuspended in DPBS prior to running 

through the machine. 

17. Use non-transduced cells to adjust lasers and gates for live cells, single cells, and background 

fluorescence.  

• Gating: Final gate should include all mCherry positive cells, which indicates successful 

reporter expression. 

18. Aim to collect 10,000-30,000 events in the final gate for downstream analysis. 
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19. Use a flow cytometry software package that allows for ratiometric analysis, such as FlowJo, 

to compare the GFP levels (indicative of reporter insertion into the OM) relative to mCherry 

levels (indicative of reporter expression). As described above, gate events for live cells, single 

cells, and the final reporter fluorescence gate. Visualize the final gate of cells expressing the 

reporter as a histogram, with the ratio of GFP to mCherry fluorescence. Depletion of a putative 

biogenesis factor, including MTCH2, would be expected to decrease the GFP:mCherry ratio. 

Conversely, depletion of potential quality control factors may stabilize the reporter and 

increase the GFP:mCherry fluorescence. 

• In FlowJo this is possible by deriving your own parameter. This can be found under the 

“Tools” tab and selecting “Derive parameter”. Here, you can create a new parameter 

“GFP:mCherry” and type out the formula using the “Insert reference” for the laser channels. 

Notes 

• The amount of reporter virus added is dependent on its quality. For many reporters, 100 µL of 

virus per 24-well is a recommended starting point, which typically results in over 90% mCherry 

positive cells. If lentivirus titer is poor, increased volumes can be added, or lentivirus can be 

concentrated as previously reported (Kohno et al., 2002, Lee and Lee, 2018). 

• 24-48 h are required for the integration and expression of a lentivirally transduced construct. If the 

goal of this assay is to determine changes to OM biogenesis or quality control following drug 

treatment or factor depletion, we recommend analyzing at a 72-hour time point. 

• If performing a genetic perturbation, reporter expression is recommended after the genetic 

perturbation. In instances where experimental conditions do not allow for a 48-72 h waiting period, 

reporters can be expressed from strong inducible promoters (e.g. EF1α) for shorter time periods.  

• Multicolor compensation is necessary when using some combination of fluorescent proteins. 
Compensation can be achieved using single color controls (i.e. mCherry, GFP alone) directly 
on the flow cytometer or computationally during data analysis using standard techniques. 
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3.3.2 In vitro insertion assay 

Experimental Design and General Considerations 

One critical caveat to monitoring OM protein biogenesis in cells is that the observed phenotype is a 

combination of protein expression, targeting, insertion, and protein stability. Therefore, the 

fluorescent reporter experiments described in Section 3.3.1 cannot directly pinpoint which step in the 

biogenesis process is affected by a particular perturbation. In contrast, in vitro experiments can be 

designed to mechanistically dissect a single biogenesis step (e.g. insertion) by utilizing isolated 

mitochondrial and cell free translation systems. 

Here we will describe a strategy for in vitro insertion into isolated human mitochondria relying on 

three central components. (1) A cell-free system to generate protein that allows incorporation of a 

radioactive label such as 35S-methionine. (2) A source of mitochondria that can be manipulated either 

genetically in cells or biochemically post isolation. Mitochondria can be isolated from diverse cell 

types including yeast and human cells (Mokranjac and Neupert, 2007, Murschall et al., 2021, 

Weckbecker and Herrmann, 2013). (3) Finally, an assay that reports on proper protein integration into 

the OM. 

Here we describe use of a mammalian translational extract purified from rabbit reticulocyte lysate, 

human mitochondria purified from human cells, and monitor insertion using a protease protection 

assay followed by affinity purification of the protected fragment using an affinity tag. The samples 

are finally analyzed by SDS-PAGE and proteins are visualized by autoradiography.  

Some general considerations when designing an in vitro import assay are below. 

1. Mitochondrial isolation: In some cases, it is possible to use semi-permeabilized cells as a 

source of mitochondria for in vitro insertion experiments. However, the mitochondrial OM is 

particularly sensitive to detergents, including digitonin that is commonly used for semi-

permeabilization. The resulting loss of integrity of the OM is therefore not compatible with 

assaying protein insertion by protease protection (Guna et al., 2022). Consequently, here we 

describe a procedure for isolating intact mitochondria from human cells. For most applications, 

particularly when assaying protein insertion, a mitochondrial enriched membrane fraction is 

sufficient. Depending on the substrate, the presence of contaminating ER, which can misinsert 

some mitochondrial OM proteins, may be problematic and can diminish or obscure 
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phenotypes. However, we have found that further purification (e.g. using a Percoll density 

gradient purification) results in a marked decrease in mitochondrial import efficiency.  

2. Cell type: Mitochondria can be isolated from a wide variety of cell types. Here, we describe a 

procedure utilizing K562 cells, a suspension cell line that is highly tractable to genetic 

manipulation (i.e. knockdowns, knockouts, or overexpression of desired protein targets). 

Generally, isolation of sufficient amounts of mitochondria for in vitro insertion assays is 

limited by the starting cell number, which may motivate the selection of particular cell types 

(i.e. suspension vs adherent).   

3. In vitro translation system: We describe an in vitro import assay that relies on the translation 

of substrates in a rabbit reticulocyte system which allows for the integration of 35S-methionine 

into the target substrates (Sharma, Mariappan, Appathurai, & Hegde, 2010). However, 

numerous commercially available systems can be used including the Rabbit Reticulocyte 

Lysate System (Promega, USA), TnT Quick Coupled Transcription/Translation System 

(Promega, USA), and 1-Step IVT System (Thermo Fisher Scientific, USA). Translation extract 

can also be derived from human cell lysates. It is important to ensure translation systems are 

compatible with mitochondrial source (i.e. mammalian with mammalian vs yeast with yeast, 

etc.). 

Important considerations for designing OM protein constructs for in vitro import assays.  

1. DNA template: Most in vitro translation systems rely on an in vitro transcription reaction to 

generate an mRNA template. DNA templates should therefore contain a 5′ SP6 or T7 promoter, 

a Kozak sequence, an open reading frame encoding your protein, and a 3′ stop codon. For 

mammalian cell free translation systems, incorporation of a 5′-methyl-guanosine cap typically 

increases mRNA yield and can be achieved as previously described (Sharma et al., 2010). 

2. Autoradiography: Assaying protein import by protease protection followed by 

autoradiography relies on the detection of a 35S-methionine containing protected fragment. 

Therefore, at least one methionine residue must be within either the transmembrane domain or 

the IMS-localized fragment of the protein. Ideal signal strength will result from the protection 

of at least two methionine residues. If a methionine residue is not present in the endogenous 

sequence, it can be added at a position that does not perturb the behavior of the protein. We 
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have found additional methionines are typically tolerated adjacent to the affinity tag, as 

described below.  

3. Affinity tags: In many cases, an additional affinity purification step following protease 

digestion can be useful to purify and enrich the protected fragment. This both confirms the 

identity and topology of the protected fragment and results in improved visualization by 

autoradiography. To do this, a short peptide tag is appended to the protein of interest on the 

terminus predicted to be localized to the IMS. When selecting a tag, it is important to be 

cognizant of the targeting sequence of the given substrate, and ensure the position, size, and 

charge of the chosen tag does not affect targeting or insertion. In general, we have found 6xHis 

tags to be well tolerated for many α-helical OM proteins. To empirically assess topology, or 

differentiate between insertion and translocation, distinct affinity tags can be fused to both the 

N and C-termini.  

4. Use of standardized cytosolic domains: For many α-helical membrane proteins, the cytosolic 

domain is dispensable for both targeting and insertion into the OM. When comparing across 

multiple substrates it can therefore be useful to rely on a standardized cytosolic domain fused 

to a transmembrane domain and its flanking regions. This strategy can be particularly useful 

for studying OM proteins with large soluble domains that may not be efficiently expressed in 

vitro. For many OM proteins, the small, inert domain from the villin headpiece has been well-

tolerated (Guna et al., 2022). 

Isolation of mitochondria 

Here, we describe the isolation of a highly enriched mitochondrial fraction by differential 

centrifugation from human cells. This is based on existing protocols from Richter-Dennerlein et al., 

2014, and has been adapted for K562 suspension cells. Despite co-purifying with some ER 

membrane, we find that this preparation results in highly active mitochondria suitable for most import 

assays. Further purification, such as centrifugation over a Percoll density gradient, results in 

significantly less active mitochondria. When using K562 cells, we expect a yield of roughly 500-

1000 µg enriched mitochondria from 500 × 106 cells. Each in vitro insertion reaction typically 

requires 15 ug of mitochondria, allowing preparations to be scaled accordingly. In order to maintain 

consistency between mitochondrial preps and the integrity of the membranes, we recommend not 

starting with less than 80 × 106 cells. For optimal activity, we recommend mitochondria to be used 
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immediately, and at most within 2-3 h of their isolation, during which they are stored exclusively 

on ice.  

Materials and Equipment 

• K562 cells (human lymphoblast cells ATCC, USA; cat. no. CCL-243) 

• Floor centrifuge (Thermo Fisher Scientific, USA; model Sorvall RC 6 + with Fiberlite F14-6 x 

250 y Fixed-Angle Rotor) 

• Benchtop Centrifuge (Eppendorf, USA; model Centrifuge 5810 R, S-4-104 rotor, 4 × 750 mL 

round buckets, 50 mL and 15 mL tube adaptors) 

• High-Speed Benchtop Centrifuge (Eppendorf, USA; model Centrifuge 5430 R with FA-45-48-

11 rotor) 

• Plate reader (BioTek, USA; model Synergy HT Microplate Reader) 

• 50 mL centrifuge tube, sterile (Fisher Scientific, USA; cat. no. 05-539-8) 

• 15 mL centrifuge tube, sterile (Fisher Scientific, USA; cat. no. 05-539-12) 

• 5 mL microcentrifuge tube, sterile (Eppendorf, Germany; cat. no. 0030119487) 

• 1.7 mL microcentrifuge tubes (VWR, USA; cat. no. 87003-294) 

• 1 mL Glass Dounce homogenizer with tight pestle (DWK, USA; cat. no. 357538) 

• 96-Well Cell Culture Plate (Genesee Scientific, USA; cat. no. 25-109) 

• Pierce Bradford Protein Assay Kit (Thermo Fisher Scientific, USA; cat. no. 23200) 

• Bovine Serum Albumin (BSA) (Millipore-Sigma, USA; cat. no. A2153-50G) 

• Phenylmethanesulfonyl fluoride (PMSF) (Millipore-Sigma, USA; cat. no. 78830-5G) 

• 2x Isolation Buffer (10 mM HEPES/KOH pH 7.5, 420 mM mannitol, 140 mM sucrose, 2 mM 

EDTA). Can be made in large batches and stored in 50 mL aliquots at -20°C. 

Step-by-Step Methods 

Here, we describe how to purify mitochondria from 400 × 106 K562 cells, which should result in 

roughly a 1 g cell pellet. Scale all buffers and volumes depending on starting cell pellet size. The 

activity of the mitochondria in import assays is dependent on their integrity, so great care must be 

taken to ensure all steps are performed at 4°C. Set all centrifuges to 4°C, and pre-chill all buffers, 

tubes, and tips. We recommend working in a cold room following step 7. 
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Preparations of fresh buffers 

1. 20 mL of Homogenization Buffer: Weigh out 3 mg PMSF and 40 mg BSA. Dissolve in 10 mL 

cold water. Vortex for 30–60 s to dissolve (note: PMSF will not fully dissolve). Add 10 mL of 

2x Isolation Buffer, and vortex to mix. Keep on ice. 

2. 10 mL of Isolation Buffer: Dilute the 2x Isolation Buffer 1:1 with cold Millipore water. Keep 

on ice. 

Cell Lysis 

1. Pre-chill a 1 mL glass Dounce homogenizer with a tight pestle on ice in the cold room. 

2. Harvest cells in a F14-6 x 250 y rotor at 300 xg for 5 min at 4°C. With culture volumes less 

than 100 mL of cells, split the cells into 50 mL tubes and pellet in benchtop centrifuge, with 

the same spin conditions. 

3. Gently decant cell media and resuspend the cell pellet in 10 mL cold Homogenization Buffer. 

Transfer the resuspended cells to a 15 mL tube that has been weighed in advance. 

4. Pellet the cells at 500 ×g for 5 min at 4°C in benchtop centrifuge. 

5. Aspirate the supernatant. Weigh and subtract the empty tube weight to determine cell pellet 

weight.  

6. Resuspend the cell pellet in 4 mL of cold Homogenization Buffer per gram. If the cell pellet 

weighs less than 0.5 g, resuspend in 2 mL.  

7. Incubate the resuspended cells on ice for 10 min. 

8. Transfer to the pre-chilled 1 mL glass Dounce homogenizer. Dounce slowly for 25 passes. 

Pause every 5 passes and pipette to resuspend the cells. 

• Number of passes should be determined empirically as it can vary between Dounce 

homogenizers and cell types. Refer to Notes below. 

 



 

 

86 
Differential centrifugation 

9. Transfer the lysed cells into a 15 mL tube, labeled tube A. Centrifuge at 1300 ×g for 5 min at 

4°C to pellet nuclei and unlysed cells. 

A schematic of the expected results is shown in Figure 3.2B. At the bottom you expect to see 

an opaque pellet of unlysed cells. In the middle is a translucent gel like layer of nuclei. On top 

is the supernatant containing mitochondria, ER, and cytoplasm.  

10. Transfer the supernatant to a clean, pre-chilled 15 mL tube, labeled tube B. Avoid transferring 

the nuclei layer. 

11. Add 1 mL Homogenization Buffer to tube A (which contains the remaining unlysed cells) and 

resuspend the pellet by pipetting with a P1000. The resuspension will become cloudy again. 

12. Centrifuge both tubes A and B at 1300 ×g for 5 min at 4°C, to recover as much supernatant as 

possible. 

In tube A, the supernatant should be more transparent, and it is easier to distinguish the junction 

between the supernatant and nuclei layer. In tube B, there will be a small pellet of nuclei that 

was not completely sedimented in the first spin. 

13. Transfer the supernatant from both tube A and B into a single clean, pre-chilled 5 mL tube (or 

15 mL tube if you have more than 4 mL). 

14. Centrifuge the pooled supernatant once more at 1300 ×g for 5 min at 4°C. There should only 

be a small pellet of nuclei and cell debris. 

15. Transfer the supernatant and distribute into multiple pre-chilled 1.5 mL tubes. 

16. Centrifuge the 1.5 mL tubes at 11,000 ×g for 10 min at 4°C in a benchtop centrifuge. There 

should be two layers in the pellet, a firm brown layer at the bottom and a soft white layer on 

top. The mitochondria are now in the pellet. 

17. Aspirate the supernatant in all tubes, with caution to not remove any of the loose pellet, 

including both the white and brown layers. Combine all pellets by resuspending in a total of 

1 mL Isolation Buffer and transfer to a single 1.5 mL tube. 
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18. Centrifuge at 11,000 ×g for 10 min at 4°C. 

19. Aspirate the supernatant including as much of the white layer as possible.  

20. Resuspend the firm brown mitochondria pellet in 1 mL Isolation Buffer. 

21. Centrifuge once more at 11,000 ×g for 10 min at 4°C. 

22. Gently aspirate the supernatant. 

23. Add 10 µL Isolation Buffer to the mitochondrial pellet. If the mitochondria pellet is less than 

30 µL, add 5 µL.  

24. Resuspend by repeatedly pipetting with a P20 attached to a P10 tip. Dislodge the pellet with 

the tip of the pipette tip. Once dislodged, pipette up and down ~100 times to ensure uniform 

resuspension. Avoid introducing bubbles.  

25. To measure the concentration of the resulting isolated mitochondria, mix 1 µL of resuspended 

mitochondria with 49 µL Isolation Buffer (1:50 dilution) in a new 1.5 mL tube and vortex. 

26. Measure the protein concentration of the 1:50 dilution using the Pierce Bradford Protein Assay 

kit and a microplate reader (following the microplate procedure to minimize sample required). 

Notes 

• Trace salts carried over from cell media and/or PBS will impact the lysis efficiency and 

consistency of the nuclei pellet. The best lysis efficiency is achieved when the cells are washed 

once in Homogenization Buffer before their final resuspension. 

• Avoid overlysing the cells, as it can result in mechanical damage to the mitochondrial OM. We 

typically assess lysis by visualization using a standard light microscope and aim for 80-90% lysis, 

estimated by the number of intact unlysed cells. 

• The efficiency of a particular Dounce homogenizer must be empirically tested. Choose one that is 

most efficient for cell lysis. Both too tight (resulting in a clear supernatant in step 9 with a large 

cell pellet) or too little lysis (a cloudy supernatant with no unlysed cells at the bottom) will affect 

mitochondrial integrity and subsequent activity.  
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• Mitochondria are extremely sensitive to heat. All steps should be performed at 4°C to avoid 

mitochondrial aggregation and subsequent difficulty in resuspension by pipetting.   

In vitro import assay 

Here, we describe how to assay the insertion of α-helical membrane proteins into isolated 

mitochondria by protease protection. The protein of interest is translated in rabbit reticulocyte lysate 

in the presence of 35S-methionine to allow for tracking by autoradiography following SDS-PAGE. 

We use an in-house transcription (T1) and translation (cT2) mix as previously described (Sharma et 

al., 2010). The DNA template is generated from an SP64 promoter containing plasmid or gene 

fragment coding for a His-tagged α-helical protein. Standard primers are used to PCR amplify a 

template for use in the transcription reaction. Following translation in the presence of 35S-methionine, 

the resulting reaction is mixed with isolated mitochondria to allow for import. The resulting reaction 

is then subjected to protease treatment, such that insertion into the lipid bilayer will result in a protease 

protected fragment. Finally, the protected fragment is affinity purified and analyzed by SDS-PAGE 

and autoradiography. The strength of the signal is proportional to integration efficiency into the lipid 

bilayer, as well as the number of expected protected methionine residues. We describe these steps in 

detail below.   

Materials and Equipment 

General 

• Water baths (Fisher Scientific, USA; model Isotemp GPD 10) – set to 32°C and 37°C 

• Heat block (Techne, USA; model Dri-Block DB 3A) – set at 95°C 

• High-Speed Benchtop Centrifuge (Eppendorf, USA; model Centrifuge 5430 R with FA-45-48-

11 rotor) 

• 0.2 mL PCR tube (VWR, USA; cat. no. 137-231C(EX)) 

• 1.7 mL microcentrifuge tubes (VWR, USA; cat. no. 87003-294) 

• 5x Sample Buffer (250 mM Tris/HCl pH 6.8, 5% SDS, 50% glycerol, 500 mM DTT, 40 mg 

Bromophenol Blue powder) 

In vitro transcription and translation 

• DNA template with SP6 promoter (plasmid or gene fragment) 
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• Q5 High-Fidelity 2X Master Mix (NEB, USA; cat. no. M0492S) 

• PCR primers 

• QIAquick PCR Purification Kit (Qiagen, USA; cat. no. 28104) 

• T1 transcription mix (homemade; Sharma et al., 2010) 

• SP6 RNA Polymerase (NEB, USA; cat. no. M0207S) 

• Recombinant RNasin Ribonuclease Inhibitor (Promega, USA; cat. no. N2515) 

• cT2 translation mix (homemade; Sharma et al., 2010) 

• Methionine, L-[35S]-EasyTag, 5 mCi (Revvity, USA; cat. no. NEG709A005MC) 

• 10 mg/mL Puromycin (Gibco, USA; cat. no. A1113803) 

Import reaction 

• Isolated mitochondria (from above) 

• Isolation buffer (5 mM HEPES/KOH pH 7.5, 210 mM mannitol, 70 mM sucrose, 1 mM EDTA) 

• Import Buffer (20 mM HEPES/KOH pH 7.5, 250 mM sucrose, 5 mM magnesium acetate, 20 

mM potassium acetate, 2.5 mM ATP, 15 mM succinate) 

Proteinase K digestion 

• 10 mg/mL Proteinase K in 20 mM Tris/HCl pH 7.5 

• Phenylmethanesulfonyl fluoride (PMSF) (Millipore-Sigma, USA; cat. no. 78830-5G) 

• Dimethyl sulfoxide (DMSO) (Millipore-Sigma, USA; cat. no. D8418-50ML) 

• SDS Buffer (1.67% SDS, 0.1 M Tris/HCl pH 8.0) 

Immunoprecipitation of His-tag 

• Ni-NTA Agarose (Qiagen, USA; cat. no. 30210) 

• His-Wash Buffer (50 mM HEPES/KOH pH 7.5, 500 mM NaCl, 10 mM imidazole, 1% Triton 

X-100) 

• 100 mM EDTA pH 7.0 

SDS-PAGE analysis 

• SDS-PAGE Electrophoresis apparatus (Bio-Rad, USA) 

• Coomassie Stain (1 g/L Coomassie Brilliant Blue (R250), 40% methanol, 10% acetic acid) 
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• Destain (40% methanol, 10% acetic acid) 

• Gel Dryer (Fisher Scientific, USA; model Hoefer GD 2000 Slab Gel Dryer System) 

• Typhoon biomolecular imager (Cytiva, USA; model FLA 9500) with Phosphor stage 

Step-by-Step Methods 

The following reactions are temperature sensitive. Work on ice, unless otherwise specified.  

In vitro transcription and translation 

1. PCR amplify the DNA template for in vitro transcription using forward and reverse primers in 

a 50 µL reaction volume. Use the Q5 High-Fidelity 2x Master Mix, or preferred PCR reagents.  

2. Purify the PCR product using QIAquick PCR Purification Kit. Elute the final DNA in 30 µL 

water. Typically, concentrations of 100 ng/µL are obtained.  

3. Dilute PCR product to 50 ng/µL.  

4. It is recommended to confirm the expected size and purity of the PCR fragment on an agarose 

gel.  

5. Prepare 10 µL transcription reactions on ice for each DNA template. Add 7.6 µL T1 mix, 

0.2 µL SP6 polymerase, 0.2 µL RNasin, and 2.0 µL 50 ng/µL PCR product (final 100 ng). Mix 

by gentle pipetting with a P10. 

6. Incubate the transcription reactions in a 37°C water bath for 1.5 hours. Return transcription 

reactions back onto ice.  

7. Prepare 10 µL translation reactions on ice. Per sample, add 5 µL cT2 mix, 0.5 µL 35S-

methionine, 0.5 µL transcription product (RNA), and 4 µL water. Mix by gentle pipetting with 

a P10, while not introducing bubbles. 

8. Incubate the translation reactions in a 32°C water bath for 30 minutes. Return translation 

reactions to ice. 
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9. For proteins expected to insert post-translationally, release nascent chains from the ribosome 

by adding 0.5 µL of 10 mg/mL puromycin (~18.37 mM; final ~1 mM). Incubate at 32°C for 

10 min and return to ice.  

Mitochondria import reaction 

10. Dilute the isolated mitochondria to 5 mg/mL with Isolation Buffer. 

11. For each import reaction, aliquot 3 µL isolated mitochondria (final 15 µg) into 1.5 mL pre-

chilled tubes on ice. For control reactions without mitochondria, add 3 µL Isolation Buffer.  

12. Add 47 µL Import Buffer (total 50 µL volume) to each tube. Mix by gently pipetting, with care 

not to introduce bubbles. 

13. Add 4 µL of the translation reaction to each corresponding tube. Mix by pipetting. 

14. Incubate the import reactions in a 32°C water bath for 30 minutes. Return import reactions 

back onto ice. 

15. Optional: Take a sample of the Totals: 10 µL reaction + 10 µL 5x Sample Buffer. Load 10 µL 

on an SDS-PAGE gel. 

Proteinase K (PK) digestion 

16. Transfer 39 µL of import reaction into a new 1.5 mL pre-chilled tube on ice. 

17. Add 1 µL of 10 mg/mL Proteinase K (PK) in 20 mM Tris pH 7.5 (final 0.25 mg/mL) to each 

reaction and mix by pipetting. 

• When working with multiple samples, add PK to all reactions first and then mix all samples.  

18. Incubate on ice for 1 h. 

19. Prior to the end of the hour, prepare one 1.5 mL tube per sample with 60 µL 1.67% SDS in 

0.1 M Tris pH 8.0. Place in a heat block set to 95°C to boil. 

20. Prepare a fresh solution of 250 mM PMSF in DMSO at room temperature. (DMSO freezes on 

ice.) 
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21. Add 0.8 µL 250 mM PMSF in DMSO (final 5 mM PMSF) to quench the PK digestion in 

each tube. Pipette to mix immediately and return tube back onto ice. 

• When working with multiple samples, add PMSF and mix immediately. Then repeat with 

the next sample. Working slowly will result in the DMSO freezing too quickly. We 

recommend having a second pipette with a larger volume ready for the mixing step.  

22. Incubate on ice for 3 minutes. 

23. Transfer the entire reaction (~40 µL) to the boiling 60 µL 1.67% SDS / 0.1 M Tris pH 8.0 and 

immediately mix by pipetting. 

24. Boil samples at 95°C for 3 min. Remove the samples from the heat block, spin down the 

condensation on the lids, and leave the tubes on ice to cool down. 

25. Optional: Take a sample of the PK digests: 10 µL reaction + 10 µL 5x Sample Buffer. Load 

10 µL on an SDS-PAGE gel. 

Affinity purification of the His-tagged protease protected fragment 

26. Equilibrate Ni-NTA agarose beads in His-Wash Buffer. Transfer the total volume of Ni-NTA 

beads (20 µL of 50% slurry per sample) into a 1.5 mL tube on ice. Wash three times in 1 mL 

His-Wash Buffer, spinning down beads briefly prior to removing supernatant.  

27. Resuspend the beads in cold His-Wash Buffer equal to initial bead volume to make a 50% 

slurry. 

28. To each quenched sample from step 24, add 1 mL cold His-Wash Buffer. 

29. Add 20 µL equilibrated Ni-NTA agarose beads (50% slurry) to each sample.  

30. Incubate for 1 h at 4°C rotating head-over-tail.  

31. Pellet the beads to the bottom of the tube using a fast spin, aspirate the supernatant, and wash 

the beads by resuspending with 1 mL His-Wash Buffer.  

32. Wash twice more in His-Wash Buffer. 
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33. Resuspend the beads in 25 µL 2x Sample Buffer with 50 mM EDTA.  

SDS-PAGE Analysis and Exposure 

34. Boil all samples at 95°C for 10 min. 

35. Analyze the samples by SDS-PAGE, loading 10 µL per sample. 

36. Stain the gel with Coomassie and destain. 

37. Dry the gel at 80°C for 30 min in a gel dryer. 

38. Expose the dried gels to a phosphor screen.  

39. Image on a Typhoon with the Phosphor stage. Adjust exposure relative to expected signal, 

typically overnight is sufficient for exposure of totals, but longer exposures are required for 

affinity purified fragments.  

Notes 

• T1 and cT2 should be rapidly thawed and immediately placed on ice. Avoid repeated freezing and 

thawing of the T1 and cT2 as it significantly reduces the efficiency of translation. We allow for 

up to five freeze/thaw cycles.  

• Coordinate the in vitro transcription and translation such that freshly isolated mitochondria can be 

directly used in the import reaction.   

3.3.3 Reconstitution of a-helical membrane protein insertion using MTCH2 proteoliposomes 

Experimental Design and Considerations 

While the previous two methods can be utilized to demonstrate a factor is necessary for insertion, 

neither can directly show a putative insertase alone is sufficient for insertion. The gold standard for 

demonstrating sufficiency is reconstitution of the putative insertase into a protoeliposome system that 

can be used for in vitro insertion assays (Görlich and Rapoport, 1993, Guna et al., 2018). Recently, 

using this reconstitution strategy MTCH2 was shown to be sufficient for the insertion of α-helical 

membrane proteins (Guna et al., 2022). Here, we describe an adapted protocol for the reconstitution 
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of MTCH2 into functional proteoliposomes for use in in vitro insertion reactions as described in 

Section 3.3.2 above.  

The goal of a reconstitution is to generate proteoliposomes containing only a purified, functional 

protein of interest (Figure 3.3). To do this, purification of the putative insertase in detergent is 

required. For example, MTCH2 is purified from human cells using a nanobody-based strategy 

(Stevens et al., 2024), by a procedure which is described in detail in Guna et al., 2022. Next, purified, 

detergent solubilized MTCH2 is mixed with detergent solubilized lipids. Finally, the detergent is then 

slowly removed through dialysis or more commonly, chemical adsorption. In parallel, empty 

liposomes without MTCH2 are generated using the same conditions to be used as negative controls 

for subsequent insertion assays.  

Successful reconstitution requires two features: (1) integration of MTCH2 into the lipid vesicle in the 

correct orientation and (2) complete removal of detergent to ensure the vesicle is sealed and thus can 

be used in subsequent insertion and protease protection experiments. 

There are numerous parameters that can be modified in order to ensure successful reconstitution, 

which are described in detail below.   

1. Detergents: For membrane protein insertases like MTCH2, the most common detergent for 

protein purification and subsequent reconstitution is Deoxy-BigCHAP (DBC), a non-ionic 

detergent in the bile acid salt family. DBC can be efficiently removed from a protein-detergent 

micelle and adsorbed by Bio-Beads, and thus is well-suited for reconstitution.  

2. Protein purification: It is critical to express and purify the target membrane protein in its native 

state without compromising function. For MTCH2, we have obtained successful 

reconstitutions from protein expressed and purified from human cells, which ensures access to 

native biogenesis/folding machinery and post-translational modifications.  

3. Lipids: The lipid composition of the reconstituted proteoliposomes is an important variable 

that must be empirically determined for your target protein. Optimal membrane protein activity 

may be obtained by mimicking the appropriate native composition of the bilayer (Fresenius & 

Wohlever, 2021). For MTCH2, we use a mixture of phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), and phosphoethanolamine-N-lissamine rhodamine B (Rh-PE, 
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to facilitate visualization of the liposomes), which we deemed reasonable for an OM protein. 

However, other lipids such as cholesterol and cardiolipin can also be included if appropriate. 

4. Protein orientation: Because reconstitution occurs via a detergent-purified intermediate, 

membrane proteins can reconstitute in both orientations. For example, we observed MTCH2 

was ∼1/2 in the ‘correct’ orientation, with its N-terminus localized to the cytosol, and ∼1/2 in 

the ‘incorrect’ orientation, with its N-terminus localized to the vesicle lumen (Guna et al., 

2022). By addition of appropriate affinity tags, orientation can be empirically determined using 

protease protection experiments.  

5. Freeze/thaw cycles: The integrity of the resulting proteoliposomes can be affected by freezing, 

allowing inappropriate leakage of protease into the lumen. This can be avoided by always using 

fresh proteoliposomes, or in some cases through addition of cholesterol during reconstitution.  

Materials and Equipment 

• Purified MTCH2 in 50 mM HEPES/KOH pH 7.5, 200 mM NaCl, 2 mM magnesium acetate, 

1 mM DTT, 1x protease inhibitor cocktail, 0.25% DBC (as described in Guna et al., 2022) 

• Egg Phosphatidylcholine (PC) (Avanti Polar Lipids, USA; cat. no. 840051) 

• Egg Phosphatidylethanolamine (PE) (Avanti Polar Lipids, USA; cat. no. 840021) 

• 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B (Rh-PE) (Avanti 

Polar Lipids, USA; cat. no. 810150). This allows for the visualization of lipids throughout the 

reconstitution process.  

• Vacuum concentrator (Labconco, USA; model CentriVap Complete Vacuum Concentrator) 

• NanoDrop Spectrophotometer (Thermo Fisher Scientific, USA; model ND-1000) 

• Thermomixer (Eppendorf, USA; model ThermoMixer F1.5) 

• Ultracentrifuge (Beckman Coulter, USA; model Optima MAX-XP Ultracentrifuge) 

• TLA-100.3 Fixed Angle Rotor (Beckman Coulter, USA; cat. no. 349490) 

• 1.5 mL Microfuge Tube Polypropylene (Beckman Coulter, USA; cat. no. 357448) 

• 1.7 mL microcentrifuge tubes (VWR, USA; cat. no. 87003-294) 

• 50 mL centrifuge tube, sterile (Fisher Scientific, USA; cat. no. 05-539-8) 

• Gel-loading pipette tips (Stellar Scientific, USA; cat. no. GL200-960) 

• Bio-Beads SM-2 (Bio-Rad, USA; cat. no. 1523920) 
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• Methanol (VWR, USA; cat. no. BDH1135-4LG) 

• Deoxy-BigCHAP (DBC) (Millipore-Sigma, USA; cat. no. 256455-1GM-M) 

• 10% DBC in water 

• 1M dithiothreitol (DTT) 

• Lipid Rehydration Buffer (50 mM HEPES/KOH pH 7.5, 15% glycerol) 

• SDS Buffer (1% SDS, 0.1 M Tris/HCl pH 8.0) 

• Buffer A (HEPES/KOH pH 7.5, NaCl, DBC) (concentration of each component is calculated in 

the protocol) 

• Reconstitution Buffer (50 mM HEPES/KOH pH 7.5, 250 mM sucrose, 100 mM potassium 

acetate, 1 mM DTT) 

Step-by-Step Methods 

Preparing DBC solubilized lipid stock 

1. In a fume hood, mix chloroform dissolved lipids PC:PE:Rh-PE in the following mass-based 

ratio 8:1.9:0.1, for a total mass of 5-20 mg. It is recommended to pipette quickly due to the 

rapid evaporation of chloroform at ambient temperatures. 

2. Add DTT to a final concentration of 10 mM to the lipid mix after determining initial volume. 

3. Evaporate chloroform in a vacuum concentrator overnight. 

4. Add 1 mL of Lipid Rehydration Buffer per 20 mg of lipids.  

5. To resuspend lipids, shake in a thermomixer at 1,200 rpm at room temperature, with 

intermittent vortexing. This process takes several hours and is complete when a homogenous 

mixture is seen in the tube.  

6. Pipette 2 µL of 1 mg/mL Rh-PE (2 µg) into a 1.5 mL tube and leave open in a fume hood to 

evaporate chloroform. Dissolve evaporated Rh-PE in 100 µL 1% SDS, 0.1 M Tris pH 8.0. This 

sample is used to determine the concentration of your lipid stock. 

7. To measure the concentration of the lipid mix, mix 2 µL of resuspended lipids with 18 µL 1% 

SDS, 0.1 M Tris pH 8.0.  
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8. Measure the absorbance at 573 nm of both samples using a nanodrop spectrophotometer. 

The estimated concentration (in mg/mL) of the resuspended lipid mix is calculated as follows: 

20 × (Solubilized lipid mix 573 nm absorbance) ÷ (Solubilized Rh-PE 573 nm absorbance). 

9. Prepare a 10 mg/mL lipid mix in Lipid Rehydration Buffer with final concentration of 2% 

DBC.  

Activate Bio-Beads 

10. Transfer 10 mL of dry Bio-Beads into a 50 mL tube. Fill the tube with methanol to resuspend 

the dry Bio-Beads. Let the Bio-Beads settle to the bottom of the tube and decant the liquid. 

Repeat this step 1 time. 

11. Wash the Bio-Beads in water, by filling the tube with water, letting the beads settle, and 

decanting the water. Repeat at least 6 times for a thorough wash. 

12. Bio-Beads can be stored at 4°C in a 50% slurry in water. 

Reconstitution of MTCH2 into proteoliposomes 

13. For a 60 μL reconstitution add reconstitution components into a 1.5 mL tube, in the following 

order: Buffer A (calculated such that the final overall concentration in the reconstitution 

mixture is 25 mM HEPES/KOH pH 7.5, 100 mM NaCl, and 0.8% DBC), 12 μL of 10 mg/mL 

lipid mix, and purified MTCH2. Mix by pipetting. At the same time, generate an empty 

liposome control using a matched buffer in place of MTCH2. 

14. Transfer 120 µL of activated Bio-Beads (50% slurry) into a new 1.5 mL tube. Remove all water 

with a gel-loading pipette tip. 

15. Add the reconstitution mix to the Bio-Beads. Shake in a thermocycler at 1,100 rpm placed in 

the cold room for 18 h. 

16. Let the Bio-Beads settle to the bottom of the tube. Using a gel-loading pipette tip, transfer the 

reconstitution mix into a 1.5 mL polypropylene microfuge tube for use in an ultracentrifuge. 

Avoid transferring any Bio-Beads.  

17. Dilute the reconstitution mix to 0.5 mL with cold water.  
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18. Centrifuge the reconstitution mix for 30 min at 70,000 rpm (max. acceleration and 

deceleration) in a TLA-100.3 rotor at 4°C. 

19. Supernatant must be aspirated immediately after centrifugation stops, with caution to avoid 

disturbing the very loose pellet. 

20. Resuspend the pellet in 12 µL of Reconstitution Buffer. Dislodge and break up the pellet, and 

transfer to a new 1.5 mL tube. Resuspend the pellet completely by pipetting at least 100 times 

with a P10 tip. 

21. The proteoliposomes and empty liposome control are now ready to be used for in vitro 

experiments. We typically use 0.5 µL of the proteoliposome in a 10 µL import reaction as 

outlined in Guna et al., 2022.  

Assessing successful reconstitution 

To determine the success of the reconstitution we recommend the following experiments: 

• Resuspended proteoliposomes can be assessed for protein incorporation using western 

blotting.  

• Protease protection can be used to assess orientation with appropriate affinity tags or 

antibodies as described for MTCH2 (Guna et al., 2022). 

• Empty liposomes prepared in parallel should be tested directly in protease protection assays 

to assess background leakiness and thereby efficiency of detergent removal.  

Notes 

• We purchase lipids in chloroform, as they are easier to handle compared to the hygroscopic 

powdered form. 

• DTT is included to prevent oxidation of the lipids. 

• DBC may vary significantly from lot to lot. Final DBC concentrations in the reconstitution mixture 

ranging from 0.25% to 1.0% may be tested to determine the optimal concentration for a particular 

lot based on insertion activity. 
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• It is necessary to empirically optimize the time and amount of Bio-Beads during the detergent 

removal step.  

3.4 Summary and Conclusion 

The mitochondrial OM is a central platform for signaling in eukaryotic cells. OM proteins relay 

critical communication between mitochondria and the cytosol, regulating cell fate through their 

control of stress pathways, apoptosis, and the innate immune system. The biogenesis of OM proteins 

therefore represents an important area for future discovery, with broad biological and biomedical 

implications. The ability to study OM targeting and insertion both in human cells and in vitro will be 

important in exploring the biogenesis and function of this small but essential class of human 

membrane proteins. 
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Figure 3.1. Split GFP reporter assay to selectively monitor insertion into the outer 

mitochondrial membrane (OM).  

(A) Schematic of the split GFP reporter assay. The reporter construct expresses a translation 

normalization marker (mCherry) and a GFP11-tagged substrate in a cell constitutively expressing 

GFP1-10 in the intermembrane space (IMS). Successful insertion of the reporter substrate into the 

OM results in complementation of GFP11 with GFP1-10 and thereby GFP fluorescence. (B) 

Representative data using this reporter system to study MTCH2 function. Human K562 cells 

expressing a nontargeting (control) or MTCH2 knockdown single guide RNA (sgRNA) were 

transduced with reporters for the mitochondrial TA proteins, MAVS-GFP11 and OMP25-GFP11, as 

described in (A). Cells were analyzed by flow cytometry to determine mCherry vs GFP intensity. (C) 

GFP fluorescence relative to the normalization marker mCherry for the cells in (B) is displayed as a 

histogram. 
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Figure 3.2. In vitro import assay into isolated mitochondria.  

(A) Schematic of an in vitro import assay with isolated mitochondria, utilizing protease protection as 

a readout for membrane protein insertion. 35S-methionine radiolabeled substrates are translated in 

rabbit reticulocyte lysate and then incubated with mitochondria isolated from human cells. Reactions 

are treated with protease to digest uninserted and exposed substrates, and any protected fragment is 

enriched through precipitation via an affinity tag. The resulting fragments are analyzed by SDS-

PAGE and autoradiography as shown in this representative gel. (B) Schematic of mitochondrial 

isolation protocol. First, human cells are lysed using a Dounce homogenizer. A series of three low-

speed centrifugations results in an opaque pellet of unlysed cells at the bottom, a translucent gel like 

layer of nuclei, and supernatant containing mitochondria, ER, and cytoplasm. A series of high-speed 

centrifugations of the supernatant results in a mitochondrial enriched pellet. The resuspended pellet 

can be used directly in import assays. 
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Figure 3.3. Reconstitution of MTCH2 into proteoliposomes.  

(A) Schematic of the reconstitution of detergent purified MTCH2 into proteoliposomes (PL). (B) 

Representative insertion reaction of the mitochondrial TA protein OMP25 into reconstituted MTCH2 

proteoliposomes. 35S-methionine labeled OMP25 was generated in rabbit reticulocyte lysate, as 

described in Section 3.3.2. Following incubation with MTCH2 containing proteoliposomes and 

empty control liposomes, insertion was determined using a protease protection assay followed by 

affinity purification of the protected fragment using a C-terminal tag. The protected fragment was 

analyzed by SDS-PAGE and autoradiography. 
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C h a p t e r  4  

MOLECULAR MECHANISM OF MTCH2 FUNCTION AND REGULATION 

4.1 Abstract 

In mammals, the outer mitochondrial membrane (OMM) is composed of ∼150 proteins, of which the 

majority contain α-helical transmembrane domains. The field’s understanding of how these α-helical 

proteins are inserted into the OMM remains incomplete. The conserved OMM protein MTCH2 has 

been recently identified as an insertase capable of inserting biophysically diverse α-helical proteins 

into human mitochondria. However, our understanding of the molecular mechanism and function of 

MTCH2 requires further studies. In this study, we highlight ongoing work on investigating the 

functional mechanism of MTCH2 activity. Using tail-anchored (TA) proteins as a model substrate, 

we characterize the features of mitochondrial TA proteins that allow accurate sorting to the 

mitochondria, and through mutational analysis, we probe MTCH2 for a selectivity mechanism at the 

membrane. We also identify a region of MTCH2 that may regulate its insertion activity. Lastly, we 

characterize previously identified MTCH2 homologs and demonstrate that they may also be regulated 

under a similar mechanism. In combination, this study provides initial steps towards deciphering the 

role MTCH2 plays in the biogenesis and maintenance of the OMM proteome. 

4.2 Introduction 

The eukaryotic cell is an extremely crowded yet highly organized environment, with a myriad of 

subcellular compartments. The evolution of the cellular compartmentalization led to specialization 

and unique biochemical environments that has allowed for the emergence of the multicellular 

organism. However, it also introduced technical challenges as proteins now needed to localize to their 

respective subcellular locations. The mitochondria are key organelles as they have evolved to play 

critical roles in cellular stress, homeostasis, metabolism, and signaling (Nunnari and Suomalainen, 

2012; Friedman and Nunnari, 2014). The mitochondria depend on extremely diverse classes of 

proteins to support these functions across the four sub-compartments: the outer mitochondrial 

membrane (OMM), the intermembrane space (IMS), the inner mitochondrial membrane (IMM), and 

the mitochondrial matrix (Pagliarini et al., 2008; Morgenstern et al., 2017). With the exception of a 

small fraction of electron transport chain subunits, the overwhelming majority of mitochondrial 
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proteins, approximately 99%, are nuclear encoded, and thus are translated in the cytosol and 

subsequently targeted and imported into the correct compartment (Neupert and Herrmann, 2007; 

Richter-Dennerlein et al., 2015; Becker et al., 2019; Pfanner et al., 2019; Busch et al., 2023). 

Evolved from a bacterial ancestor that integrated into an archaeal host as a permanent organelle during 

the evolution of eukaryotes (Roger et al., 2017), the mitochondria’s OMM is now responsible for the 

communication between the mitochondria and the rest of the cell. The OMM contains two major 

classes of membrane proteins, β-barrel and α-helical proteins, which rely on distinct biogenesis 

machinery for integration into the lipid bilayer. Conserved from the mitochondria’s bacterial ancestor, 

β-barrel proteins are inserted into the OMM through a two-step process. They are first translocated 

into the IMS via the translocase of the outer mitochondrial membrane (TOM) and subsequently 

inserted into the OMM by the sorting and assembly machinery (SAM) complex (Kutik et al., 2008; 

Dukanovic and Rapaport, 2011; Höhr et al., 2015; Takeda et al., 2021; Busch et al., 2023). α-helical 

proteins, however, are unlikely to have been found in the bacterial ancestor’s outer membrane, and 

thus their insertion mechanism into the OMM still remains to be elucidated.  

Early studies performed in yeast have characterized the basic principles of α-helical protein 

integration into mitochondria and identified the mitochondrial import (MIM) complex as the main 

insertase for α-helical protein integration into the OMM (Becker et al., 2011; Doan et al., 2020). 

Furthermore, a protein with no sequence or topological similarity, pATOM36, was identified as a 

functional analogue of the α-helical membrane protein insertion machinery in trypanosomes (Vitali 

et al., 2018). And most recently, MTCH2 was shown to be an insertase for a diverse variety of OMM 

α-helical proteins in mammalian cells (Guna et al., 2022).  

One of the major α-helical protein substrates of MTCH2 are tail-anchored (TA) proteins, 

characterized by a single C-terminal transmembrane domain (TMD) followed by a short soluble C-

terminal domain.  TA proteins targeted to the OMM and inserted by MTCH2 have low 

hydrophobicity TMDs and are biophysically similar to those targeted to the endoplasmic reticulum 

(ER) where they are inserted by the ER membrane protein complex (EMC) (Guna et al., 2018). Due 

to their biophysical similarity, there is thought to be some constitutive levels of mistargeting of TA 

proteins between the two compartments. Our recent study on the human EMC identified a selectivity 

filter that controls the subcellular localization of TA proteins and the accurate sorting of TA proteins 

between the ER and the OMM. The selectivity filter of the EMC uses charge-repulsion to reject 

mitochondrial TA proteins which are enriched for positive charges in the C-terminal domain (Pleiner 
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et al., 2023). Whether a reciprocal selection mechanism exists in the OMM is unknown. As the 

major insertase for mitochondrial TA proteins in the human OMM, MTCH2 is a prime candidate to 

serve such a selectivity function if it exists at all.  

MTCH2 in humans, the MIM complex in yeast, and pATOM36 in trypanosomes represent three 

distinct OMM insertases. With no obvious homology to one another, these insertases appear to be 

members of distinct families of proteins. Given the lack of α-helical proteins in bacterial outer 

membranes, it is highly unlikely that the bacterial predecessor of the mitochondria contained many 

α-helical proteins in the outer membrane. Thus, the emergence of the α-helical OMM proteome and 

the machinery responsible for the biogenesis of these proteins must have evolved after the integration 

of the mitochondria as an organelle.  

In metazoans, the mitochondria adopted increasingly multi-functional roles in the cell including 

regulating key aspects of apoptosis, innate immunity, and mitochondrial dynamics (Ravagnan et al., 

2002; Yoon et al., 2003; Seth et al., 2005; Gabaldón and Huynen, 2007; Saotome et al., 2008). These 

processes need to be strictly regulated to avoid disastrous consequences for the cell, such as immature 

cell death in the case of poorly regulated apoptosis. Thus, the evolution of an OMM insertase for 

tighter control of the OMM proteome would have been necessary. Deciphering the role MTCH2 plays 

in the biogenesis and maintenance of the OMM proteome is key in understanding how the 

mitochondria, its proteome, and functions have evolved.  

In this chapter, we describe our search for a selectivity mechanism for mitochondrial TA proteins in 

the OMM and the characterization of metazoan and protist MTCH2 homologs. First, we study the 

features of mitochondrial TA proteins that allow for correct sorting to the mitochondria. Second, we 

probe MTCH2 through mutational experiments to search for the molecular basis of the mitochondrial 

selectivity. Third, we hypothesize that MTCH2 may be under regulation and demonstrate that said 

regulation is nucleotide independent. Finally, we demonstrate that the MTCH2 homologs are able to 

function as OMM insertases and may have a conserved regulation mechanism to human MTCH2. 

4.3 Results 

Selectivity at the mitochondria 

TA proteins with low hydrophobicity TMDs are either targeted to the ER, where they are inserted by 

the EMC (Guna et al., 2018), or to the OMM, where they are inserted by MTCH2 (Guna et al., 2022). 
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We wondered whether ER-destined TA proteins that misinsert into the OMM, do so in a MTCH2 

dependent manner. To investigate this, we employed an established split GFP reporter assay to 

specifically assess the integration of TA proteins into the OMM (Figure 4.1A; Guna et al. 2022). As 

was previously reported, we reproducibly showed that MTCH2 is indeed responsible for the 

integration of mitochondrial TA proteins (RHOT2 and MAVS) into the OMM (Figure 4.1B; Guna et 

al. 2022). Notably, an ER-destined TA protein, squalene synthase (SQS), demonstrated minimal 

OMM integration. However, the very little misinsertion that does occur appeared to be MTCH2 

dependent (Figure 4.1B).  

As previously described, some mitochondrial TA proteins are known to dual localize to the ER and 

can be misinserted by the EMC (Guna et al., 2022; McKenna et al., 2022; Pleiner et al., 2023). 

Increasing the cytosolic pool of mitochondrial TA proteins, induced by depleting the EMC via 

knockdown of EMC2, increased integration of these proteins into the OMM (Figure 4.1B). 

Interestingly, we also noted a decreased integration of SQS into the OMM following EMC depletion 

(Figure 4.1B), suggesting that even with the increased cytosolic pool of SQS, selectivity at the 

mitochondria limits its misintegration and the existence of a robust quality control mechanism in the 

cytosol. 

Mitochondrial selectivity of positive charges and their positions 

Mitochondrial TA proteins are enriched for positive charges in their C-terminal domains. To 

investigate whether the OMM is selective for these positive charges, we mutated the positively 

charged amino acid residues in the C-terminal domains of various TA proteins to observe the effect 

of charge on integration into the OMM. We selected three mitochondrial TA proteins (MAVS, 

RHOT2, and OMP25), created charge-swap mutants to generate a series of mutants with increasing 

amounts of negative charge within its C-terminal domain, and utilizing the split GFP reporter assay 

assessed their OMM integration. We found that while all mutants remained dependent on MTCH2 

for integration to varying degrees (Figure S4.1A), the insertion efficiency of the mutants were 

inversely correlated with the negative charges introduced (Figure 4.1C). Even single charge swap 

mutations led to significant decrease in integration of all three substrates into the OMM (Figure 4.1C). 

For MAVS and OMP25 the combined mutations of their multiple positively charged amino acid 

residues into negative charges further reduced OMM integration (Figure 4.1C), emphasizing the 

critical role of the positive charges in the C-terminal domain of TA proteins. 
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Interestingly, the position of the positively charged amino acid in the C-terminal domain proved 

to be of significance. We individually mutated the positively charged amino acids in MAVS and 

OMP25 and observed that mutating the amino acid residue closest to the TMD reduced its integration 

into the OMM significantly more than when mutating an amino acid further away from the TMD 

(Figure 4.1C). This suggests that while the OMM selectivity mechanism is sensitive to the presence 

of positive charges in the C-terminal domain, it is even more selective regarding where they are 

positioned, favoring positively charged residues closer to the TMD.  

We also tested a series of charge mutants of an ER-destined TA protein, SQS (Pleiner et al., 2023), 

to determine if increasing the number of positive charges within the C-terminal domain of SQS could 

increase its integration into the OMM. While making the C-terminal domain charge more positive 

resulted in a slight increase in OMM integration of SQS, it did not convert SQS into a mitochondrial 

substrate, suggesting that other selectivity mechanisms beyond simple C-terminal domain charge 

influence SQS’s integration (Figure 4.1D). Interestingly, the SQS mutant with a single mutation right 

after the TMD (+1x mutant) showed comparable OMM insertion rates to the SQS mutant with three 

mutations (+3 mutant), and was only surpassed by the SQS mutant with four mutations (+4 mutant) 

which included the same mutation right after the TMD (Figure 4.1D). Moreover, comparing the two 

SQS mutants with a single mutation revealed that the mutant with a less drastic mutation (S>K) closer 

to the TMD (+1x mutant) integrated more effectively into the OMM, compared to the more drastic 

charge swap (D>R) mutation further away from the TMD (+1 mutant) (Figure 4.1D). This 

observation parallels our findings with the mitochondrial TA proteins and reinforces the idea that 

selectivity at the OMM is sensitive to the position of the positive charges relative to the TMD. 

Finally, we also assessed the integration of the mitochondrial TA protein mutants into the ER, to 

determine whether the decrease in OMM integration was simply due to an increase in ER integration. 

Utilizing the split GFP reporter system to specifically query the integration into the ER (Figure S1B; 

Pleiner et al., 2023), the charge mutants for MAVS and RHOT2 were tested for insertion into the ER. 

We show that indeed the charge mutants with more negatively charged C-terminal domains integrate 

into the ER more efficiently. Moreover, for MAVS, the opposite trend to integration into the OMM 

is observed, where the more negatively charged the C-terminal domain becomes, the more ER 

integration is observed (Figure S4.1B). This raises an important question: are these mutants unable to 

integrate into the OMM because they are successfully integrating into the ER, or are they integrating 

into the ER due to their inability to integrate into the OMM? To address this, we depleted EMC by 
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performing a knockdown of EMC2 to reduce integration into the ER (Figure S4.1C). The lack of 

significant increase in OMM integration following EMC knockdown for most of the mutants suggests 

that their low integration into the OMM is not a result of increased integration into the ER, but rather 

indicates that the OMM actively selects against these mutants. The rejection from entering the OMM 

likely results in an increased pool of substrates in the cytosol, consequently increasing the integration 

of these mutants into the ER.  

MTCH2’s hydrophilic vestibule does not act as a selectivity filter 

Our recent study on the EMC identified a charge-based selectivity filter that contributes to the 

accurate sorting of TA proteins between the ER and the OMM. Thus, we were interested in how the 

reciprocal selection operates, specifically, whether a similar mechanism functions at the OMM that 

governs the selectivity of mitochondrial TA proteins. We focus on MTCH2 as the major insertase of 

mitochondrial TA proteins. To investigate whether MTCH2 possesses a charge-based selectivity filter 

analogous to that of the EMC, we examined the AlphaFold2 predicted structural model of MTCH2 

(Figure 4.2A). This model revealed that the hydrophilic vestibule of MTCH2 is lined with polar and 

charged residues. Of significance, at the entrance of the hydrophilic vestibule, where we hypothesize 

a substrate to dwell as it interacts with MTCH2, we identified patches of negative charges (Figure 

4.2A). It should be noted that the negatively charged entrance of MTCH2 is not as prominent as the 

positively charged selectivity filter observed in the EMC (Pleiner et al., 2023), and it is also not the 

most conserved region within the MTCH2 model (Figure S4.2A).  

To assess the role of these negatively charged patches, we systematically introduced mutations to all 

of the negatively charged residues that face the hydrophilic vestibule (Figure 4.2B). We then tested 

the ability of these mutants to rescue the knockout phenotype of MTCH2 using the split GFP reporter 

system to assess OMM integration. If MTCH2 indeed functioned as a charge-based selectivity filter 

like the EMC, we would anticipate that mutating these residues would reduce insertion of the 

mitochondrial TA proteins, MAVS and RHOT2. Contrary to predictions, most mutations had little to 

no effect. Some mutations showed substrate dependent effects. For example, the mutations E112S 

and D209A affected MAVS more than RHOT2. However, the full charge swap mutations of these 

positions, E112R and D209R, had little effect on OMM integration of both substrates, suggesting that 

the effect of reduced insertion activity of the E112S and D209A mutants are not due to the amino 

acid charge at these positions. Furthermore, mutating E123 and E127 resulted instead in increased 

protein integration into the OMM (Figure 4.2C). These two residues are positioned further inside the 
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hydrophilic cavity and may not be involved in substrate selectivity. Together, this suggests that 

MTCH2 may not have a similar charge-based selectivity filter as the EMC.  

We also tested a combination of substrate charge mutants with MTCH2 charge mutants in a split GFP 

reporter assay. In the case of the EMC, flipping the charges in both the EMC and the substrate rescued 

the decreased insertion phenotype resulting from one or the other mutant. However, we found that no 

MTCH2 mutation that decreased insertion when paired with wildtype (WT) MAVS was able to 

counter and increase insertion into the OMM with any of the charge mutants of MAVS (Figure 4.2D). 

Instead, only mutations such as E123R and E127R, which increase insertion of even the WT MAVS 

construct, also showed increased integration into the OMM of the charge mutants (Figure 4.2D). 

These observations further implicating that MTCH2 does not have a charge-based selectivity 

mechanism similar to that of the EMC. 

MTCH2 activity might be regulated 

To tackle the question of how MTCH2 inserts its substrates into the OMM, a broad mutational panel 

of MTCH2 was performed to identify key residues for MTCH2 function. Including previous 

mutational studies (Guna et al., 2022), we identified three mutations that stood out as significantly 

increasing MTCH2 activity: K25E, Y235A, and V238D (Figure 4.3A). The triple mutant combining 

all three mutations displayed an additive effect with further increased MTCH2 insertion activity 

(Figure 4.3B). To further explore these mutations, we tested the insertion activity of the individual 

mutants, as well as the triple mutant, alongside a mutant that causes decreased MTCH2 activity 

(D189A), on a panel of substrates (Figure 4.3C). While V238D showed varying increase in insertion 

activity depending on the substrate; at similar expression levels K25E, Y235A, and the triple mutant 

were all effective in increasing OMM integration of most substrates (Figure 4.3C, S4.3A). This 

indicates that the MTCH2 mutants, in particular K25E and Y235A, do seem to generally increase 

MTCH2 activity and may be disrupting a regulatory mechanism. A number of substrates, TOM70 

and TSPO, notably do not show any increased integration into the OMM (Figure 4.3C). This may 

indicate that these substrates are tightly regulated and do not accumulate over endogenous levels, and 

consequently even with increased insertion mediated by MTCH2, the quality control pathways 

associated with these substrates efficiently turnover the excess proteins. Mutations that increase the 

activity of insertases are almost unheard of and suggest that MTCH2’s insertion activity may be under 

a regulatory mechanism. 
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MTCH2 regulation is not nucleotide dependent 

While the regulatory mechanism underlying MTCH2 activity remains to be determined, studies on 

the SLC25 family of proteins, that MTCH2 is a member of, may provide an insight. Previous studies 

on the SLC25 family member UCP1, a proton transporter in the IMM, demonstrated that its proton 

leak activity is inhibited by nucleotide binding (Lee et al., 2015; Jones et al., 2023; Kang & Chen, 

2023). Given that MTCH2 is a member of this SLC25 family, we compared the structures of MTCH2 

and UCP1, focusing on where the nucleotide binds in UCP1 and the position of the mutations which 

increased MTCH2 activity (Figure S4.3B). From the similarities in their structures and position of 

the amino acid residues, we hypothesized that MTCH2 may also possibly bind nucleotides to regulate 

its activity. 

To test this hypothesis, a thermal unfolding assay was employed to assess the thermostability of 

MTCH2 in the presence of various nucleotides. For this GFP-MTCH2 was incubated in increasing 

temperatures, followed by a high-speed centrifugation to pellet any unfolded and aggregated protein. 

The supernatant containing the soluble GFP-MTCH2 was sampled and GFP fluorescence was 

measured as a proxy for how much GFP-MTCH2 remained folded and in solution. When measuring 

GFP-MTCH2 alone, the normalized GFP fluorescence dropped to 0.5, where 50% of the GFP-

MTCH2 remains folded and soluble, at 65˚C. Loss of detectable GFP fluorescence above 

background, indicating 100% of the GFP-MTCH2 is unfolded, was observed at 80˚C (Figure 4.3D). 

We then tested the effect of adding ATP and GTP and found no difference in GFP-MTCH2 unfolding 

(Figure 4.3D, S4.3C), suggesting that there is no difference in GFP-MTCH2 thermostability and 

nucleotide binding is unlikely. Intriguingly, we identified a non-hydrolyzable form of GTP, GDPNP, 

that increased the thermostability of GFP-MTCH2 (Figure 4.3D). 

With this peculiar result, we then wanted to test whether GDPNP has any effect on MTCH2’s 

insertion activity. To test this, we performed an insertion assay with an in vitro translated substrate 

into MTCH2 reconstituted proteoliposomes incubated with GDPNP (Figure 4.3E, S4.3D). 

Unfortunately, we saw no difference in insertion efficiency with or without GDPNP (Figure 4.3E). 

These findings collectively suggest that the regulation of MTCH2 activity is unlike UCP1 regulation 

and is not nucleotide dependent.  
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MTCH2 homologs are conserved across metazoans and are OMM insertases 

Searches for homologs of OMM insertases have identified MTCH2-related proteins distributed across 

all metazoan species and closely related protists within the holozoan clade (Figure 4.4A; Guna et al., 

2022; Stevens PhD Thesis, 2023). They all share similar features to human MTCH2, namely the 

absence of a sixth TMD compared to the SLC25 family, and they also share the same topology with 

the N-terminus facing the cytosol and C-terminus facing the IMS (Stevens PhD Thesis, 2024). While 

most species only have a single MTCH gene, humans and closely related metazoan species also 

express a MTCH1 paralog. 

The paralog MTCH1 is predicted to be very similar in structure to MTCH2, and thus has been 

hypothesized to also functions as an OMM insertase. To test this, a split GFP reporter assay was 

performed to query for substrate insertion into the OMM either in a MTCH2 knockout background 

or with a MTCH1 knockdown. As previously demonstrated, the MTCH2 knockout decreased the 

insertion of MTCH2 dependent substrates, MAVS and OMP25, but did not affect the MTCH2 

independent substrate TIM9A (Figure 4.4B). Similarly, the MTCH1 knockdown decreased the 

integration into the OMM of MAVS and OMP25, but not TIM9A. Significantly, both the MTCH2 

knockout and MTCH1 knockdown phenotypes of reduced insertion could be rescued by 

overexpressing a rescue MTCH1 or MTCH2 construct (Figure 4.4B). This demonstrates that indeed 

both MTCH1 and MTCH2 can function as OMM insertases and can compensate for one another.  

To assess the activity of the MTCH2 homologs from other organisms, the split GFP reporter assay 

was performed to test their ability to rescue the MTCH2 knockout phenotype in human cells. We 

observe the strongest rescue phenotype with human MTCH2 for both MAVS and OMP25, except for 

the C. owczarzaki rescue of MAVS (Figure 4.4C). X. tropicalis showed comparable rescue for both 

substrates, while D. melanogaster and N. vectensis showed reduced rescue phenotypes (Figure 4.4C). 

All homologs were able to at least partially rescue the knockout phenotype, demonstrating that 

homologs from a variety of different organisms are able to insert mitochondrial TA proteins into the 

OMM of human cells. 

MTCH2 regulation is a conserved functional mechanism 

We wanted to investigate whether the hypothesized regulatory mechanism behind human MTCH2 

activity was also a conserved feature of these homologs. For this we mutated human MTCH1 and the 
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MTCH2 homologs at the corresponding positions K25 and Y235 of human MTCH2 for increased 

activity and D189 for decreased activity. For the MTCH1 mutants (K103E, Y326A, and D263A) we 

overexpressed the mutants and monitored the insertion of substrates into the OMM using the split 

GFP reporter assay. The MTCH1 mutants showed the same increase in activity with K103E and 

Y326A and decrease in activity with D263A, as we saw with MTCH2 and its mutants (Figure 4.5A).  

We next assessed the MTCH2 homologs from other organisms and their mutations in their ability to 

rescue the MTCH2 knockout phenotype. X. tropicalis, the closest species to humans, showed the 

same trend as human MTCH2 with both the K25E and Y230A mutants increasing MTCH2 activity 

(Figure 4.5B). While the more distant D. melanogaster and N. vectensis only showed increased 

MTCH activity with their K38E and K39E mutants respectively but not their Y241A and Y247A 

mutants. Finally, C. owczarzaki showed no increase in activity with its K39E mutation, but instead 

only with the F324A mutation. While the effect on the insertion activity of each homolog varied, we 

were able to increase the activity of all the homologs tested. These findings suggest that the MTCH2 

homologs may share similar regulatory mechanisms that modulate its activity. 

4.4 Discussion 

These results are a part of ongoing work to dissect TA protein insertion into the OMM and determine 

the molecular mechanism by which MTCH2 achieves this. Our findings here are in agreement with 

previous work that enrichment of positive charges in the C-termini of TA proteins is a signal for 

integration into the OMM (Isenmann et al., 1998; Horie et al., 2002; Borgese et al., 2007). We have 

further shown that not only is the presence of said positively charged residues but their positions 

relative to the TMD is critical in their ability to localize to the mitochondria. For many TA proteins, 

the soluble C-terminal domains are functionally dispensable and may have evolved to primarily 

facilitate accurate sorting. However, the precise mechanism by which the positive charges specify 

mitochondrial localization is still unclear.  

In previous work, we have shown the molecular logic behind the enrichment of positive charge in the 

C-terminal domain of mitochondrial TA proteins serving as a flag for discrimination by the EMC at 

the ER (Pleiner et al., 2023). This formulated the idea that limited misinsertion of mitochondrial TA 

proteins at the ER arose from the combined evolution of mitochondrial TA protein’s positively 

charged C-termini and the positively charged hydrophilic vestibule of the EMC. One possible theory 

that resulted from this is that TA proteins are initially targeted to the ER and those rejected by the 
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charge selectivity filter of the EMC are then targeted to the other organelles including the 

mitochondria. However, our data presented here does not agree with this. When insertion to the ER 

was knocked down, the integration into the OMM of mitochondrial TA proteins did not significantly 

increase. We were also unable to direct an ER destined TA protein, SQS, to integrate better into the 

OMM. To fully understand the mechanics of protein localization and protein homeostasis, further 

details on which protein imposes the selectivity and how it enforces its selection is necessary.  

We hypothesized that as the major OMM insertase, MTCH2 could be said protein that acted as a 

selectivity filter for mitochondrial TA proteins. However, our initial screening of MTCH2 for a 

charge-based selectivity filter analogous to the EMC failed to identify any such feature. In this study 

we mutated each of the negatively charged residues facing the hydrophilic vestibule on MTCH2 

individually. What was observed was that most mutations had little to no effect, while some even 

resulted in increased insertion of MTCH2 substrates. This raises the question of whether these patches 

of negatively charged residues play a tiny role in charge repulsion even if not the main selectivity 

filter or if they play any role at all in MTCH2 function. The patches of negatively charged residues 

are in a region of low sequence conservation for MTCH2. Nevertheless, while the region is not strictly 

conserved at the amino acid sequence, the MTCH2 homologs that were identified all have a similar 

structural fold in the membrane, in addition to having negatively charged patches on the cytosolic 

side in the vicinity of the entrance to the hydrophilic vestibule. Thus, this may be a conserved feature 

which may act as a charge filter that simply is not observable on the amino acid sequence level. As 

only individual amino acids have been mutated and tested, it would be of interest to mutate multiple 

residues together and study the negatively charged patch in its entirety.  

Nevertheless, it should be noted that the negatively charged patches at the entrance of MTCH2 are 

not as prominent as the positively charged selectivity filter observed in the EMC. Additionally, no 

single mutant disrupts the insertion activity as much as some did for the EMC (Pleiner et al., 2023), 

suggesting that the two insertases may operate through different mechanisms for the recognition and 

insertion of their target proteins. Furthermore, we observe that the mitochondria, and its insertion 

machineries, including MTCH2, is more sensitive and selective against the position of the positive 

charge within the C-termini of TA proteins. This is in contrast to the EMC that does not seem to care 

about the position of the charges but instead is discriminating the substrates simply by overall charge 

in the C-termini (Pleiner et al., 2023). Put together, the selectivity by MTCH2, if any, is likely not 

based on a simple charge repulsion filter. One possible explanation for this is that the substrate charge 
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selection is simply not happening at MTCH2 but at steps prior to its hand-off to MTCH2, such as 

the targeting of the substrates to the mitochondria, a process that is not well understood. This is an 

avenue of pursuit that would be interesting to follow up on. 

In line with this idea, the ER-destined TA protein SQS was mutated to have a more positively charged 

C-terminal domain, as opposed to its negatively charged wildtype counterpart, but still failed to 

integrate efficiently into the OMM. There are a number of possibilities as to why we fail to see OMM 

integration of SQS. The first is simply that it does integrate into the OMM, however, as it does not 

belong in the OMM, quality control machineries quickly turn over the mislocalized SQS. The second 

is that the mutations introduced into the C-termini have created a mitochondrial targeting sequence 

and the protein is getting translocated into the matrix, while the current assay can only read out GFP 

conjugation in the IMS. Finally, the third is that there are additional factors that impose the selection 

criteria for mitochondrial integration, and they select for features beyond C-terminal charge that SQS 

does not fit. It is prudent to determine which of these is the likely explanation to understand the 

selection mechanism occurring at the mitochondria. To test the first explanation of a fast turnover of 

SQS in the OMM, inhibitors to the quality control pathways, such as an E3 ligase inhibitor, could be 

used to see if the mislocalized SQS can be stabilized. To evaluate the second possibility, we can 

perform an in vitro insertion assay into isolated mitochondria to assess whether there is any import at 

all. The final possibility will require an exploratory approach into investigating selectivity in targeting 

pathways to the mitochondria. Genetic CRISPR screens and proteomic studies will aid in the initial 

identification of such targeting factors and should then be followed-up with a biochemical dissection 

of how they exert their selection.  

While the molecular mechanism of substrate selectivity and the MTCH2 insertion mechanism are 

both unclear, we have made key observations that provide initial ideas that MTCH2 may be regulated 

in performing this key function. The hyperactive mutants reported to increase the activity of an 

insertase is unheard of, as mutations in insertases usually disrupt the insertion activity, and could be 

an indication that MTCH2’s insertion activity may be under a regulatory mechanism (Pleiner et al., 

2020; Miller-Vedam et al., 2020; O’Donnell et al., 2020; Pleiner et al., 2023). The need for regulating 

MTCH2 activity is not a surprise, given prior studies from our lab showing that MTCH2 mutants 

with increased insertion activity can increase cellular sensitivity to apoptosis (Guna et al., 2022). 

Additionally, it has been previously reported in literature that modulating MTCH2 impacts lipid 

accumulation in both mice and C. elegans (Rottiers et al., 2017), and that MTCH2 is implicated in 
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starvation-induced mitochondrial hyperfusion (Labbé et al., 2021). It is possible that MTCH2 

evolved from an SLC25 family member, and the regulatory mechanism of that SLC25 protein was 

conserved to enable regulation of MTCH2. As a mitochondrial carrier, the SLC25 family of proteins 

are responsible for maintaining solute flux to fulfil the needs of the metabolic pathways in which they 

are involved, and thus their activity must be regulated under various physiological conditions. 

Modulation of activity can be achieved through i) interactions with inhibitors or activators, ii) changes 

in gene expression at the transcriptional or translational level, and iii) changes in kinetic driving forces 

such as substrate concentration (Palmieri, 2013). Our MTCH2 mutants show increased activity even 

at similar expression levels and there is a lack of evidence of insertase activity being regulated by 

increase in substrate concentrations, strongly indicating that MTCH2 activity, if regulated, could be 

regulated via a small molecule interaction. UCP1, an SLC25 family member, has been demonstrated 

to be regulated through inhibition by nucleotide binding (Lee et al., 2015; Jones et al., 2023; Kang & 

Chen, 2023). We noted the significant resemblance of MTCH2 to UCP1 in its nucleotide binding 

conformation and the position of the amino acid residues in the binding pocket that increase MTCH2 

activity. Nevertheless, our data does not agree with MTCH2 binding to any nucleotide nor is its 

activity effected by the presence or absence of nucleotide.  

It would be of great interest to identify a small molecule that binds to and regulates MTCH2, and to 

further investigate whether the resultant change in MTCH2 activity will stimulate a response in the 

involved metabolic pathway by remodeling the OMM proteome. One approach to identifying the 

small molecule would be to utilize small molecule metabolite or drug libraries, to test for either 

MTCH2 binding or changes to MTCH2 insertion activity in cells. Once identified, structural 

characterization of MTCH2 in its small molecule bound or protein substrate bound state would enable 

more detailed studies of the mechanism behind the regulation of MTCH2 activity. Does the small 

molecule function by steric hinderance of the insertion pathway within MTCH2? Or does the small 

molecule interaction cause a conformation change altering substrate interaction? These studies would 

provide insight into how small molecule drugs could be developed to more precisely and/or potently 

target MTCH2 activity and provide a tool for modulating the OMM proteome.  

In attempting to modulate the OMM proteome, we would need to look at the roles other insertases 

could be playing. MTCH1, the MTCH2 paralog, has been speculated to also function as an insertase. 

Here, we were able to demonstrate that MTCH1 can rescue a MTCH2 knockout phenotype in cells 

and that MTCH1 indeed functions as an insertase at the OMM. However, whether the MTCH1 and 
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MTCH2 paralogs are completely redundant or whether they play different roles in maintaining 

the OMM proteome is unclear. Of significant note, while we are able to generate MTCH2 knockout 

cells in K562 cells, we have not been able to generate MTCH1 knockout cells. Suggesting that there 

is a difference in the role the two paralogs play and that MTCH2 cannot fully compensate the loss of 

MTCH1 in K562 cells. So, what are the key differences? These differences could be in their insertion 

mechanism, protein activity regulation, or substrate specificity. It would be of interest to understand 

the physiological relationship between MTCH1 and MTCH2, and how each play their individual 

roles in maintaining the OMM proteome. 

We have also demonstrated here that MTCH2 represents a class of metazoan OMM insertases. The 

metazoan MTCH2 homologs studied here all show the capability to function as an OMM insertase in 

a human cell line. Furthermore, mutations to the MTCH2 homologs alter their activity in much the 

same way as human MTCH2 activity is affected. This indicates possibly a conserved regulatory 

mechanism for the metazoan MTCH2 function, and more widely MTCH2’s role in remodeling of the 

OMM proteome and regulation of the involved metabolic pathways. With the independent evolution 

of MTCH2 in metazoans, the MIM complex in fungi, and pATOM36 in trypanosomes, it would be 

of great interest to investigate whether the other OMM insertases are also under regulation. This will 

provide insight into understanding the necessity of the evolution of OMM insertases and the role of 

the OMM insertases in the evolution of the OMM proteome.  

In summary, we have characterized the positively charged residues in the C-termini of mitochondrial 

TA proteins as a source of mitochondrial selection. Whether MTCH2 confers this substrate selectivity 

at the OMM will need further investigation. However, specificity is not only determined at the 

membrane and the mechanism by which the targeting step contributes to specificity is an area that 

requires further study. We have also provided insight into a regulatory mechanism of metazoan 

MTCH2 activity on protein insertion into the OMM. Further studies into the mechanistic details of 

MTCH2’s protein insertion activity, and in particular the regulatory mechanism of OMM insertases, 

holds promise to better understand how they contribute to the proteostasis of the mitochondrial 

proteome. 
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Figure 4.1. Positively charged C-terminal domains of TA proteins are critical for OMM 

integration. 

(A) Schematic of the split GFP reporter system used to selectively monitor TA protein insertion into 

the OMM. TA proteins fused to GFP11 are expressed in K562 cells constitutively expressing GFP1-

10 in the IMS, along with a translation normalization marker (RFP). Successful integration into the 

OMM results in GFP complementation and fluorescence. (B) (Left) OMM and ER insertion 

pathways. (Right) OMM insertion of the indicated mitochondrial (MAVS, RHOT2) and ER (SQS) 

TA proteins, using the split GFP system as described in (A), was assessed in MTCH2 knockout (KO) 

cell and in cells transduced with either a non-targeting (control) or EMC2 knockdown (kd) single 

guide RNA. GFP fluorescence relative to the normalization marker RFP was determined by flow 
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cytometry and displayed as a histogram. (C) Schematic of a TA proteins C-terminal domain 

(CTD). The C-terminus of several mitochondrial TA proteins (RHOT2, MAVS, OMP25) was 

mutated to introduce negatively charged residues at the indicated positions. Integration of the 

indicated mitochondrial TA protein mutants into the OMM was determined using the split GFP 

reporter system described in (A). (D) As in (C) monitoring OMM insertion but for the ER TA protein, 

SQS, where mutations introduced positively charged residues to the CTD. 
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Figure 4.2. Characterization of the cytosolic residues required for selectivity by MTCH2. 

(A) Surface representation of the electrostatic potential of the AlphaFold2 predicted model of 

MTCH2 ranging from -3 to +3 kT/e. (Left) A view of MTCH2 looking partially into the hydrophilic 

vestibule. (Right) A view of the hydrophilic vestibule of MTCH2 from the cytosol. (B) AlphaFold2 

predicted model of MTCH2 highlighting negatively charged residues within the hydrophilic 

vestibule. (C) The effects of each MTCH2 mutant rescue, on top of a MTCH2 KO, on the insertion 

of MTCH2-dependent (MAVS, RHOT2) substrates was determined using the split GFP reporter 

assay described in Figure 4.1A. Shown is a heat map summarizing the mutant MTCH2 rescue 

normalized to WT MTCH2 rescue. (D) (Left) Schematic of MAVS CTD charge series. (Right) Same 
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as in (C) but a subset of MTCH2 mutants were tested against a panel of MAVS charge mutants. 

Depicted is a heat map of substrate insertion relative to WT MAVS insertion with WT MTCH2 

rescue. 
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Figure 4.3. Exploring the regulatory mechanism of MTCH2. 

(A) AlphaFold2 predicted model of MTCH2 highlighting three amino acids which increase MTCH2 

insertion activity when mutated. (B) MTCH2 KO cells transduced with lentivirus to express either 

WT MTCH2 or the indicated MTCH2 mutants. OMM insertion of MAVS was assessed using the 
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split GFP reporter system. The GFP:RFP ratio for each mutant was determined using flow 

cytometry and is plotted as a histogram. (C) Same as in (B) but assessing a variety of MTCH2-

independent (MICU1, LACTB, TIM9A) and MTCH2-dependent (MAVS, OMP25, RHOT1, 

RHOT2, TOM20, TOM70, TSPO) substrates. Depicted is a heat map showing the effects of the 

MTCH2 mutants normalized to WT MTCH2 rescue. (D) (Top) Schematic of thermal unfolding assay. 

GFP-MTCH2 is incubated at increasing temperatures, followed by centrifugation to pellet unfolded 

and aggregated protein. The soluble protein in the supernatant is measured for GFP fluorescence. 

(Bottom) The normalized GFP fluorescence of the supernatant post-centrifugation is plotted against 

the temperature at which GFP-MTCH2 was incubated. The addition of GDPNP but not GTP increase 

GFP-MTCH2 thermostability at higher temperatures. (E) (Left) Schematic of in vitro insertion assay 

into proteoliposomes, using protease protection of a C-terminal tag as a readout for insertion. A TA 

protein was in vitro translated in rabbit reticulocyte lysate supplemented with 35S-methionine enabling 

detection by autoradiography. After incubating with MTCH2 reconstituted proteoliposomes, 

reactions were treated with proteinase K (PK). For TA proteins, the resulting protease protected 

fragment was affinity purified via a tag on its C-terminus, ensuring insertion into the proteoliposome 

in the correct orientation, and analyzed by SDS-PAGE and autoradiography. (Right) OMP25 

insertion into MTCH2 reconstituted proteoliposomes was assessed at 0, 2, and 10 minutes by protease 

protection. Time course of insertion in the presence of GDPNP or CTP (as a nucleotide control) was 

quantified.  
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Figure 4.4. MTCH2 homologs can function as OMM insertases. 

(A) Species tree of metazoans and closely related protists with graphical representation of MTCH2 

homolog conservation. Species with only a single MTCH gene are represented as an invertebrate 

MTCH. (B) OMM insertion of MTCH2-independent (TIM9A) and MTCH2-dependent (MAVS, 

OMP25) substrates was assessed using the split GFP reporter system in WT cells transduced with 

either a non-targeting (Control) or MTCH1 kd single guide RNA, and MTCH2 KO cells transduced 

with a non-targeting (Control) single guide RNA. The guide RNA transduced cells were further 

transduced to express MTCH1 or MTCH2 rescue constructs. The GFP:RFP ratio was determined 

using flow cytometry and is plotted as a histogram. (C) MTCH2 KO cells were transduced with 

lentivirus to express either human MTCH2 or the indicated MTCH2 homologs. OMM insertion of 

MTCH2-independent (TIM9A) and MTCH2-dependent (MAVS, OMP25) substrates was assessed 

using the split GFP reporter system. The heat map shows the relative insertion of the substrates 

compared to insertion in a WT cell. 
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Figure 4.5. MTCH2 homologs are under the same regulatory mechanism. 

(A) WT cells were lentivirally transduced to express either the WT or indicated mutants of MTCH1. 

The split GFP reporter assay was used to assess the OMM insertion of TIM9A, MAVS, and OMP25. 

The GFP:RFP ratio is plotted as a histogram. (B) As in Figure 4.4 (C) but expressing the indicated 

mutants of each MTCH2 homolog based on the sequence conservation shown in Figure S4.4. The 

heat maps depict the relative insertion normalized to the WT rescue of each MTCH2 homolog.  
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4.5 Materials and Methods 

Plasmids and antibodies  

Constructs for in vitro translations in rabbit reticulocyte lysate were cloned into the pSP64 vector 

(Promega, USA). pLG1-puro non-targeting sgRNA 3, used for cloning CRISPRi sgRNAs, was a gift 

from Jacob Corn (Addgene plasmid #109003). The second generation lenti-viral packaging plasmid 

psPAX2 (Addgene plasmid #12260) and envelope plasmid pMD2.G (Addgene #12259) were gifts 

from Didier Trono. The pHAGE2 lenti-viral transfer plasmid was a gift of Magnus A. Hoffmann and 

Pamela Bjorkman. For expression in K562 cells, a lenti-viral backbone containing a UCOE-EF-1α 

promoter and a 3′ WPRE element was used (Addgene #135448), which was a kind gift of Martin 

Kampmann and Jonathan Weissman. 

Endogenous sequences used in this study for in cell reporter assays were sourced from 

UniProtKB/Swiss-Prot and included: SQS/FDFT1 (Q6IAX1), OMP25/SYNJBP (P57105-1), 

MAVS (Q7Z434-1), TIM9 (Q9Y5J7-1), RHOT1 (Q8IXI2-1), RHOT2 (Q8IXI1-1), TSPO 

(P30536), TOM20 (Q15388), TOM70 (O94826), MTCH1 (Q9NZJ7), MTCH2 (Q9Y6C9), X. 

tropicalis MTCH2 (Q6P818), D. melanogaster MTCH (Q9V3Y4), N. vectensis MTCH (A7SSN1), 

and C. owczarzaki MTCH (A0A0D2WXZ5). 

The following antibodies were used in this study: rabbit polyclonal anti-MTCH2 (16888-1-AP, 

Proteintech, USA); mouse monoclonal anti-alpha-tubulin (T9026, Millipore-Sigma, USA). 

Secondary antibodies used for Western blotting were: goat anti-mouse- and anti-rabbit-HRP (#172-

1011 and #170-6515, Bio-Rad, USA).  

The following sgRNAs were cloned into pLG1 for CRISPRi knockdowns: non-targeting control 

(GGCTCGGTCCCGCGTCGTCG); EMC2 (GCCATCTTCCCAGAACCTAG); MTCH1 guide 1 

(GCGGCACCGCCGCGAGCCCA); MTCH1 guide 2 (GAGCCCAGGGCGCCACTTCC) 

Cell culture  

K562 cells were grown in RPMI-1640 medium supplemented with 10% FBS, 100 U/mL Penicillin, 

and 100 µg/mL Streptomycin. Cells were maintained between 0.25 and 1.00 × 106 cells/mL. Cells 

were grown in a humidified incubator at 37°C and 5% CO2. All K562 cells stable expressed dCas9-

BFP-KRAB (KOX1-derived) and constitutively expressed β-strands 1-10 of GFP in the 
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intermembrane space via fusion to an N-terminal MICU1 signal sequence as previously described 

(Guna et al., 2022). MTCH2 knockout cell lines were generated using CRISPR-Cas9 as previously 

described (Guna et al., 2022). 

Adherent HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS, 2 mM glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin. 

Cells were grown in a humidified incubator at 37°C and 5% CO2. Expi293F cells were grown in 

Expi293 Expression Medium in a humidified incubator at 37°C and 8% CO2, while shaking at 125 

RPM. Cells were maintained between 0.5 and 2.0 × 106 cells/mL. 

Lentivirus production  

Lentivirus was produced by co-transfecting HEK293T cells with a desired transfer plasmid and two 

packaging plasmids (psPAX2 and pMD2.G) with TransIT-293 transfection reagent (Mirus, USA). 48 

hours post-transfection, the culture supernatant was harvested, and flash frozen in liquid nitrogen. 

Lentivirus was rapidly thawed right before use for transduction. 

Lentivirus transduction 

K562 cells were transduced with lentivirus by spinfection. Briefly, 0.25 × 106 cells were mixed with 

50-200 µL of lentiviral supernatant, RPMI medium, and polybrene (final 8 µg/mL) in a total volume 

of 1 mL in a 24-well plate. The plates were spun at 1,000 ×g for 1.5 h at 30˚C. Lentiviral substrate 

reporter constructs for flow cytometry analysis contained an upstream UCOE-EF1α promoter, 

followed by RFP, a P2A site, and the substrate reporter fused to GFP11 via a Gly-Ser linker. For all 

mitochondrial TA proteins and their mutants, the full-length human coding regions were used. For 

the SQS mutants the cytosolic linker (residues 2-70) of human SEC61β was fused to the N-terminal 

flanking region, TMD, and complete C-terminus of human SQS/FDFT1 (residues 378-end). Charge 

mutations for each substrate were introduced as shown in Figure 4.1C-D. The MTCH2 rescue 

constructs were expressed from a lentiviral transfer plasmid with an upstream UCOE-EF1α promoter, 

followed by an N-terminal TagBFP-P2A, and MTCH2. In addition, where indicated MTCH2 

homologs were fused to an N-terminal 3xFLAG tag. Mutations for MTCH2 were introduced as 

indicated in Figures 4.2B and 4.3A. 

 



 

 

129 
Flow cytometry analysis of reporter assay 

For all experiments in K562 cells, lentiviral fluorescent reporters and MTCH2 rescue constructs were 

co-transduced by spinfection as described above and analyzed 72 hours post-transduction. To probe 

the effect on EMC2 or MTCH1 knockdown on reporter insertion, cells were additionally transduced 

with sgRNA expressing lentiviral vectors 8 days prior to analysis. Samples were run on an Attune 

NxT Flow Cytometer (Thermo Fisher Scientific, USA) and flow cytometry data was analyzed in 

FlowJo v10.8 Software (BD Life Sciences, USA) or EasyFlowQ. 

Western blot sample preparation 

To quantify rescue protein expression levels, a portion of cells for flow cytometry analysis was 

harvested for western blot analysis. For whole cell samples, the cells were resuspended in 

solubilization buffer (50 mM HEPES/KOH pH 7.5, 200 mM NaCl, 2 mM MgAc, 1 mM DTT, 1% 

[w/v] DDM, 1x complete EDTA-free protease inhibitor cocktail [Roche, Germany]). After 30 min of 

incubation on ice, the lysate was spun for 15 min at 4˚C in a tabletop centrifuge, and the supernatant 

was sampled for a western blot. 

For membrane fraction only samples, the cells were resuspended in digitonin lysis buffer (50 mM 

HEPES/KOH pH 7.5, 10 mM KAc, 2 mM MgAc, 1 mM DTT, 0.01% [w/v] digitonin, and 1x 

complete EDTA-free protease inhibitor cocktail). Resuspended cells were then passed 12x times 

through a 27G x 1-1⁄4 needle (#305136; BD Biosciences, USA) on ice. Lysed cells were then spun 

for 15 min at 4˚C in a tabletop centrifuge to remove cellular debris. The supernatant was aspirated, 

and the pellet was washed in digitonin lysis buffer with 150 mM KAc. The pellet was then 

resuspended in solubilization buffer and prepped as described above. 

MTCH2 purification from stable suspension cell lines 

Stable human suspension cell lines expressing wildtype MTCH2 with an N-terminal GFP-SUMOEu 

under doxycycline induction were generated and grown as previously described (Guna et al., 2022). 

To purify a GFP tagged MTCH2, a cell line was generated expressing GFP-MTCH2 in an identical 

manner. MTCH2 alone or GFP-MTCH2 were purified using anti-GFP nanobody as previously 

described (Guna et al., 2022; Stevens et al., 2023). 
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Briefly, the MTCH2 cell lines were grown and induced for 24 hours with 1 µg/mL doxycycline 

prior to cell harvesting. Cells were harvested by centrifugation for 10 min at 3,000 xg, washed in 

1xPBS, and the cell pellet was weighed. The cell pellets were resuspended in 10 mL hypotonic lysis 

buffer (10 mM HEPES pH 7.5, 10 mM KAc, 1.5 mM MgAc, 0.5 mM DTT, and 1x complete EDTA-

free protease inhibitor cocktail) per 1 g cell pellet and incubated on ice for 10 min. The cells that 

swelled up were lysed in a Dounce homogenizer with 10 strokes. The NaCl concentration was 

adjusted to 180 mM. 

Immediately after Dounce homogenization and cell membranes were pelleted by centrifugation for 

10 min at 18,000 xg in an SS-34 rotor (Beckman-Coulter, USA). Supernatant was discarded and cell 

membranes were resuspended in membrane wash buffer (10 mM HEPES/KOH pH 7.5, 200 mM 

NaCl, 1.5 mM MgAc, 0.5 mM DTT) and pelleted again. The resulting pellet was resuspended at a 

ratio of 1 g (original cell pellet weight) to 1.6 mL solubilization buffer (50 mM HEPES/KOH pH 7.5, 

200 mM NaCl, 2 mM MgAc, 1 mM DTT, 1% [w/v] DDM, 1x complete EDTA-free protease inhibitor 

cocktail) and incubated for 30 min at 4˚C. Lysates were cleared by centrifugation for 30 min at 4˚C 

at 18,000 rpm (SS-34 rotor; Beckman-Coulter, USA). 

In parallel, Pierce magnetic Streptavidin beads (Thermo Fisher Scientific, USA) were equilibrated in 

wash buffer (solubilization buffer with 0.02175% [w/v] DDM) and then incubated with biotinylated 

anti-GFP nanobody, purified as previously described (Stevens et al., 2023). For the GFP-SUMOEu-

MTCH2 the His14–Avi–anti-GFP nanobody was utilized and for the GFP-MTCH2 the His14–Avi–

SUMOEu–anti-GFP nanobody was utilized (Stevens et al., 2023). Following nanobody 

immobilization, binding sites were blocked with free biotin for 10 min on ice. Blocked, nanobody-

bound beads were then added to the cleared cell lysate for binding to detergent-solubilized GFP-

tagged MTCH2 for 1 hour at 4˚C with head-over-tail mixing. The magnetic beads were collected 

back and washed five times with wash buffer, before resuspension in wash buffer containing SENPEuB 

protease and incubated on ice. The GFP-SUMOEu-MTCH2 construct was resuspended with 1.2 µM 

SENPEuB protease and incubated for 2 hours releasing a tag-less MTCH2. While the GFP-MTCH2 

construct was resuspended with 0.25 µM SENPEuB protease and incubated for 30 min, releasing a 

GFP tagged MTCH2 into solution. Eluted samples were analyzed via SDS-PAGE with Sypro Ruby 

stain (BioRad).  
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MTCH2 purified for proteoliposome reconstitution was purified from GFP-SUMOEu-MTCH2 in 

solubilization buffer containing 1% deoxy-BigCHAP (DBC) and wash buffer containing 0.25% 

DBC. 

Thermal unfolding assay 

1 µg of GFP-MTCH2 was mixed with 2 mM nucleotide in a final volume of 20 µL. The samples 

were incubated for 10 min at set constant temperatures (50-80˚C) in a thermocycler. Heated samples 

were then immediately spun by centrifugation at max speed for 15 min at 4˚C in a tabletop centrifuge, 

to pellet any unfolded and aggregated protein. The supernatant was retrieved and GFP fluorescence 

was recorded on a microplate reader (BioTek, USA). 

Proteoliposome reconstitutions 

Reconstitutions of MTCH2 into liposomes followed similar protocols to those previously described 

(Guna & Hegde, 2018; Guna et al., 2022; Mariappan et al., 2011). The following phospholipids were 

purchased from Avanti Polar Lipids: egg phosphatidyl-choline (PC), egg phosphatidyl-ethanolamine 

(PE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-lissamine rhodamine B (Rh-PE). The 

lipids were mixed at a mass ratio of 8:1.9:0.1 PC:PE:Rh-PE, adjusted to 10 mM DTT, and dried by 

centrifugation under vacuum overnight. The resulting lipid film was rehydrated to a final 

concentration of 20 mg/mL in lipid buffer (15% glycerol, 50 mM HEPES pH 7.4) and mixed for 8 

hours at 25 °C until a homogenous mixture was achieved. Rh-PE absorbance at 573 nm was used to 

quantify the lipid concentration after rehydration. BioBeads-SM2 (Bio-Rad, USA) were activated 

with methanol, washed thoroughly with distilled water, and then resuspended and stored in water in 

a 50% slurry. Excess water was removed from the BioBeads just before use. 

For a standard 90 μL reaction, the reconstitution mix contained MTCH2 purified in DBC, 180 µg 

lipids, and the remaining volume made up with buffer, salts, and detergent to achieve a final 

concentration of 0.8% DBC, 25 mM HEPES pH 7.5, and 100 mM NaCl. The lipid:protein molar ratio 

used in reconstitutions was 2,000:1. The reconstitution mixture was then added to 90 μL BioBeads in 

a 1.5 mL Eppendorf tube and the slurry was mixed in a thermomixer for 18 hours at 4 °C. The liquid 

phase was separated from the BioBeads, diluted with five volumes of ice-cold water, and pelleted by 

centrifugation at 70,000 rpm (TLA-100.3 rotor; Beckman-Coulter, USA) for 30 min at 4˚C. The 
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supernatant was discarded, and the pelleted liposomes were resuspended in 18 μL of liposome 

resuspension buffer (50 mM HEPES pH 7.5, 100 mM KAc, 250 mM sucrose, 1 mM DTT).  

Mammalian in vitro translation and proteoliposome insertion 

In vitro translation reactions were carried out in rabbit reticulocyte lysate (RRL) with in vitro 

transcribed mRNA as described before (Sharma et al., 2010). PCR products generated from pSP64-

derived plasmids contained a 5’ SP6 promoter, followed by the open-reading frame, and a 3’ stop 

codon. The 3xFLAG-OMP25-6xHis construct used here was previously described in Guna et al., 

2022. Transcription reactions were carried for 1.5 hours at 37˚C and contained T1 mix (Sharma et al., 

2010), SP6 polymerase (New England Biolabs, USA), RNAsin (Promega, USA), and the PCR 

product. The transcriptions were added directly to RRL and nascent proteins were translated for 30 

min at 32˚C in the presence of radioactive 35S-methionine (Revvity, USA). Nascent proteins were 

released from the ribosome with 1 mM puromycin. To assess for an effect of nucleotide addition on 

MTCH2 insertion activity, nucleotides present in the translation extract needed to be depleted by 

buffer exchange. Translations were buffer exchanged into RRL buffer (20 mM HEPES pH 7.5, 80 

mM KAc, 2.5 mM MgAc2, 0.5 mM spermidine, 1.5 mM reduced glutathione) using a NAP-5 

desalting column (Cytiva, USA). Proteoliposome insertion reactions contained 9µL buffer exchanged 

translation, 1 µL resuspended proteoliposomes, 1.5µL nucleotide diluted into RRL buffer, and 

incubated at 32°C for 0-20 minutes.  

Successful post-translational insertion into proteoliposomes was monitored by a protease protection 

assay. Protease-accessible regions were digested by incubation with 0.25 mg/ml Proteinase K for 1 

hour at 4˚C. Protease digestion reactions were quenched by the addition of 5 mM PMSF in DMSO, 

followed by quick transfer into boiling SDS buffer (100 mM Tris/HCl pH 8.4, 1% [w/v] SDS). The 

quenched reactions were diluted tenfold in IP Buffer (50 mM HEPES/KOH pH 7.5, 500 mM NaCl, 

10 mM imidazole, 0.5% [v/v] Triton X-100) and incubated with NiNTA resin (QIAGEN, USA) for 

1.5 hours at 4˚C for affinity purification of His-tagged protected fragments. The resin was washed 

three times with IP buffer and resuspended in SDS-PAGE sample buffer containing 50 mM EDTA 

pH 8.0 for elution of the protected fragments. Samples were analyzed by SDS-PAGE and 

autoradiography  
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Sequence analysis  

MTCH2 homolog sequences were obtained by querying UniProt for sequences annotated with the 

PANTHER family, PTHR10780 (Mistry et al., 2021; Thomas et al., 2022). AlphaFold-predicted 

models were obtained from a published database (https://AlphaFold.ebi.ac.uk/) (Jumper et al., 2021). 

Sequence alignments were generated using MUSCLE v5 (Edgar, 2004) and the ESPript 3.0 server 

(https://espript.ibcp.fr, (Robert & Gouet, 2014)) was used to visualize the alignment. 
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4.6 Supplementary Materials 

 

Figure S4.1. Characterizing the mitochondrial TA protein charge series’ ability to insert into 

the mitochondria and ER.  
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(A) As in Figure 4.1C, the OMM insertion is assessed in the MTCH2 KO cells. The GFP:RFP 

ratio is plotted as a histogram comparing OMM insertion into WT and MTCH2 KO cells for each 

substrate mutant to test for MTCH2 dependence. (B) (Left) Schematic of the split GFP reporter 

system used to selectively monitor TA protein insertion into the ER. Cells are constitutively 

expressing GFP1-10 in the ER lumen instead of the IMS. (Right) As in Figure 4.1C but instead 

monitoring insertion into the ER. (C) As in Figure 4.1C, the OMM insertion of each substrate mutant 

is assessed in cells transduced with either a non-targeting (control) or EMC2 knockdown (kd) single 

guide RNA. 
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Figure S4.2. Characterization of the MTCH2 charge mutants. 

(A) AlphaFold2 predicted model of MTCH2 colored by sequence conservation calculated from the 

sequence alignment shown in Figure S4.4 in ChimeraX. The model on the right highlights the 

negatively charged residues within the hydrophilic vestibule tested in Figure 4.2C. (B) Related to 

Figure 4.2C. The membrane fractions of MTCH2 KO cells transduced with WT or the indicated 

MTCH2 mutants were blotted for MTCH2 to check for their expression level. 
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Figure S4.3. MTCH2 is not under nucleotide regulation. 

(A) Western blot of cells from Figure 4.3C. Immunoblot of MTCH2 to check expression levels in the 

cell, and tubulin as a loading control.  (B) Two views of the AlphaFold2 predicted model of MTCH2 

and the ATP-bound UCP1 structure (PDB: 8HBW). In MTCH2 the three amino acids (K25, Y235, 

V238) which increase MTCH2 insertion activity when mutated are highlighted. In the UCP1 structure 

the bound ATP is colored in magenta. For clarity the nanobody and amino acids 271-307 are omitted 

from the UCP1 structure. On top is a side view of the two and on the bottom is a view from the cytosol 

towards the IMS for MTCH2, and from the IMS towards the matrix for UCP1. (C) As in Figure 4.3D, 

the normalized GFP fluorescence of the supernatant is plotted against the incubation temperature. 

The addition of neither ATP nor GTP increases GFP-MTCH2 thermostability at higher temperatures. 

(D) Gel quantified in Figure 4.3E. OMP25 was in vitro translated in the presence of 35S-methionine. 

OMP25 was incubated with MTCH2 reconstituted proteoliposomes for 0, 2, and 10 minutes. The 

reactions were then treated with PK and the protease protected fragment was affinity purified. The 

samples were analyzed by SDS-PAGE and autoradiography.  
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Figure S4.4. Sequence alignment of human MTCH2 and its homologs. 

Sequence alignment of MTCH2 homologs was generated in MUSCLE v5 (Edgar, 2004) and 

visualized using the ESPript 3.0 server (https://espript.ibcp.fr, (Robert & Gouet, 2014)). The 

secondary structure representation on top is based on the H. sapiens MTCH2 AlphaFold2 predicted 

model. Red columns denote 100% sequence conservation; yellow columns denote moderate 

conservations with similar residues bolded. The amino acid residues mutated in Figure 4.5 are 

indicated with a blue circle. 
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C h a p t e r  5  

CONCLUDING REMARKS 

Research into the fundamental question of how membrane proteins are synthesized has been ongoing 

for decades, with significant progress made over recent years. Initially understood as a simple, linear 

process for membrane insertion, the field has since expanded to reveal a much more complex and 

multi-faceted system involving a variety of factors and pathways. Despite this progress, our current 

understanding remains incomplete, and many aspects of the intricate mechanisms surrounding 

membrane protein biogenesis are still poorly understood. Advances in technology, particularly in 

functional genomics, single particle cryo-electron microscopy (cryo-EM), and cryo-electron 

tomography (cryo-ET), have played a crucial role in accelerating the research into these processes. 

These tools have allowed us to examine the diverse protein biogenesis pathways in much greater 

detail, shedding light on how different membrane proteins are accommodated by various insertion 

machineries. In the past two decades, we have gained valuable insights into the functional mechanism 

of the Sec61 translocon guided by the structure. More recently, within the last four years, high-

resolution structures of other membrane protein biogenesis machineries in the endoplasmic reticulum 

(ER) including the ER membrane protein complex (EMC), the multi-pass translocon (MPT), and the 

holo-insertase complex, and in the mitochondria including the TOM, SAM, and TIM23 complexes, 

have been solved. These structural advances have not only deepened our understanding of how 

membrane proteins are synthesized and inserted into membranes but have also raised new questions 

that remain to be answered. The rapid development of functional genomics tools, such as genetic 

CRISPR screens, have led to key discoveries of novel factors in recent years. These include the 

discovery of MTCH2 as an essential outer mitochondrial membrane (OMM) insertase and the BOS 

complex as a critical player in both the MPT and the holo-insertase complex. These findings 

underscore that our understanding of membrane protein biogenesis is still evolving, and we continue 

to identify new factors involved in the process. 

Ultimately, the goal of this field is to achieve a comprehensive understanding of the entire process by 

which membrane proteins are synthesized and mature into their final, functional state. To fully 

decipher the molecular logic behind membrane protein biogenesis at each cellular membrane, it is 

essential to conduct detailed mechanistic studies. This will enable us to understand how the membrane 

proteome is established and maintained across all cellular membranes, shedding light on the 
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fundamental processes that govern cell function and organization. This thesis aimed to answer 

questions surrounding how membrane proteins are integrated to different cellular compartments and 

the molecular basis for the accurate sorting. 

The main question, which my thesis work addressed, is delineating and understanding the mechanistic 

details of membrane protein biogenesis at the molecular level. Building on prior knowledge that the 

EMC, a novel insertase described within the last 10 years, is required for the biogenesis of several 

classes of membrane proteins, my work aimed to understand the molecular details of membrane 

protein biogenesis by the EMC. Several aspects of the EMC insertase function remained elusive: How 

is the post-translational TA protein targeted to the EMC handed over to the EMC? How does the 

EMC insert these TA proteins? And does the EMC confer any selection pressure to contribute 

accurate sorting of these TA proteins? 

To address these questions, we leveraged our improved structure of the EMC and through site-specific 

crosslinking and structure-guided mutational analysis mapped the pathway of a TA protein through 

the EMC. Starting with the capture of the TA protein by hydrophobic loops of the EMC in the cytosol 

located right underneath the intramembrane hydrophilic vestibule, which we definitively identified 

as the insertase competent surface. We probed the effect of mutations to the EMC on the insertion of 

both ER and mitochondrial TA proteins, through systematic analysis of insertion assays in vitro and 

in cells. We identified positively charged residues at the entrance to the hydrophilic vestibule which 

uses charge repulsion to function as a selectivity filter against TAs with positively charged C-termini, 

such as mitochondrial TA proteins. Furthermore, in addition to TA proteins, the EMC also co-

translationally inserts the first TMD of Nexo (N-terminus in the ER lumen) multi-pass membrane 

proteins, which are enriched with negative charges. Finally, we found that the EMC’s selectivity filter 

also ensures the soluble domain of multi-pass membrane proteins with positively charged N-termini 

to be retained in the cytosol and adopt the correct topology. The selectivity filter at the EMC provides 

a biochemical basis for EMC’s role in limiting TA protein mislocalisation and preventing topological 

errors of multi-pass membrane proteins. The EMC protects compartment integrity by enforcing the 

accurate sorting of TA proteins between the ER and outer mitochondrial membrane, and enforcing 

the ‘positive-inside’ rule, to limit protein misinsertion at the ER. 

This work showed that the EMC imposes specificity at the ER membrane, but this is only a single 

aspect of the multi-faceted approach to regulating sorting specificity. It is believed that cells regulate 

overall fidelity of protein localization through a combination of processes including selectivity of the 

chaperone binding in the cytosol for correct targeting, selectivity at the insertion step (this thesis 
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work), and extraction of mislocalized proteins. More mechanistic studies need to be performed to 

define how selectivity is achieved in these other processes. 

In addition to studying the molecular details of membrane protein biogenesis at the ER, my thesis 

work aimed to further our understanding of the biogenesis of membrane proteins at the OMM. I 

focused on dissecting MTCH2 as a recently identified novel OMM insertase for α-helical membrane 

proteins in humans. The primary objective of this work was to develop an understanding of how 

MTCH2 inserts TA proteins into the OMM and whether MTCH2 confers selectivity at the membrane 

like the EMC. We developed a set of tools to study the biogenesis of α-helical membrane proteins in 

the OMM of mammalian cells and used them to probe MTCH2’s insertion activity. Through this 

work I showed that the mitochondria are highly selective for TA proteins with positively charged C-

termini and specifically prefer a positive charge right after the transmembrane domain (TMD). 

Utilizing the AlphaFold-predicted model of MTCH2, I performed structure-based mutagenesis to see 

if a selectivity filter in MTCH2 existed. While I could not identify a molecular basis for selectivity, 

instead the possibility of MTCH2 being regulated arose from these studies. It was hypothesized that 

MTCH2 could have evolved from a member of the SLC25 family and retained its ability to be 

regulated. MTCH2 was tested for nucleotide regulation but failed to show any regulatory effect in the 

presence or absence of nucleotide. The evolution of MTCH2 is particularly interesting as OMM 

insertases in other organisms are functional paralogs that do not share any sequence or structural 

homology. MTCH2 homologs were identified throughout metazoans and closely related holozoan 

protists, and we demonstrated that they could function as an OMM insertase in human cells. 

Mutational analysis of the homologs also revealed that they too may be similarly regulated as human 

MTCH2. 

This will be the basis of ongoing work on understanding the molecular mechanism of MTCH2 

insertase activity, as it provides insight towards long-standing questions while opening more. How 

do OMM insertase carry out their function? Are OMM insertases under strict regulation, and if so 

what and why are they regulated? Could we target the regulation to manipulate OMM proteostasis? 

Future work investigating the mechanistic detail of MTCH2 insertion activity will answer these 

questions and help us better understand membrane protein homeostasis at the OMM. 
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