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ABSTRACT 

All cells contain hydrophobic lipid bilayers, or membranes, which act as a barrier to the 

outside of the cell. Additionally, eukaryotic cells contain additional internal membrane-

bound compartments known as organelles. Within these membranes exist a diverse set 

of proteins that play important roles for cellular function and comprise about a third of the 

proteome. Because these membrane proteins reside and function within a hydrophobic 

membrane, the cell must complete the challenging task of trafficking them from the 

cytosol and inserting them into the correct cellular membrane. This process of membrane 

protein targeting and insertion is known as membrane protein biogenesis. In eukaryotes, 

most membrane proteins are inserted co-translationally, where they are first targeted to 

the endoplasmic reticulum and dock to the protein conducting channel Sec61 for their 

biogenesis. However, it has recently become more evident that the cell contains 

additional membrane protein biogenesis factors that can facilitate the insertion of more 

complicated membrane proteins. Here, I present research focusing on the structure and 

function of a translocon specializing in multipass membrane protein biogenesis. More 

specifically, this translocon is termed the “Multipass Translocon” and is comprised of three 

subcomplexes that assemble to Sec61 and the ribosome during multipass membrane 

protein biosynthesis. These studies reveal the mechanisms by which substrate directs 

the co-translational assembly of the Multipass Translocon and highlights the importance 

of the Multipass Translocon for multipass client protein biosynthesis. Additionally, I 

describe my ongoing efforts to capture structures of multipass folding intermediates within 

the Multipass Translocon. Overall, this work characterizes the translocon as a dynamic 



 xiii 

assembly that co-translationally adapts its subunit composition to meet the various 

biosynthetic requirements of its diverse client proteins.
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CHAPTER 1. Introduction and Background 

1.1 Cellular Membranes and Membrane Proteins 

The fundamental unit of life is the cell, which is characterized by aqueous 

cytoplasm enclosed in a membrane bilayer. In eukaryotes, membranes also enclose 

intracellular compartments to form organelles and vesicles. The membrane bilayer is 

semi-permeable, acting as a barrier to protect a cell from its surroundings, while also 

allowing certain molecules to pass through. Cellular membranes contain both lipids and 

proteins.  

The membrane bilayer, also known as the phospholipid bilayer, is made of up of 

two layers of phospholipids. Phospholipids are amphipathic, containing a hydrophilic head 

group and a hydrophobic tail (Nicolson, 2014; Singer & Nicolson, 1972). In the bilayer, 

the hydrophobic tails point inwards while the hydrophilic head groups assemble on the 

outside of the sheet to interact with the surrounding aqueous environment. The cell 

membrane also contains other lipids, such as sphingolipids and steroids such as 

cholesterol (Jiang & Li, 2022).  

Membrane proteins are another major component of the membrane and make up 

about a third of all human proteins (Fagerberg et al., 2010; Wallin & Heijne, 1998). They 

can be divided up into two major classes: integral membrane proteins and peripheral 

membrane proteins. Peripheral membrane proteins are loosely held to the membrane 

through electrostatic interactions with the lipid head groups or are post-translationally 

modified with lipid that can insert into the membrane bilayer (Ferguson, 1991; Paulick & 

Bertozzi, 2008). Most membrane proteins are integral membrane proteins (Von Heijne, 

2007), also known as transmembrane proteins, which is the major topic for this work. 
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These proteins cross the lipid bilayer and perform many important functions in the cell, 

acting as ion and small molecule transporters, receptors, adhesion molecules, and 

enzymes. Transmembrane proteins often contain hydrophobic α-helical membrane-

spanning regions known as transmembrane domains (TMDs), in addition to external 

hydrophilic regions that interact with aqueous environment. Another class of 

transmembrane proteins are β-barrels, which are mostly found in the outer membranes 

of bacteria and mitochondria and is not addressed in this work (Gouaux, 1997; Schulz, 

1996). 

 Integral membrane proteins are diverse, and differ widely in their biophysical 

properties, topology (Figure 1 A), and subcellular localizations. For example, membranes 

can be either singlepass, containing a single TMD in the membrane, or multipass, with 

two or more TMDs inserted into the membrane. They also vary based on their topology. 

Type I membrane proteins contain an N-terminal signal peptide that gets cleaved off by 

the signal peptidase complex, leaving the N-terminus of the matured protein in the lumen 

(N-exo). Type II membrane proteins have an N-cyto topology. Type III membrane proteins 

are characterized by short (less than ~ 60 amino acids) N-terminus preceding the first 

TMD and are N-exo. Additionally, there are tail-anchored membrane proteins which 

contain a TMD close (approximately 65 amino acids) to the C-terminus and are N-cyto. 

Furthermore, some membrane proteins are short with small cytosolic and luminal regions. 

 

1.2 The Ribosome 

Ribosomes are macromolecular machines involved in protein translation. They use 

messenger RNA (mRNA) as a template to synthesize the correct sequence of amino 
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acids for a protein. The ribosome subunits are named according to their sedimentation 

coefficient, Svedbergs (S). The eukaryotic 80S ribosome contains a large 60S ribosomal 

subunit and a small 40S ribosomal subunit. Overall, the ribosome contains both protein 

(47 proteins in the 60S subunit and 33 proteins in the 40S subunit) and ribosomal RNA 

(rRNA; 3 rRNA in the 60S subunit and 1 rRNA in the 40S subunit) (Moraleva et al., 2022). 

Furthermore, multicellular eukaryotes contain additional rRNA components known as 

expansion segments which may coordinate ribosome binding to proteins in the ER (Knorr 

et al., 2019; Ramesh & Woolford, 2016). The large ribosomal subunit contains the peptidyl 

transferase center, which covalently links amino acids to the growing nascent peptide 

chain. It also contains the ribosomal exit tunnel where the nascent polypeptide departs. 

The small ribosomal subunit harbors the mRNA tunnel and decoding center. Here, 

transfer RNA (tRNA) recognizes triplet codons and deliver the corresponding amino acid 

to the peptidyl transferase center. The tRNA binding positions within the ribosome are 

referred to as aminoacyl- (A-), peptidyl- (P-), and exit (E-) sites. 

Many of the experiments in this thesis use translationally-stalled ribosomes. This 

is accomplished using in vitro translation, where the mRNA is truncated and the stop 

codon is replaced with a Met-Leu-Lys-Val stalling sequencing (Shao et al., 2013; Shao & 

Hegde, 2014; Tsuboi et al., 2012). During translation, the nascent chain is covalently 

linked to the terminal valine tRNA through an aminopeptidyl-tRNA bond and the ribosome 

becomes stalled. Notably, the length of the ribosomal exit tunnel is approximately 30-35 

amino acids long (Voss et al., 2006). Therefore, many of the truncated products described 

in this thesis are stalled 40 amino acids beyond the point of interest (the TMDs). 

Additionally, ribosomes can be translationally stalled when the mRNA forms significant 
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secondary structure, during stretches of rare codons, or during translation of a poly-A tail 

during translation of poly-lysine sequences (Arthur et al., 2015; Doma & Parker, 2006; 

Letzring et al., 2013).  

 

1.3 Membrane Protein Biogenesis 

 Integral membrane proteins are first translated by ribosomes in the cytosol but 

must be correctly targeted and inserted their designated cellular membrane to perform 

their proper function. While bacterial membrane proteins are first targeted to the plasma 

membrane, this work focuses on eukaryotic membrane proteins, which are first inserted 

into the endoplasmic reticulum (ER) before being trafficked to their final designated cell 

membrane. However, as an exception, mitochondrial membrane proteins are synthesized 

in the cytosol prior to mitochondrial targeting by the Translocase of the Inner/Outer 

Membrane (TIM/TOM) complexes (Chacinska et al., 2009; Pfanner & Geissler, 2001). 

Because membrane proteins are so diverse in their properties, multiple membrane protein 

biogenesis pathways exist. Membrane protein biogenesis is generally characterized by 

four stages: targeting, insertion, folding, and assembly (Figure 1B). Failure to properly 

insert can lead to aggregation, which can be toxic for the cell, and activate quality control 

pathways (Chiti & Dobson, 2006; Kopito, 2000).  
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Figure 1. Overview of Membrane Protein Biogenesis 

(A) The major classes of integral membrane proteins. (B) The four steps of 
membrane protein biogenesis. (Hegde & Keenan, 2022) 

 

 

1.4 Co-Translational Membrane Protein Biogenesis 

The co-translational membrane protein insertion pathway is the best understood. 

During translation by the ribosome, a hydrophobic N-terminal signal sequence (around 7-

9 amino acids; (Almagro Armenteros et al., 2019)) or TMD (around 15-25 amino acids 

(Krogh et al., 2001)) emerges from the ribosomal exit tunnel. This hydrophobic sequence 

is recognized by the signal recognition particle (SRP), which binds substrates co-
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translationally and protects them from escaping into the cytosol (Halic et al., 2004; 

Voorhees & Hegde, 2015). SRP contains a hydrophobic groove lined with many 

methionine residues that allows it to recognize diverse hydrophobic sequences (Halic et 

al., 2004; Keenan et al., 1998; Von Heijne, 1985; Voorhees & Hegde, 2015). From there, 

SRP is targeted to the SRP receptor in the ER membrane, which interacts with a protein-

conducting channel known as Sec61, and promotes release of the ribosome-nascent 

chain complex (Hwang Fu et al., 2017; Luirink, 2004). 

The Sec61 (SecY in bacteria and archaea) complex is used for secretion of soluble 

proteins and insertion of hydrophobic TMDs into the membrane. The Sec61 complex is a 

conserved heterotrimeric protein conducting channel known as Sec61αβγ in eukaryotes. 

Sec61’s central channel is located within Sec61α, which is the largest subunit with 10 

TMDs. The main function of the central channel is to translocate proteins across the 

membrane. Sec61α also contains a short plug helix and a lateral gate that opens and 

allows passage of TMDs into the membrane (Li et al., 2016; Osborne et al., 2005; Tanaka 

et al., 2015; Voorhees et al., 2014; Voorhees & Hegde, 2016). The lateral gate is 

commonly referred to as the front of Sec61, at the interface between helices 2b and 7. 

Importantly, the lateral gate functions to recognize sufficiently hydrophobic sequences, 

often TMDs, for lateral insertion into the lipid bilayer. Sec61α is made up of an N-terminal 

and C-terminal halves that surround an hour-glass shaped central channel (Van den Berg 

et al., 2004; Voorhees et al., 2014). These two halves are connected by a hinge (a luminal 

loop between TMDs 5 and 6) which allows the lateral gate to open. When Sec61 opens, 

the N-terminal half undergoes a rigid body movement with respect to the C-terminus, 

resulting in the opening of the channel at the lateral gate. Sec61β is an N-cyt tail anchored 
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protein that assembles near the N-terminus of Sec61α. Sec61γ contains two alpha helical 

segments. The C-terminal helix traverses the membrane and contacts both halves of 

Sec61α, while the N-terminal helix lies perpendicular to the membrane and contacts the 

C-terminus of Sec61α. While their roles are less understood, it has been shown that 

Sec61βγ assembly to Sec61α increases translation efficiency (Nishiyama et al., 1993; 

Pohlschröder et al., 1997). Additionally, several Sec61 inhibitors which inhibit protein 

translocation exist. While these inhibitors are structurally distinct, all inhibitors bind to a 

partially opened lateral gate and stabilize the plug domain such that it remains closed 

(Itskanov et al., 2023) 

Once a ribosome translating the nascent membrane protein is delivered to its 

target by SRP, it docks to Sec61 and causes the channel to enter a primed state (Park et 

al., 2014; Pfeffer et al., 2015; Voorhees et al., 2014; Voorhees & Hegde, 2016). 

Interactions with the ribosome cause Sec61’s lateral gate to open slightly while the plug 

still remains in the channel. The signal peptide or TMD binds to and parts the lateral gate, 

which displaces the plug helix and creates an open channel across the membrane (Li et 

al., 2016; Mandon et al., 2009; Voorhees & Hegde, 2016). For single pass membrane 

proteins, as translational elongation occurs, the soluble domains will pass through the 

channel while the hydrophobic TMD is recognized by the lateral gate and partitions 

laterally into the lipid bilayer (Hessa et al., 2005; White & Vonheijne, 2005). 

While the mechanism for co-translational single pass membrane protein insertion 

has been well-characterized, multipass membrane protein insertion is a bit more 

complicated. Multipass membrane protein TMDs are often much more hydrophilic 

because many are channels or receptors, so their TMDs often contain polar or charged 
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amino acids (Hessa et al., 2007). Because exposed hydrophilic side chains within the 

membrane are recognized by the ER-associated degradation pathway, multipass 

membrane proteins must also be shielded from the membrane before folding into their 

final form. Folding of multipass membrane proteins is further complicated by the fact that 

one TMD may need to pack against another TMD that has not yet been synthesized or 

inserted into the membrane. Additionally, the hydrophilic TMDs may be less recognizable 

as an insertable TMD by Sec61’s lateral gate. Up until recently, the recognized model for 

multipass membrane protein insertion has depicted sequential insertion of TMDs through 

Sec61 (Blobel, 1980; Patterson et al., 2015; Shao & Hegde, 2011); however, the work 

described in this dissertation presents data showing that Sec61 is not the only membrane 

protein insertion factor residing in the ER.  

 

1.5 Eukaryotic Translocon Accessory Factors 

Although the ribosome-Sec61 complex provides a foundation for understanding 

co-translational membrane protein insertion, the process is much more complicated. 

Membrane proteins have diverse biophysical properties which must be accounted for 

during their biogenesis. Additionally, many membrane proteins are modified, including 

events such as signal peptide cleavage or glycosylation, during their biogenesis. 

Therefore, other proteins, called translocon accessory factors, assemble to the ribosome-

Sec61 complex to facilitate the insertion requirements of broader membrane proteins. 

While the function of many of these accessory factors is not well-understood, they seem 

to assemble in a substrate-dependent manner (Conti et al., 2015). Together, the 
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ribosome-Sec61 complex along with the translocon accessory factors make up the 

translocon. 

The Translocon Associated Protein (TRAP) complex is a heterotetrameric 

complex, formerly known as the signal sequence receptor (SSR) that assembles to Sec61 

with or without ribosomes (Hartmann et al., 1993). Three of the TRAP monomers (α, β, 

δ) are single-pass membrane proteins while TRAPγ contains four TMDs. While TRAP’s 

role remains largely unknown, research has shown that enhances the ability of weakly 

hydrophobic signal peptides to initiate co-translational translocation through Sec61 (Fons 

et al., 2003; Görlich et al., 1992). A recent cryo-EM structure has been solved, revealing 

how the mammalian TRAP complex interacts with a translating ribosome and Sec61 

(Jaskolowski et al., 2023). Key interactions with the ribosome include a TRAPα anchor 

with the ribosomal protein uL29 and rRNA, plus an interaction between some positively-

charged amino acids in TRAPγ and rRNA. Additionally, TRAPα contacts Sec61α on its 

luminal side. 

The Oligoaccharyltransferase (OST) complex is a membrane protein complex that 

catalyzes asparagine-linked glycosylation for proteins traversing the secretory pathway. 

Glycosylation is one of the most common post-translational modifications of proteins 

(Zafar et al., 2011), and defects in glycosylation have been linked to decreased protein 

stability and disease (Jayaprakash & Surolia, 2017; Lee et al., 2015; Shrimal et al., 2013). 

N-glycosylation is also important for protein topology because is constrains it to the lumen 

and prevents retrotranslocation (Welply et al., 1983). Glycan Transfer occurs at an Asn-

X-Ser/Thr concensus sequence, where X is any amino acid, excluding proline (Tai & 

Imperiali, 2001). Glycosylation occurs at OST’s catalytic site located in the ER lumen 
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(Hanover & Lennarz, 1980; Welply et al., 1983), where a preassembled oligosaccharide 

is transferred to an asparagine by an N-glycosidic bond (Helenius & Aebi, 2004; Mohorko 

et al., 2011; Shrimal et al., 2015). The catalytic subunit SST3 (staurosporine and 

temperature sensitive 3) of OST is present in two paralogous forms in higher eukaryotes– 

STT3A and STT3B (Kelleher et al., 2003). STT3A glycosylates proteins co-translationally 

and catalyzes the majority of all N-glycosylation events (Ruiz-Canada et al., 2009). 

STT3B glycosylates acts as a proofreader for sites missed by STT3A and acts post-

translationally (Cherepanova & Gilmore, 2016; Kelleher et al., 2003; Ruiz-Canada et al., 

2009).   

While Sec61 is often involved in co-translational translocation with docking of the 

ribosome, it can also accommodate post-translational translocation when it engages with 

a fully synthesized client protein. In mammals, these precursor proteins are post-

translationally inserted because they are too short to interact with SRP and the ribosome 

(Schlenstedt et al., 1990). Sec63 and Sec63 assemble with Sec61 as the core machinery 

to activate its post-translational mode (Deshaies et al., 1991; Panzner et al., 1995). Sec62 

binds both Sec61 and Sec61, plus has the ability to bind ribosomes (Müller et al., 2010). 

Sec63 is a three TMD protein containing a luminal J-domain that allows chaperones such 

as BiP to facilitate in substrate translocation into the lumen by a ratcheting mechanism 

(Brodsky et al., 1995). In the current model for Sec61 post-translational translocation, 

Sec63 binding primes the lateral gate by partial opening (Itskanov & Park, 2019; Wu et 

al., 2019). Sec62 further widens the lateral gate and displaces the plug domain away from 

the central channel (Itskanov et al., 2021). 
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The Translocating-chain Associated Membrane Protein (TRAM) contains eight 

TMDs and is an essential accessory factor for the biogenesis of many secreted 

membrane proteins (Görlich et al., 1992; Görlich & Rapoport, 1993; Tamborero et al., 

2011). TRAM has been crosslinked to both soluble proteins with signal sequences and 

membrane proteins with TMDs (Do et al., 1996; Görlich et al., 1992; Heinrich et al., 2000; 

Krieg et al., 1989; McCormick et al., 2003; Saurí et al., 2007; Voigt et al., 1996). It has 

also been proposed that TRAM stimulates the biogenesis of membrane proteins 

containing more hydrophilic and/or TMDs (Heinrich et al., 2000; Meacock et al., 2002). 

The Ribosome Associated Membrane Protein (RAMP4) is a small, 66 amino acid, 

tail-anchored protein that interacts with the ribosome and Sec61 (Görlich & Rapoport, 

1993; L. Wang & Dobberstein, 1999). RAMP4 is upregulated during ER stress, and 

RAMP4 overexpression in cells experiencing ER stress decreased membrane protein 

aggregation and degradation (Yamaguchi et al., 1999). Furthermore, RAMP4 deletion 

has been shown to induce the unfolded protein response (Hori et al., 2006). Other studies 

have shown that RAMP4 binds hydrophobic client proteins and is recruited to the 

ribosome during membrane protein biogenesis before the TMD emerges from the 

ribosomal exit tunnel (Pool, 2009; Schroder, 1999). 

Importantly, this is not a complete list of all the eukaryotic translocon accessory 

factors. However, it does highlight the vast amount of additional machinery the cell 

contains to accommodate the diverse needs of membrane proteins. 
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1.6 The Oxa1 Superfamily 

In addition to Sec61, the ER membrane contains at least three other insertion 

factors. These include TMCO1, EMC, and the GET1-GET2 complex, which are all 

members of the Oxa1 superfamily, discussed in further detail below. Oxa1 superfamily 

members arose long before the emergence of eukaryotes before the divergence of 

bacteria and archaea. Its members mediate membrane protein biogenesis and are 

located in bacterial (YidC) (Dalbey et al., 2014; Pross et al., 2016) and archaeal (Mj0480) 

(Borowska et al., 2015) plasma membranes, the inner mitochondrial membrane (Oxa1) 

(Hell et al., 2001), chloroplast thylakoid membrane (Alb3 and Alb4) (P. Wang & Dalbey, 

2011) and the eukaryotic ER (TMCO1) (Anghel et al., 2017; McGilvray et al., 2020). Its 

members share a common N-out/C-in topology and feature a cytosolic-facing coiled coil 

between the first and second TMDs (Anghel et al., 2017). All Oxa1 superfamily members 

feature a hydrophilic vestibule in a conserved three-TMD core, which may be play a role 

in TMD insertion. The hydrophilic vestibule is thought to thin the membrane bilayer, 

allowing Oxa1 insertases to lower the energetic penalty associated with translocating 

hydrophilic segments across the bilayer. Because Oxa1 superfamily proteins lack a 

membrane-spanning channel, this insertion activity is often restricted to fewer than 50 

amino acids (Wu & Rapoport, 2021).  

 

1.7 Post-Translational Membrane Protein Biogenesis 

Some membrane proteins (approximately 700) only contain a TMD close 

(approximately 65 amino acids) to the C-terminus, and are therefore known as tail-

anchored membrane proteins (Kutay et al., 1993). These proteins must be post-
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translationally targeted because the TMD at the C-terminus precludes recognition until it 

leaves the ribosomal exit channel. A couple of pathways for post-translational membrane 

protein insertion are discusses in further detail below. 

 

1.8 The Guided Entry of Tail-Anchored Proteins (GET) Pathway 

The GET pathway is involved in the post-translational biosynthesis of proteins with 

moderate to high hydrophobicity. In this pathway, as the nascent chain of a tail-anchored 

membrane protein releases from the ribosome, it is captured by the TMD-binding 

chaperone SGTA, plus GET4-GET5, forming a ‘pre-targeting’ complex (Mariappan et al., 

2010; Mateja et al., 2015; Mock et al., 2015; Shao et al., 2017; F. Wang et al., 2010), 

which facilitates transfer of the tail-anchored protein to the soluble chaperoning factor 

GET3 (Mateja et al., 2015; Shao et al., 2017; F. Wang et al., 2010). The extended 

cytosolic domains of GET2 capture GET3 and direct it towards the GET1-GET2 complex 

(Schuldiner et al., 2008; Zalisko et al., 2017). This allows the GET1 cytosolic domains to 

interact with GET3, inducing a conformational change and releasing the tail-anchored 

substrate (Mariappan et al., 2011; Stefer et al., 2011). Next, the tail-anchored protein is 

inserted into the lipid by the ER-resident GET1-GET2 complex (F. Wang et al., 2014). 

Notably, GET1 is a member of the Oxa1 superfamily (Anghel et al., 2017), so the TMD 

and hydrophilic tail can engage with the GET1 hydrophilic vestibule for insertion into the 

membrane.  

 

 



 14 

1.9 The ER Membrane Protein Complex (EMC) 

EMC is an assembly of eight or nine different proteins, depending on the species. 

It contains 14 TMDs, plus large cytosolic and luminal domains (Bai et al., 2020; Chitwood 

& Hegde, 2019; Volkmar & Christianson, 2020). Recent structures of EMC have revealed 

a hydrophilic vestibule containing conserved positively-charged amino acids, plus a 

hydrophobic crevice within the cytosolic face (Bai et al., 2020; Miller-Vedam et al., 2020; 

O’Donnell et al., 2020; Pleiner et al., 2023). Importantly, one of EMC’s subunits (EMC3) 

is a member of the Oxa1 superfamily.  

Many tail-anchored proteins contain TMDs of low hydrophobicity that cannot be 

efficiently inserted by the GET pathway, suggesting there is an alternative insertion route 

(Mateja et al., 2015; Rao et al., 2016). EMC has recently been characterized to be 

involved in the biogenesis of low- to moderately- hydrophobic proteins. Herein, purified 

EMC has been shown to be sufficient for tail-anchored protein insertion of a moderately 

hydrophobic tail-anchored protein (Guna et al., 2018). Furthermore, a recent study has 

carefully examined the path of tail-anchored membrane protein insertion using 

mutagenesis and site-specific crosslinking (Pleiner et al., 2023). EMC has also been 

shown to be involved in co-translational insertion of Type III (N-exo) signal anchors and 

multipass membrane proteins (Chitwood et al., 2018). Notably, Type III membrane 

proteins also contain a relatively short hydrophilic segment that must be translocated 

across the membrane along with the TMD. 

In the current model (Pleiner et al., 2023), the flexible hydrophobic loops in the 

cytosolic region of EMC capture a tail-anchored protein or the first TMD of a Type III 

multipass membrane protein. This interaction allows their C- or N- terminal domain to 
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probe the positively-charged hydrophilic vestibule, which acts as a selectivity filter. TMDs 

lacking positive charge are easily translocated through EMC, while charge repulsion by 

the hydrophilic vestibule facilitates rejection of mistargeted mitochondrial tail-anchored 

proteins (which are enriched for positive charges in their C-terminal tails (Costello et al., 

2017; Horie et al., 2002; Rao et al., 2016)) by EMC. Additionally, this positively- charged 

selectivity filter helps to maintain the correct topology of proteins by enforcing the 

“positive-inside” rule, where the positively-charged soluble domain remains in the cytosol 

(Heijne & Gavel, 1988). 

 

1.10 TMCO1 and the Multipass Translocon 

This thesis focuses on the Multipass Translocon, which is involved during the 

biosynthesis of multipass membrane proteins. Briefly, this translocon contains three 

subcomplexes that selectively assemble to the translocon during multipass membrane 

protein biosynthesis. These subcomplexes include the “Protein Associated with 

Translocon” Complex (PAT Complex; CCDC47 and Asterix) “GET and EMC-Like” (GEL 

Complex; TMCO1 and OPTI), and “Back of Sec61” (BOS; TMEM147, NOMO, Nicalin) 

(Sundaram, Yamsek, Zhong et al., 2022). TMCO1 (Transmembrane and Coiled-Coil 

Domains 1) was recently characterized as a eukaryotic Oxa1 superfamily member 

(Anghel et al., 2017).  
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CHAPTER 2. Substrate-Driven Assembly of a Translocon for 

Multipass Membrane Proteins 

2.1 Overview 

Previous work by McGilvray et al. described an ER translocon involved in 

multipass membrane protein biogenesis. Herein, TMCO1-containing ribosome-nascent-

chain complexes were immunoprecipitated and mass spectrometry was used to identify 

associating factors. Furthermore, cryo-EM and crosslinking experiments showed that 

many of these identified proteins (CCDC47, NOMO, Nicalin, and TMEM147) were shown 

to associate with the ribosome and Sec61. Additionally, mRNA sequencing on TMCO1-

ribosome-bound transcripts revealed selective translocon engagement with multipass 

membrane proteins. This work led to additional questions about the Multipass Translocon, 

including why the Multipass Translocon is selective for multipass proteins, how the 

Multipass Translocon is recruited during multipass biosynthesis, and how it functions 

during multipass membrane protein biogenesis. 

Early on, my research focused on looking at the functional aspect of the Multipass 

Translocon. Herein, I selected multipass client proteins from the TMCO1 mRNA 

sequencing data and used in vitro translation as a tool to screen the proper insertion of 

many multipass client proteins in wild-type versus knockout membranes. Ultimately, I 

found a significant insertion and glycosylation defect in knockout TMCO1 membranes for 

the 5-TMD containing protein YIPF1. This initial observation allowed us to further study 

the functional role of the Multipass Translocon. Briefly, this work showed that the 

Multipass Translocon is made up of three obligate heterocomplexes that assemble to the 

ribosome during multipass membrane protein biosynthesis. The Multipass Translocon is 
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recruited to ribosomes translating multipass membrane proteins once more than one 

TMD has been inserted into the membrane. Additionally, the Multipass Translocon is 

important for maintaining proper protein topology and stability. 

A version of this work was published as Sundaram, A.#, Yamsek, M.#, Zhong, F.#, 

Hooda, Y., Hegde, R. S., & Keenan, R. J. (2022). Substrate-driven assembly of a 

translocon for multipass membrane proteins. Nature, 611(7934), Article 7934. (# = Equal 

Contribution, Listed Alphabetically) (https://doi.org/10.1038/s41586-022-05330-8) 

 

2.2 Contributions 

A.S., M.Y. and F.Z., who contributed equally, are listed alphabetically. A.S. and F.Z. 

performed the interaction analysis in cells; A.S., M.Y. and F.Z. performed the in vitro 

interaction analyses; M.Y. and A.S. carried out the in vitro and cell-based glycosylation 

assays; F.Z. and Y.H. performed the flow cytometry experiments; R.S.H. and R.J.K. 

provided funding and guidance. R.J.K. conceived the study and wrote the manuscript with 

input from all authors. 

 

2.3 Abstract 

Most membrane proteins are synthesized on endoplasmic reticulum (ER)-bound 

ribosomes docked at the translocon, a heterogeneous ensemble of transmembrane 

factors operating on the nascent chain (Gemmer & Förster, 2020; Rapoport et al., 2017). 

How the translocon coordinates the actions of these factors to accommodate its different 

substrates is not well understood. Here we define the composition, function and assembly 

of a translocon specialized for multipass membrane protein biogenesis3. This ‘multipass 
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translocon’ is distinguished by three components that selectively bind the ribosome–

Sec61 complex during multipass protein synthesis: the GET- and EMC-like (GEL), protein 

associated with translocon (PAT) and back of Sec61 (BOS) complexes. Analysis of 

insertion intermediates reveals how features of the nascent chain trigger multipass 

translocon assembly. Reconstitution studies demonstrate a role for multipass translocon 

components in protein topogenesis, and cells lacking these components show reduced 

multipass protein stability. These results establish the mechanism by which nascent 

multipass proteins selectively recruit the multipass translocon to facilitate their biogenesis. 

More broadly, they define the ER translocon as a dynamic assembly whose subunit 

composition adjusts co-translationally to accommodate the biosynthetic needs of its 

diverse range of substrates. 

 

2.4 Introduction 

The ER translocon is built around the Sec61 complex (Görlich & Rapoport, 1993). 

This essential factor binds ribosomes, houses a membrane-spanning channel for 

polypeptide translocation, and a contains a lateral gate that opens towards the lipid bilayer 

for transmembrane domain (TMD) insertion (Li et al., 2016; Van den Berg et al., 2004; 

Voorhees et al., 2014; Voorhees & Hegde, 2016). The ER also contains members of the 

Oxa1 superfamily of TMD insertases (Anghel et al., 2017), including the guided entry of 

tail anchored protein (GET) complex (Schuldiner et al., 2008), the ER membrane protein 

complex (EMC) (Jonikas et al., 2009) and TMCO1 (Xin et al., 2010). We recently 

discovered that affinity purification of TMCO1 strongly enriches for ribosome–Sec61 

complexes that are translating multipass membrane proteins (McGilvray et al., 2020). 
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This ‘multipass translocon’ also contains CCDC47 and a three-protein complex 

comprising TMEM147, nicalin and NOMO (Dettmer et al., 2010) (hereafter termed the 

BOS complex). Using cryogenic electron microscopy, these factors were visualized 

behind Sec61 (McGilvray et al., 2020), where the oligosaccharyl transferase complex 

(OST) ordinarily resides (Pfeffer et al., 2014). How the multipass translocon is recruited 

to this site in place of OST, why it is selective for multipass membrane proteins, and what 

its functions are during protein biogenesis are all poorly defined.  

 

2.5 The Multipass Translocon is Distinguished by Three Obligate Heterocomplexes 

As previously shown, affinity purification of epitope-tagged TMCO1 from cells co-

purified ribosomes that contained the Sec61 complex, CCDC47 and the BOS complex3 

(Figure 2a,b). These ribosomes also contained Asterix (also known as WDR83OS), the 

partner of CCDC47 in the recently defined PAT complex (Chitwood & Hegde, 2020; 

Meacock et al., 2002), and C20Orf24 (also known as RAB5IF), a recently proposed 

binding partner of TMCO1 (Lewis & Hegde, 2021). Like the PAT and BOS complex 

subunits, TMCO1 and C20Orf24 were mutually dependent on each other, so we named 

the latter OPTI (obligate partner of TMCO1 insertase; Figure 2c and Figure 3a). OPTI is 

homologous to GET2 and EMC6, binding partners of the Oxa1 superfamily members 

GET1 and EMC3, respectively (Bai et al., 2020; Lewis & Hegde, 2021; McDowell et al., 

2020; Miller-Vedam et al., 2020; O’Donnell et al., 2020; Pleiner et al., 2020). TMCO1 and 

OPTI are hereafter termed the GEL complex (Figure 3b).  

TMCO1-purified ribosomes contained the TRAP complex, but did not contain OST 

(Figure 2b). This is consistent with the observation that the PAT, GEL and BOS 
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complexes occupy positions that overlap with OST, but on a different side of Sec61 to the 

TRAP complex. Affinity purification using tagged subunits of the PAT or BOS complexes 

similarly recovered ribosomes that contain the PAT, GEL, BOS, Sec61 and TRAP 

complexes, but not OST. Notably, the co-purification of all of these complexes is seen 

only in the ribosome fraction, with little or no association observed in the ribosome-free 

fraction (Figure 2b). Although the subunits within each multipass translocon complex are 

mutually dependent on each other, loss of any one complex does not impact the overall 

abundance of the others (Figure 2c). However, because they make (limited) contact with 

each other at the translocon (Figure 3b), recruitment of each complex to the ribosome is 

partially dependent on the other two, as discussed later. Thus, the multipass translocon 

contains the PAT, GEL and BOS complexes co-assembled on ribosomes containing the 

Sec61 and TRAP complexes, but lacking OST (Figure 2d). Earlier work analyzing ER 

membranes engaged in protein secretion defined a core translocon containing only the 

Sec61 and TRAP complexes, and a secretory translocon that additionally contains the 

OST complex (Pfeffer et al., 2014). 
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Figure 2. The Multipass Translocon is Distinguished by Three Obligate 
Heterocomplexes 

(a) Experimental strategy. Nuclease-treated membranes from wild-type or stably 
integrated Flag-tagged (TMCO1, Nicalin (also known as NCLN) and CCDC47) 
HEK293 cells were digitonin-solubilized, immunoprecipitated and sedimented 
through a sucrose cushion to isolate the ribosome-bound and ribosome-free 
fractions for analysis. (b) Analysis of input (I), ribosome-bound (pellet (P)) and 
ribosome-free (supernatant (S)) fractions by SDS–PAGE and immunoblotting. 
uL22 and STT3A are used here as markers for the ribosome and OST, 
respectively. IP, immunoprecipitation. (c) Whole-cell lysates from the indicated 
wild-type and knockout HEK293 cell lines were analyzed by SDS–PAGE and 
immunoblotting. (d) Subunit organization and key architectural features of the 
compositionally distinct multipass, core and secretory translocons, viewed from the 
cytosol.  
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Figure 3. Three Obligate Complexes of the Multipass Translocon 

(a) Whole cell lysates from siRNA depleted HEK293 cells were analyzed by SDS-
PAGE and immunoblotting; ‘Ctrl’ is a non-targeting control siRNA. (b) 
Nomenclature, subunit topology and number of transmembrane domains for three 
obligate heterocomplexes of the multipass translocon. Subunits that directly 
contact the ribosome in the assembled state are indicated with an asterisk. Within 
the translocon, CCDC47 and TMEM147 contact different regions of Sec61, while 
interactions between the PAT, GEL and BOS complexes are limited to small 
portions of TMCO1 that contact CCDC47, TMEM147 and Nicalin. (c) Distribution 
of the multipass translocon components in eukaryotes (OrthoDB v10.1). 

 

2.6 Substrate-Directed Assembly of the Multipass Translocon 

To understand the relationship between these translocons, we analyzed a series 

of translocation intermediates assembled at ER membranes by in vitro translation (Figure 

4a). Both early and late intermediates of the single-spanning membrane protein ASGR1 
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were associated with the secretory translocon, but not the multipass translocon (Figure 

4b). The five-TMD protein YIPF1 (Shakoori et al., 2003), chosen because its mRNA is 

enriched with the affinity-purified multipass translocon (McGilvray et al., 2020), behaved 

differently. Although early intermediates of YIPF1 contained the secretory translocon, this 

was markedly reduced with concomitant gain of multipass complexes at later stages 

(Figure 4b). A similar result was observed using a series of intermediates of the eight-

TMD protein TRAM2 (Figure 5a,b). The key step when this switch begins corresponds to 

the point when two TMDs have been membrane inserted and the third is inside the 

ribosome exit tunnel. Thus, OST is exchanged for the PAT, GEL and BOS complexes 

specifically at the point when the substrate can be minimally defined as a multipass 

membrane protein.  

Unexpectedly, the PAT, GEL and BOS complexes were not required for substrate-

triggered displacement of OST from the translocon. Even in ER membranes lacking the 

complexes, OST was effectively displaced by YIPF1 and TRAM2 intermediates with at 

least two membrane-inserted TMDs (Figure 4c and Figure 5c). These results indicate that 

the presence of multiple TMDs in the membrane impairs OST binding to its site behind 

Sec61. This might be explained by a shift in the position of the inserted TMDs relative to 

Sec61 (Sadlish et al., 2005). Notably, the ribosome exit tunnel is offset from the central 

channel of Sec61 towards its back side (Figure 2d). As a consequence, an insertion 

intermediate ending with a TMD whose N terminus faces the lumen (N(exo)) TMD and a 

30–40-amino-acid downstream tether to the truncation point might favor the back side of 

Sec61 due to tension in the nascent chain (Figure 4d). If such a TMD associates with 

preceding TMDs (such as TMDs linked by short loops), the presence of multiple TMDs 
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behind Sec61 would hinder OST binding. Consistent with this idea, an earlier structural 

analysis provisionally assigned an N(exo) TMD (followed by a 32-amino-acid tether) to a 

site behind Sec61 adjacent to OST (Braunger et al., 2018). As additional TMDs cannot 

be accommodated at the OST–Sec61 interface, a multipass insertion intermediate ending 

in this TMD–tether configuration would not be compatible with OST binding. However, the 

multipass complexes would be able to bind such an intermediate because there is more 

space between Sec61 and the multipass components (McGilvray et al., 2020) (Figure 

4d). Indeed, structural and photocrosslinking analysis of a rhodopsin intermediate with 

three membrane-inserted TMDs in the multipass translocon revealed the third TMD in its 

N(exo) topology behind Sec61 and connected to the downstream tether inside the 

ribosome exit tunnel (Smalinskaitė et al., 2022). YIPF1 and TRAM2 intermediates with 

two membrane-inserted TMDs are probably in the same configuration, albeit with one 

fewer N-terminal TMD.  

Similar behavior was observed with KDELR1, a seven-TMD N(exo) protein with 

the opposite topology to YIPF1 and TRAM2, whose N termini face the cytosol (N(cyt)) 

(Figure 6a). The first targeted intermediate of KDELR1 engaged the core translocon 

(Figure 6b). Further elongation resulted in a mixture of secretory and multipass 

translocons until TMD2 and TMD3 were inserted. At this point, OST binding was reduced, 

with a concomitant increase in recruitment of the multipass components. OST 

displacement was largely independent of the multipass components (Figure 6c). Thus, 

N(cyt) and N(exo) substrates trigger displacement of OST from the translocon by a similar 

mechanism, except offset by one TMD.  
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Surprisingly, displacement of OST was insufficient for assembly of the multipass 

translocon, because an early YIPF1 intermediate did not recruit the multipass 

components even in ER membranes lacking OST (Figure 4c). To further define the 

trigger(s) for multipass translocon assembly, we analyzed variants of the minimal 

recruitment intermediate containing only the first two TMDs of YIPF1 followed by a 42-

amino-acid downstream tether (Figure 4e). At this length, a mixture of secretory and 

multipass translocons are observed, making it a sensitive reporter of changes to this 

balance. The second TMD proved to be strictly required because its replacement with a 

hydrophilic linker abolished multipass translocon assembly (Figure 4f). Conversely, 

introducing TMD2 of YIPF1 downstream of the native ASGR1 TMD was sufficient to 

trigger recruitment of the multipass translocon complexes (Figure 7a). In the two-TMD 

YIPF1 intermediate, increasing the hydrophobicity of both TMDs slightly (but 

reproducibly) reduced multipass translocon assembly in favor of secretory translocon 

retention (Figure 4f and Figure 7b). This is consistent with the finding that TMD 

hydrophilicity is a key requirement for interaction with the PAT complex (Chitwood & 

Hegde, 2020), and perhaps other multipass translocon components. Thus, a shift in 

translocon composition can be triggered in two non-mutually exclusive ways: 

accumulation of multiple TMDs behind Sec61 to disfavor OST binding and direct TMD 

engagement of the multipass complexes to favor their recruitment and retention.  
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Figure 4. Substrate-Directed Assembly of the Multipass Translocon 

(a) Templates used to generate truncated, Flag-tagged constructs for affinity 
purification of stalled (no stop codon) ribosome–nascent chain complexes. All 
stalled intermediates are appended with Met-Leu-Lys-Val. Luminal loops (grey) 
and native N-glycosylation acceptor sites (black circles) are indicated. (b) Stalled, 
Flag-tagged ASGR1(N79A) and YIPF1 constructs truncated at the indicated 
positions were translated in rabbit reticulocyte lysate (RRL) in the presence of wild-
type HEK293 rough microsomes, and the membrane-associated fraction was 
isolated by sedimentation. Following anti-Flag immunoprecipitation of the 
digitonin-solubilized membranes, stalled ribosome–nascent chain complexes were 
isolated by sedimentation and analyzed by SDS–PAGE and immunoblotting. Note 
the earliest intermediates (ASGR1 61-mer and YIPF1 140-mer) do not target to 
the membrane as their first TMD remains buried inside the ribosome exit tunnel, 
thus serving as a control for nonspecific binding. (c) Stalled, Flag-tagged YIPF1 
constructs truncated at positions 183 and 277 were translated in RRL in the 
presence of wild-type (WT), double-knockout (TMCO1/Nicalin (ΔTN) and 
TMCO1/CCDC47 (ΔTC)) or STT3A-knockout (ΔS) rough microsomes and 
analyzed as in b. (d) Diagram of translocon composition at different stages of  
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(Figure 4 Continued) YIPF1 synthesis, based on data in b & c. (e) Series of two-
TMD YIPF1 templates containing different TMD1 and TMD2 sequences. The 
calculated apparent free energy of membrane insertion (Hessa et al., 2007) 
(ΔGapp) for each TMD is indicated. (f) Stalled, Flag-tagged YIPF1 constructs as 
in e were analyzed as in b; quantification for n = 5 biological replicates is shown in 
Figure 7b. 
 
 

 
 

 

 
Figure 5. Translocon Dynamics During TRAM2 Synthesis 

(a) Template used to generate truncated, Flag-tagged TRAM2 constructs, as in 
Figure 4a. (b) Stalled, Flag-tagged TRAM2 constructs truncated at the indicated 
positions were analyzed as in Figure 4b. Note that the 140-mer intermediate (and 
beyond) is glycosylated at position 55. (c) Stalled, Flag-tagged TRAM2 constructs 
truncated at the indicated positions were translated in RRL in the presence of WT 
and double knockout (TMCO1/CCDC47, ‘ΔTC’) rough microsomes, and analyzed 
as in (b). 
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Figure 6. Translocon Dynamics During KDELR1 Synthesis 

(a) Template used to generate truncated, Flag-tagged KDELR1 constructs, as in 
Figure 4a. (b) Stalled, Flag-tagged KDELR1 constructs truncated at the indicated 
positions were analyzed as in Figure 4b. (c) Stalled, Flag-tagged KDELR1 
constructs truncated at the indicated positions were translated in RRL in the 
presence of WT and double knockout (TMCO1/CCDC47, ‘ΔTC’) rough 
microsomes, and analyzed as in (b). 
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Figure 7. Additional Characterization of Substrate Features that Direct 
Assembly of the Multipass Translocon 

(a) The indicated ASGR1- derived intermediates were translated in RRL in the 
presence of wild-type HEK293 rough microsomes, and the membrane-associated 
fraction was isolated by sedimentation. Following anti-Flag immunoprecipitation of 
the digitonin-solubilized membranes, stalled RNCs were isolated by sedimentation 
and analyzed by SDS-PAGE and immunoblotting. (b) Quantification of STT3A, 
TMCO1, CCDC47 and NOMO recruitment to stalled 2-TMD YIPF1 constructs as 
in Figure 4f, for n = 5 biological replicates. Data are mean ± S.D. Analysis was 
performed using an RM one-way ANOVA with the Geisser-Greenhouse correction 
and Tukey’s multiple comparisons test as implemented in GraphPad Prism 9.4.0. 
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(Figure 7 Continued) *, p < 0.0332; **, p < 0.0021; ***, p < 0.0002; ****, p < 0.0001; 
p values are given in Supplementary Table 2. 

 
 
2.7 Internal Loop Translocation at the Secretory Translocon 

Although most co-translationally modified glycosylation sites in multi pass 

membrane proteins occur early, at a point when OST would still be at the translocon, at 

least some sites occur in long loops translocated after multiple TMDs have been inserted 

(Cherepanova et al., 2019). These loops presumably begin translocating through the 

Sec61 complex when the preceding TMD engages the lateral gate of Sec61 in the N(cyt) 

orientation. To test whether internal loop translocation occurs at the secretory translocon, 

we analyzed biogenesis intermediates of EAAT1, an eight-TMD protein (Canul-Tec et al., 

2017) with a glycosylated luminal loop after TMD3 (Figure 8a). As with YIPF1 and 

TRAM2, the earliest targeted insertion intermediate is part of the secretory translocon, 

after which OST is displaced when TMD2 is inserted (Figure 8b). This EAAT1 153-mer 

intermediate is largely associated with the core translocon presumably because its tether 

length or TMD hydrophobicity limits binding to the multipass components. With elongation 

to a point when TMD3 has emerged from the ribosome exit tunnel, a mixture of secretory 

and multipass translocons are observed. Notably, the reappearance of OST at the 

translocon coincides with the onset of glycosylation (Figure 8b). At later lengths OST 

again departs, concomitant with increased recruitment of the multipass translocon 

components (Figure 8b). At each point, OST displacement occurs independently of the 

multipass components (Figure 8c). We posit that TMD3 engagement of the lateral gate 

favors repositioning of the preceding TMDs to the front side of Sec61, allowing OST to 

rebind at the back side (Figure 8d). Thus, translocon subunit composition is responsive 
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to the nascent chain and is influenced by both the positions (relative to Sec61) and 

interactions of preceding TMDs.  

 

 

Figure 8. Internal Loop Translocation at the Secretory Translocon 

(a) The template used to generate truncated, Flag-tagged EAAT1 constructs, as 
in Figure 4a. (b) Stalled, Flag-tagged EAAT1 constructs truncated at the indicated 
positions were analyzed as in Figure 4b. The appearance of additional EAAT1 
bands in later intermediates (EAAT1(268) onwards) is due to glycosylation in the 
TM3–TM4 luminal loop. (c) Stalled, Flag-tagged EAAT1 constructs truncated at 
the indicated positions were translated in RRL in the presence of wild-type and 
double-knockout (TMCO1/CCDC47 (ΔTC)) rough microsomes, and analyzed as 
in B. (d) Diagram of translocon composition at different stages of EAAT1 synthesis, 
based on data in b & c. Glycosylation of the EAAT1 acceptor site(s) is indicated. 
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2.8 Multipass-Translocon-Dependent Topogenesis 

To analyze the consequence of multipass translocon assembly for membrane 

protein biogenesis, we examined the insertion of YIPF1. The single N-linked glycosylation 

site in this substrate is close to the carboxy terminus and is necessarily modified post-

translationally (Figure 9a). It therefore serves as a reporter of topogenesis errors 

occurring anywhere preceding it. The fraction of glycosylated YIPF1 was substantially 

reduced when it was inserted into ΔTMCO1 microsomes compared to microsomes from 

wild-type cells (Figure 9b). Notably, equal percentages of YIPF1 were recovered from 

these two reactions after carbonate extraction, indicating comparable levels of membrane 

insertion. As glycosylation itself is unimpaired in these microsomes (see below), the 

defect in YIPF1 glycosylation is likely to be a consequence of altered topology. Consistent 

with this idea, protease protection analysis of YIPF1 showed a reduction of around 40% 

of protected fragments in ΔTMCO1 microsomes (Figure 9c). 

Using glycosylation as a proxy for proper YIPF1 topogenesis, we observed 

similarly strong defects in microsomes lacking the PAT, GEL or BOS complexes, and 

even stronger effects in double-knockout microsomes (Figure 9d,e). The YIPF1 defects 

could not be overcome by adding more microsomes to the reaction, consistent with an 

intrinsic biogenesis defect (Figure 10a,b). ASGR1 biogenesis (as judged by glycosylation) 

and translocation of another single-spanning membrane protein TMED2 (as judged by 

signal peptide cleavage) were unaffected in the same set of knockout microsomes (Figure 

9d). Thus, loss of the multipass translocon components impairs YIPF1 topogenesis 

without affecting SRP-dependent targeting, Sec61-mediated translocation and insertion, 

OST-mediated glycosylation or signal peptidase-dependent signal peptide cleavage. It is 
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noteworthy that loss of any one multipass translocon complex reduces ribosome 

recruitment of the others (Figure 10d). For this reason, it is difficult from these data to 

assign the YIPF1 topogenesis defect to any one factor. Nonetheless, it is clear that the 

multipass translocon is functionally important for biogenesis of the multipass protein 

YIPF1.  

Analysis of YIPF1 in cultured cells showed glycosylation defects in multipass 

translocon mutants similar to the in vitro results, indicating similar topogenesis defects in 

both systems (Figure 9f,g). The consequence of this defect is promiscuous degradation 

of YIPF1 tagged with red fluorescent protein (RFP) as determined using a flow cytometry 

assay (Figure 9h). In this setup, RFP–YIPF1 is translated in tandem with green 

fluorescent protein (GFP) but separated by the ribosome-skipping viral 2A sequence. 

Instability of newly made YIPF1 can be monitored as a reduction in RFP signal relative to 

the signal from GFP, which is necessarily translated at equal levels. The fluorescence 

ratio for the YIPF1 reporter was reduced in cells on knockdown of genes encoding 

components of the PAT, GEL or BOS complexes, consistent with impaired biogenesis 

(Figure 9i and Figure 10e). A similar effect was seen for reporters of two unrelated 

multipass membrane proteins (EAAT1 and the G-protein-coupled receptor AGTR2), but 

not for ASGR1 (Figure 9j). Thus, the multipass translocon is not only recruited to nascent 

multipass membrane proteins as monitored in vitro, but also facilitates their biogenesis in 

cells.  
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Figure 9. Multipass-Translocon-Dependent Topogenesis 

(a) Top: YIPF1 harbors a single N-glycosylation site (black circle) near its 
C terminus. Bottom: [35S]methionine-labelled wild-type and mutant (N297A) YIPF1 
were translated in RRL in the presence of rough microsomes, isolated by 
sedimentation, and analyzed by autoradiography. (b) Flag–YIPF1 was translated 
in RRL with wild-type or TMCO1-knockout (ΔT) rough microsomes, isolated by 
sedimentation, and analyzed either directly (input) or after alkaline sodium 
carbonate extraction. YIPF1, TMCO1, BIP (ER luminal) and TRAPα (ER integral) 
were visualized by immunoblotting. The proportion of glycosylated (Glyc.) YIPF1 
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(Figure 9 Continued) is indicated. (c) [35S]methionine-labelled, C-terminally 
haemagglutinin (HA)-tagged YIPF1 was translated in RRL with wild-type or ΔT 
rough microsomes, isolated by sedimentation, and analyzed by autoradiography 
before (−PK) or after (+PK) proteinase K treatment. The PK-treated sample was 
also analyzed after immunoprecipitation using the HA tag. Full-length YIPF1–HA, 
its protease-protected fragments (PF), and the proportion of recovered PF are 
indicated. (d) HA–YIPF1, HA–ASGR1 and TMED2–HA were translated in RRL 
with wild-type, single-knockout (TMCO1 (ΔT), Nicalin, (ΔN) or CCDC47 (ΔC)) or 
double-knockout (TMCO1/Nicalin (ΔTN) or TMCO1/CCDC47 (ΔTC)) rough 
microsomes, isolated by sedimentation, and analyzed by immunoblotting. (e) 
Quantification of YIPF1 glycosylation for n = 3 biological replicates, as in d. The 
data are shown as the mean ± s.d. (f) Flag–YIPF1 was transiently transfected into 
wild-type or knockout cells, and total lysates were analyzed by immunoblotting. (g) 
Quantification of YIPF1 glycosylation as in f, for n = 5 biological replicates. The 
data are shown as the mean ± s.d. (h) Reporter constructs to monitor protein 
stability in cells. (i, j) Stably integrated HEK293 reporter lines were treated with the 
indicated short interfering RNA (siRNAs), induced with doxycycline, and analyzed 
by flow cytometry. The histograms show FP ratios for each siRNA–reporter pair; 
the vertical black line indicates the mode of the control population. Statistical 
analyses in e & g were performed by ordinary one-way analysis of variance 
(ANOVA) with Dunnett’s multiple comparison test (single pooled variance) in 
GraphPad Prism 9.4.0. **P < 0.0021; ***P < 0.0002; ****P < 0.0001; P values are 
given in Supplementary Table 1. 
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Figure 10. Additional Characterization of the In Vitro System and Validation 
of siRNA Knockdowns 

(a) HA-YIPF1 was translated in RRL in the presence of WT, single- (TMCO1, ΔT; 
Nicalin, ΔN; CCDC47, ΔC) or double knockout (TMCO1/Nicalin, ΔTN; 
TMCO1/CCDC47, ΔTC) rough microsomes at different concentrations 
(determined by absorbance at 260 nm), isolated by sedimentation, and analyzed 
by SDS-PAGE and immunoblotting. The percentage of glycosylated YIPF1 is 
indicated below the gel. (b) Plot of the data in a. (c) Membranes prepared from the 
indicated wild-type, single- or double-knockout HEK293 cell lines were analyzed 
by SDS-PAGE and immunoblotting. (d) Stalled, Flag-tagged YIPF1 constructs 
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(Figure 10 Continued) truncated at position 183 and 277 were translated in RRL 
in the presence of wild-type (WT) or single knockout rough microsomes, and the 
membrane-associated fraction was isolated by sedimentation. Following anti-Flag 
immunoprecipitation of the digitonin-solubilized membranes, stalled RNCs were 
isolated by sedimentation and analyzed by SDS-PAGE and immunoblotting. (e) 
Whole cell lysates from HEK293 cells treated with the indicated siRNAs were 
analyzed by SDS-PAGE and immunoblotting; ‘Ctrl’ is a non-targeting control 
siRNA. 

 

2.9 Discussion 

We have defined the modular composition of the multipass translocon, established 

its role in multipass protein topogenesis, and revealed how nascent substrates drive 

translocon remodeling to facilitate their successful maturation. The multipass translocon 

components are most broadly distributed in metazoans (Figure 3c). This mirrors the 

marked increase in membrane proteome complexity that accompanied evolution of 

multicellular organisms (Attwood et al., 2017). The most notable example of this 

expansion is seen with the seven-TMD G-protein-coupled receptors, with about nine 

hundred family members encoded in the human genome but only three in 

Saccharomyces cerevisiae (Fredriksson & Schiöth, 2005). The multipass translocon may 

have evolved to increase the efficiency of multipass protein biogenesis, particularly in 

metazoans.  

Demand for multipass protein synthesis in other organisms might be satisfied by 

more broadly conserved components of the biogenesis machinery. In eukaryotes lacking 

some or all of the multipass components, the widely conserved EMC (Wideman, 

2015)may play a more central role in multipass protein biogenesis (Chitwood et al., 2018; 

Miller-Vedam et al., 2020; Shurtleff et al., 2018; Tian et al., 2019). Fungi, which lack 

recognizable homologues of the GEL and BOS complexes, may use their conserved PAT 
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complex components during multipass protein synthesis at Sec61. Prokaryotes lack PAT 

and BOS components, but GEL complex homologues in archaea (Borowska et al., 2015; 

Lewis & Hegde, 2021) and the Oxa1 superfamily insertase YidC in bacteria (Nagamori et 

al., 2004; Serdiuk et al., 2019; Zhu et al., 2013) may facilitate multipass protein biogenesis 

with SecY. In other cases, the TMD chaperone and insertase functions of the multipass 

components may be encoded by still unknown membrane factors.  

Accommodating the diversity of secretory and membrane proteins during 

biogenesis requires the ER translocon to coordinate multiple transmembrane factors that 

operate on the nascent chain. These factors include TRAM family members (Görlich et 

al., 1992; Voigt et al., 1996), RAMP4 (Görlich & Rapoport, 1993; Pool, 2009), signal 

peptidase (Evans et al., 1986; Liaci et al., 2021), chaperones (Chevet et al., 1999; Dudek 

et al., 2005), putative RNA-binding proteins (Cui et al., 2012) and others. For multipass 

membrane proteins, the signals directing translocon composition proved to be 

multifactorial, and included negative selection (for example, by disfavoring the binding of 

OST on the basis of TMD number and position) and positive selection (for example, by 

binding to specific factors such as the PAT complex). This is analogous to the interplay 

between cytosolic factors at the ribosome exit tunnel during synthesis of soluble proteins 

(Kramer et al., 2019). Our findings provide a framework for dissecting how other 

biogenesis factors are coordinated at the ER translocon. 
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CHAPTER 3. Progress Toward a Cryo-EM Structure of a 

YIPF1-programmed Multipass Translocon 

3.1 Overview 

The work presented in McGilvray et al. characterized the cryo-EM structure of the 

Multipass Translocon isolated from cultured Hek293 microsomes. Briefly, this structure 

contained the ribosome and Sec61 along with five accessory factors: TMCO1, CCDC47, 

Nicalin, NOMO, and TMEM147. While this structural characterization was an important 

first step, the resolution is limited in the membrane regions and a few of the TMDs are not 

completely resolved. A likely explanation for the limited resolution is because these 

natively isolated complexes are trapped in various stages of translation, with the 

ribosomes translating hundreds of different substrates. Therefore, the work presented in 

this chapter describes my progress toward obtaining a cryo-EM structure of the Multipass 

Translocon programmed with a multipass membrane protein stalled at a single point.  

 

3.2 Contributions 

I performed all the experiments, plus the cryo-EM processing written in this chapter. 

Robert Keenan built the model into the cryo-EM density, which were further adjusted by 

myself. The University of Chicago Advanced Electron Microscopy Facility assisted with 

the loading of the grids and aligning the microscopes. James Fuller compiled RELION-

4.0.1 onto the lab’s beagle3 computing cluster account.  
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3.3 Introduction 

One goal for the Multipass Translocon is to obtain higher resolution structural 

information that will allow us to visualize additional components more clearly. By stalling 

ribosomes with a substrate at a single point, it is likely that the complex will be less 

dynamic. First, by programming ribosomes with a multipass substrate, we will enrich the 

sample for the Multipass Translocon. Second, even when a multipass substrate is 

recruited to the Multipass Translocon, it is possible that the subcomplexes are still moving 

in a substrate- or length-dependent manner. Therefore, by stalling one substate at a 

single point, we expect these dynamics to be limited. Third, it is possible that the 

interactions between the multipass client protein and the Multipass Translocon can help 

to stabilize the complex. These explanations may therefore lead to a less dynamic 

complex, potentially allowing us to achieve higher resolution and visualize more density 

within the Multipass Translocon (Murata & Wolf, 2018). 

Additionally, we hope that the trapped intermediates can provide mechanistic 

insight into Multipass Translocon-dependent insertion. By visualizing the contacts 

between the multipass substrate and the Multipass Translocon, we can design 

experiments to investigate the mechanism. Furthermore, the ultimate goal is to be able 

to trap multipass substrates at different lengths throughout its biosynthesis and 

reconstruct a cryo-EM model at each point. From there, a molecular movie can be made 

to show how multipass membrane proteins interact with the Multipass Translocon during 

their biosynthesis. Furthermore, it may reveal certain signals that are required for the 

recruitment of other translocons, such as the Core and Secretory Translocon. 
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Recently, a collaborating lab has solved a couple of structures of the Multipass 

Translocon containing programmed ribosomes (Smalinskaitė et al., 2022). Briefly, this 

paper showed the substrate-mediated recruitment of the PAT complex to Sec61, focusing 

on the type III multipass membrane protein rhodopsin, a 7-TMD GPCR. The earliest PAT 

complex recruitment was observed when Rhodopsin was stalled 70 amino acids beyond 

the first TMD (Rhoext). Rhoext contains one TMD in the membrane while the second TMD 

and stalling sequence remain in the cytosol and ribosomal exit tunnel. Briefly, the first 

cryo-EM structure containing Rhoext programmed ribosomes featured CCDC47 wedged 

between the ribosome and the N-terminal half of Sec61α, thereby constraining Sec61 in 

the closed conformation. The second cryo-EM structure was isolated with ribosomes 

programmed with a Rho-4TMD intermediate, containing three TMDs emerged from the 

ribosome and the fourth TMD inside the ribosomal exit tunnel. While this longer multipass 

intermediate also showed increased density for the GEL complex, it also contained visible 

density for the third Rhodopsin TMD adjacent to Sec61. Site-specific crosslinking 

experiments confirmed this interaction, while also revealing contacts between TMD1 and 

Asterix, plus TMD2 and TMCO1. While these structures contain clear density for the 

ribosome, Sec61, and the PAT complex, density for the other subcomplexes of the 

Multipass Translocon (GEL and BOS) is limited. Also, only one of the substrate’s TMDs 

was visualized in the structure. 

 

3.4 Preparation of Programmed Multipass Translocon Particles for Cryo-EM. 

In an effort to increase the number of multipass client protein TMDs present in the 

cryo-EM structure, I sought to obtain a structure of the Multipass Translocon containing 
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a substrate that has more than three TMDs inserted into the membrane. Using in vitro 

translation (IVT), ribosomes were programmed with truncated 4xFlag-YIPF1-Terminal-

Valine(306) (stalled 58 residues after the 4th TMD; YIPF1 contains 5 total TMDs as shown 

in Figure 4A) in the presence of WT Cas9 microsomes. Following IVT, the Multipass 

Translocon was isolated by pulling down on YIPF1’s N-terminal flag tag. The particles 

were directly eluted from the resin and immediately frozen onto grids for imaging on the 

microscope (Figure 11A and B). As expected, this complex contained high levels for the 

Multipass Translocon subcomplexes and low levels of the Secretory Translocon when 

compared to various truncations of the singlepass membrane protein ASGR1 (Figure 4A), 

as visualized by western blot (Figure 11C).  Particles were monodispersed on the grids 

and (Figure 12A and B) and several cryo-EM datasets were collected and combined on 

the sample. 
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Figure 11. Preparation of Programmed Multipass Translocon Particles for 
Cryo-EM 

(A) Flowchart for isolating programmed particles for Cryo-EM. Using in vitro 
translation (IVT), ribosomes were programmed with truncated 4xFlag-YIPF1-
Terminal-Valine(306) in the presence of WT Cas9 microsomes. Following IVT, 
membranes were pelleted and solubilized in digitonin prior to anti-Flag 
immunoprecipitation. Particles were directly eluted from the resin and immediately 
frozen onto Quantifoil R1.2/1.3 200 mesh gold grids with 2 nm carbon. (B) 
Schematic of YIPF1-306 Programmed Multipass Translocon Particles. Four out of 
the five TMDs are emerged from the ribosome while one of the TMDs remains in 
the exit tunnel. (C) Western blot for 4xFlag-YIPF1-programmed ribosome 
immunoprecipitation alongside various single-pass membrane protein (4xFlag-
ASGR1)-programmed ribosome immunoprecipitations. Schematics for 4xFlag-
YIPF1 and 4xFlag-ASGR1 constructs are shown in Figure 4A. 
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Figure 12. Cryo-EM Micrographs and Initial 2D Classification 

(A) Representative cryo-EM micrograph imaged at 53,000X magnification on a 
Titan Krios. The micrographs contain monodispersed YIPF1-programmed stalled 
ribosomes. Particles were frozen on Quantifoil R1.2/1.3 200 mesh gold grids 
coated with 2 nm carbon. (B) Particles selected from Topaz, colored by figure of 
merit where Red = −3 and Blue = 5. (C) Representative 2D class averages for the 
YIPF1-programmed Multipass Translocon. 

 
 
 
3.5 Cryo-EM Data Processing on the YIPF1-Terminal-Valine(306) Sample 

All data processing was performed in RELION-4.0.1. The cryo-EM data processing 

workflow is outlined in Figure 13. Following Topaz particle picking and 2D classification 

(Figure 12C), the initial 3D refinement contained 1,113,500 particles. Initial 3D 

classification on the entire complex produced 7 similar classes (83.6%) that contained 
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density for the Multipass Translocon, one class (5.7%) that lacked the small 40S 

ribosomal subunit, and one poorly-aligned class (10.7%). Careful refinement on 928,794 

particles was done in four rounds of 3D refinement, post-processing, and CTF-refinement, 

followed by a final Bayesian polishing step once the estimated final resolution had 

stabilized. Focused classification with signal subtraction on the Multipass Translocon 

(excluding significant ribosome density) identified a subset of 232,563 particles containing 

the Multipass Translocon. Further focused classification with signal subtraction on the 

BOS complex resulted in a class with 145,202 particles. This class was reverted to its 

original, ribosome-containing state (Map 1) and refined again, focused on the Multipass 

Translocon region (Map 2). 

The overall resolution of the programmed Multipass Translocon was 3.36 Å for 

Map 1 and 3.38 Å for Map 2 (Table 1), with local resolutions around 3 Å for most of the 

ribosome, up to around 5-8 Å for the micellular and luminal regions (Figure 14). 
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Figure 13. Cryo-EM Data Processing Workflow 

All data processing was performed in RELION-4.0.1. Resulting structures were 
visualized using ChimeraX. 
 
 
 
 
 

Table 1: Cryo-EM Data Collection and Processing 
Magnification 53,000X  
Voltage (kV) 300  

Electron Exposure (e−/Å2) 60  
Defocus Range (μm) −0.9 to −1.9  

Pixel Size (Å) 0.84  
Symmetry C1  

Micrographs Used 8,633  
Initial Particle Images (No.) 1,837,322  
Final Particle Images (No) 145,202  

 Map 1 Map 2 
Map Resolution (Å) 3.36 3.38 

FSC Theshold 0.143 0.143 
Map Resolution Range (Å) 3.36 to 7.80 3.36 to 8.91 

12.2% 5.7%13.0% 11.6% 11.4% 12.6% 10.8% 12.0% 10.7%

8,633 Micrographs
MotionCor2, CTFfind-4.1

Pick Particles 
Topaz; 1,837,322 particles

2D Classification
1,837,322  particles 

Binned 2.3X

3D Refinement
1,113,500 particles,

Binned 2.3X

3D Classification
1,113,500 particles,

Binned 2.3X

3D Refinement
928,794 particles

3D Refinement on 
MPT Class

232,563 particles

FCwSS on BOS Complex
232,563 particles

3D Refinement After 
Unsubtracting

145,202 particles

3D Refinement 
Focus on Translocon

145,202 particles

FCwSS on Translocon
928,794 particles

Excluded Classes

Map 1 Map 2
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Figure 14. Cryo-EM Resolution Estimates 

Two maps were used for the final analysis: (A) Global map calculated with 
unsubtracted particles and (B) Multipass Translocon-focused map calculated with 
unsubtracted particles. Top, Maps are colored by local resolution as estimated by 
RELION; Bottom, angular distribution of particles. 
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3.6 Structure of the Multipass Translocon Programmed with YIPF1 

Overall, the map contained clear density for the ribosome (Figure 15A), and 

density for the Multipass Translocon subcomplexes was markedly improved compared to 

previous structures (Gemmer & Förster, 2020; McGilvray et al., 2020; Smalinskaitė et al., 

2022). The translating nascent chain can be clearly seen in the ribosomal exit tunnel; 

however, the density cuts off near Sec61. As previously observed, CCDC47’s coiled coil 

wedges between the ribosomal exit tunnel and Sec61 is in the closed conformation 

(Figure 15C; McGilvray et al., 2020; Smalinskaitė et al., 2022). Asterix density is still not 

fully resolved, but two of the three TMDs can be seen spanning the membrane, along 

with additional cytosolic density. TMCO1 density shows almost complete coverage of the 

three TMDs, plus the cytosolic coiled coil (Figure 15D). OPTI density also shows two out 

of the three TMDs completely spanning the membrane and the third TMD being mostly 

complete (Figure 15D). Notably, many of the secondary structural elements are visible in 

nicalin (Figure 15H), and up to three of the twelve NOMO immunoglobulin domains are 

visible in NOMO (Figure 15G). Furthermore, TRAP density was markedly improved 

compared to previous structures, discussed in further detail below.  

One of the aims of this project was to be able to visualize how a multipass client 

protein interacts with the Multipass Translocon during biosynthesis. The resulting 

structure contains density for what appears to be two putative YIPF1 TMDs (Figure 15E). 

One of them lies adjacent to TMCO1, while the other one lies nearby, between Sec61 

and TMCO1. Because TMCO1 is part of the Oxa1 superfamily (Figure 15F), this TMD 

placement near TMCO1 suggests that TMCO1 is acting as an insertase. While it currently 

remains a challenge to assign the TMDs due to lack of side chain density, this data is 
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consistent with our hypothesis that TMDs are inserted through the thinned lipid bilayer 

caused by TMCO1’s hydrophilic groove and are chaperoned during folding by the 

surrounding Multipass Translocon components.  

 

Figure 15. Structure of the Multipass Translocon programmed with YIPF1 

For each subfigure, the cytosolic region is on top while the luminal region is on the 
bottom. (A) Overall density for the Multipass Translocon. Map #1 was lowpass 
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(Figure 15 Continued) filtered and shown at a lower threshold (transparent) to 
highlight luminal density and the micelle. Color schemes are shown in B. (B) Color 
scheme for the Multipass Translocon. Sec61 (green), the BOS complex (Nicalin = 
dark purple, TMEM147 = purple, NOMO = light purple), the GEL complex (TMCO1 
= dark blue, OPTI = cyan), the PAT complex (CCDC47 = magenta, Asterix = light 
pink), and the TRAP complex (α = dark orange, β = orange, γ = light yellow, δ = 
yellow) (C) View of Sec61 and the PAT complex. (D) View of the GEL complex. 
(E) Putative substrate density for YIPF1 is visible near TMCO1’s hydrophilic 
groove, pointed out by red arrows. (F) TMCO1 is part of the Oxa1 superfamily, 
which features a cytosolic-facing hydrophilic groove and a locally thinned 
membrane (Hegde & Keenan, 2022). (G, H) Close-up view of the BOS complex 
luminal domains. (I) View of TRAPα TMD adjacent to TMEM147 of the BOS 
complex. (J) Close-up view of TRAPα C-terminal latch helix adjacent to uL29 in 
the large ribosomal subunit. 

 

 
3.7 TRAP Location in Core Translocon Versus the Multipass Translocon 

Another notable feature of the structure is the presence of an additional TMD near 

TMEM147 of the BOS complex. Based on the location with the TRAPα luminal domain 

directly below it, it appears to be density for the TRAPα TMD (Figure 15I). The previously-

observed TRAPα anchor (Jaskolowski et al., 2023) is also seen bound to uL29 in the 

large ribosomal subunit (Figure 15J). Notably, the location of this TRAPα TMD is shifted 

in the Multipass Translocon where it resides behind TMEM147, compared to its location 

in the Core Translocon where it resides behind Sec61 (Figure 16A). TMEM147 of the 

BOS complex overlaps with the location of the TRAPα TMD behind Sec61 in the Core 

Translocon (Figure 16A). Additionally, the other TRAP complex TMDs and luminal 

domains are also shifted back about 25 Å in the Multipass Translocon structure (Figure 

16B). When the Multipass Translocon is overlaid with the Core Translocon, there is 

substantial overlap between the luminal domains of the BOS complex and the luminal 

domain of TRAPα (Figure 16C). Therefore, it is possible that the Multipass Translocon 

pushes TRAPα out of the way when it moves in. 
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Figure 16. TRAP Location in the Core Translocon Versus the Multipass 
Translocon 

(A) Views of the Core Translocon (top row) and the Multipass Translocon (bottom 
row). The translocons were aligned to the C-terminus of Sec61 (amino acids 242-
465). Cytosolic view of the translocons (left image), front-facing view of the 
translocons (middle image), and side-facing view of the translocons (right image). 
(B) TRAP moves backward by about 25 Å in the Multipass Translocon (opaque 
beige) compared to its location in the Core Translocon (translucent red). (C) TRAP 
location from the Core translocon (translucent red) overlaid with the Multipass 
Translocon. The BOS complex is shown in translucent purple along with its    
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(Figure 16 Continued) secondary structural elements to highlight that TRAPα 
overlaps significantly with NOMO of the BOS complex.  
 

 
3.8 Assembly of the Multipass Translocon in TRAPα Knockdown Membranes 

To investigate the role that TRAPα plays within the Multipass Translocon, a TRAPα 

knockdown line was generated (Figure 17A and B). A recruitment experiment was carried 

out by immunoprecipitating the single pass membrane protein 4xFlag-ASGR1 truncated 

at position 112 with an “MLKV” stalling sequence (Figure 4A). Western blot analysis 

revealed an increase in the amount of Multipass components that assemble to the 

translocon in the TRAPα knockdown microsomes (Figure 17C). Notably, a significantly 

higher amount of NOMO, part of the BOS complex, was assembled, suggesting that the 

TRAPα knockdown allows for easier assembly of the BOS complex due to the lack of 

steric hinderance. When the multipass membrane protein 4xFlag-YIPF1 (Figure 4A), 

stalled at early (position 183) and late (position 277), was immunoprecipitated (Figure 

17D), a similar result was observed. Higher levels of the Multipass Translocon assembled 

at the early intermediate with one TMD inserted into the membrane; however, for the later 

intermediate when multiple TMDs are already inserted, this effect is much more subtle. 

In an effort to look at recruitment signals, ipomoeassin-F (IpomF) was added to the 

recruitment experiments. IpomF is a Sec61 inhibitor that binds to a partially opened lateral 

gate and stabilizes the plug domain such that it remains closed (Itskanov et al., 2023). 

When the above recruitment experiments were conducted in the presence of IpomF 

during translation, there was a significant reduction in the levels of STT3A (part of the 

OST complex of the Secretory Translocon) for both single pass ASGR1 and early 

intermediates of YIPF1 which resembles a single pass membrane protein (Figures 4A 
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and 17C,D). However, no significant change in STT3A levels was observed for the later 

multipass membrane proteins whether or not IpomF was added. These data could 

indicate that having an open Sec61 channel is required for signaling of the Secretory 

translocon, discussed in further detail below. 

While these TRAP movements and initial experiments are interesting, what it 

means for multipass protein biogenesis remains unclear. While TRAP has been 

implicated to enhance the ability of proteins with weakly hydrophobic signal peptides to 

initiate co-translational translocation through Sec61 (Fons et al., 2003; Görlich et al., 

1992) and as a chaperone to promote secretion and reduce ER stress (Jaskolowski et 

al., 2023), its role remains largely unknown. It has recently been shown that not all 

Multipass Translocons in the ER membrane contain the TRAP complex (Gemmer & 

Förster, 2020), suggesting that during synthesis of at least some substrates, TRAP may 

not be required. Preliminary IVT experiments showed similar YIPF1 glycosylation levels 

in WT and ΔTRAPα membranes; however, it remains possible that TRAP is important for 

the proper function of the Multipass Translocon. Therefore, the functional role of TRAP 

within the Multipass Translocon is yet to be determined.  
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Figure 17. Assembly of the Multipass Translocon in TRAPα Knockdown 
Membranes 

(A) Flowchart for generating TRAPα knockdown (ΔTRAPα) Hek293 single clonal 
cell line. A pX459 plasmid containing a TRAPα gRNA sequence and a puromycin 
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(Figure 17 Continued) resistance gene was transfected into WT FlpIn cells. After 
24 hours, 1 μg/mL of puromycin was added as a selection reagent. Following one 
week of selection, cells were singe-cell sorted into two separate 96-well plates. 
Cells were allowed to grow up for about weeks and the knockouts were confirmed 
by DNA sequencing and western blotting. (B) Whole cell lysates from ΔTRAPα 
knock down FlpIn HEK293 cells were analyzed by SDS-PAGE and 
immunoblotting. The amount loaded was serial diluted to ensure equal loading. 
The asterix is an unknown higher molecular weight TRAPα band. (C) 4xFlag-
ASGR1 was truncated at position 112 and an “MLKV” stalling sequence was 
added. It was translated in a rabbit reticulocyte lysate system in the presence of 
WT FlpIn or ΔTRAPα knock down FlpIn Hek293 microsomes. Where indicated, 
IpomF was added to a final concentration of 2 μM. Membrane-associated fraction 
was isolated by sedimentation. After anti-Flag immunoprecipitation of digitonin-
solubilized microsomes, the stalled ribosome-nascent chain complexes were 
analyzed by SDS-PAGE and immunoblotting. (D) 4xFlag-YIPF1 was truncated at 
the indicated positions and immunoprecipitated as in C. ASGR1 samples stalled 
at position 112 are also included for reference. 
 
 
 

3.9 Discussion 

This work resulted in a cryo-EM structure of the Multipass Translocon programmed 

with the multipass membrane protein 4xFlag-YIPF1-Teminal-Valine(306) (Figure 4A). 

Density for many of the subcomplexes of the Multipass Translocon were improved 

compared to other previously reported structures (Gemmer & Förster, 2020; McGilvray et 

al., 2020; Smalinskaitė et al., 2022). Additionally, what appears to be putative substrate 

density in the central cavity of the Multipass Translocon is visible. 

A major limitation with this structure is that the resolution for the two identified 

substrate TMDs is not sufficiently high to be able to confidently assign them to YIPF1. 

However, it is interesting that the putative substrate TMDs reside next to or nearby 

TMCO1. Because TMCO1 is a member of the Oxa1 superfamily and contains a 

hydrophilic groove which thins the membrane, it is possible that these two TMDs are part 

of a hairpin (for example, TMDs 1 and 2, or TMDs 3 and 4) that has been inserted by 
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TMCO1. This observation is very similar to what was observed in Smalinskaitė et al., 

where the TMDs of a multipass membrane protein are observed behind Sec61 in relation 

to its lateral gate. This, along with the data demonstrating that select type III multipass 

membrane proteins are Sec61 independent, helps to support a role for TMCO1 as an 

insertase. Although YIPF1 is a Type II membrane protein instead of a Type III membrane 

protein, it is proposed that the first two TMDs may be translocated through Sec61. The 

substrate then moves to the backside of Sec61, where the latter three TMDs are inserted 

(Sundaram*, Yamsek*, Zhong* et al., 2022). Further investigation is required to 

definitively assign the TMDs of this putative substrate density. Additionally, crosslinking 

may be carried out to verify its identity, as done previously (Smalinskaitė et al., 2022). 

Another major observation of this structure was the movement of the TRAP 

complex in the Multipass Translocon relative to the Core Translocon (Jaskolowski et al., 

2023). In the YIPF1-Terminal-Valine(306) structure presented in this thesis, there is 

density for the TRAPα TMD adjacent to TMEM147, in addition to the TRAPα C-terminal 

latch helix that makes contacts with uL29 of the large ribosomal subunit. Furthermore, 

when the two translocons are overlaid on the C-terminal half of Sec61, TRAP undergoes 

a significant movement in the Multipass Translocon. Overall, the TRAP complex is moved 

backward in relation to Sec61’s lateral gate by approximately 25 Å. More specifically, the 

TRAPα TMD is observed on the back side of Sec61 in the Core Translocon (Jaskolowski 

et al., 2023), whereas it is located towards the back of TMEM147 in the Multipass 

Translocon. Interestingly, there is a significant steric clash between the luminal domains 

of TRAPα of the Core Translocon and the BOS complex (specifically NOMO) of the 

Multipass Translocon. 
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Preliminary data in which TRAPα was knocked down showed that components of 

the Multipass Translocon, especially NOMO, are more readily recruited in TRAPα 

knockdown microsomes. Notably, the Core Translocon TRAPα location and the first 

immunoglobulin-like domain of NOMO in the Multipass Translocon overlap significantly. 

Therefore, it appears that knocking down TRAPα can allow the Multipass Translocon to 

be recruited to the translocon more easily. While this effect is overall weak, it’s possible 

that this observation would be more clear in the complete TRAPα knockout. Interestingly, 

this effect was more significant in recruitment experiments conducted on the single pass 

membrane protein ASGR1. Therefore, it’s possible that TRAP helps to regulate Multipass 

Translocon recruitment by preventing it from assembling with the translocon non-

specifically (i.e. with proteins that are not multipass). However, it has also recently been 

shown that not all Multipass Translocons contain the TRAP complex (Gemmer & Förster, 

2020), which brings up the question about whether TRAP is necessary for multipass 

membrane protein biosynthesis. Overall, it is difficult to assign an actual biochemical role 

for TRAP and more research must be conducted to determine TRAP’s role in the 

Multipass Translocon, in addition to the significance of TRAP relocation between the Core 

and Multipass Translocons. 

When the Sec61 inhibitor IpomF was added to recruitment experiments, a 

significant reduction in the levels of STT3A was observed for both singlepass ASGR1 and 

early intermediates of YIPF1, which resembles a singlepass membrane protein. Sec61 

inhibitors lock the lateral gate in a partially open state while stabilizing the plug domain in 

a closed conformation (Itskanov et al., 2023). The current model for Type II multipass 

protein (such as YIPF1) translocation through the Multipass Translocon posits that the 
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early TMDs are translocated and inserted through an open Sec61 channel. Once two or 

more TMDs are inserted into the membrane, the TMDs move to the back side of Sec61 

where the Secretory Translocon is displaced and the Multipass Translocon is recruited 

(Sundaram*, Yamsek*, Zhong* et al., 2022). The Multipass Translocon keeps Sec61 in 

the closed conformation with the help of CCDC47 which wedges between the ribosome 

and Sec61 (Smalinskaitė et al., 2022). Therefore, when IpomF is added to recruitment 

experiments for singlepass membrane proteins or early multipass membrane proteins, 

Sec61’s lateral gate is going from an open to partially-open state with a closed plug 

domain. Notably, OST makes contacts to Sec61 via its DC2 subunit. While this interaction 

seems to be stable in both opened and closed Sec61 states (Braunger et al., 2018), it is 

possible that an open Sec61 channel more strongly recruits OST and the Secretory 

Translocon. In the later YIPF1 truncation where multiple TMDs are inserted into the 

membrane, Sec61 is presumably in the closed position and there was no significant 

change in STT3A levels with and without IpomF. While this data is very preliminary, it 

could be a hint as to what the signals are for Secretory Translocon recruitment. However, 

these signals must be further evaluated in more detail. 
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CHAPTER 4. Future Directions 

The data presented in Sundaram, Yamsek, Zhong et al. demonstrates that the 

Multipass Translocon is selectively recruited during multipass membrane protein 

biosynthesis. Furthermore, it shows that the translocon is dynamic, where the subunit 

composition adapts to accommodate the various biosynthetic requirements for a wide 

range of translational substrates. Multiple structures, including the 4xFlag-YIPF1-

Terminal-Valine(306) structure described in this thesis, have now shown transmembrane 

density behind Sec61 (Braunger et al., 2018; Smalinskaitė et al., 2022). Notably, the 

Sec61 channel is closed in the Multipass Translocon structures, suggesting that proteins 

are not translocated through the channel. Furthermore recent work has shown that select 

Type III multipass membrane proteins are inserted independently of Sec61 (Smalinskaitė 

et al., 2022). In these experiments, addition of the Sec61 inhibitor IpomF had no 

noticeable effect on the insertion and glycosylation of Type III multipass membrane 

proteins with short loops. Therefore, a potential model for insertion of Type III membrane 

proteins is that the first TMD is inserted through EMC prior to docking to the Multipass 

Translocon which facilitates insertion of the subsequent TMDs. We speculate that other 

multipass membrane proteins (Type I and Type II) often only require an open Sec61 

channel for the first one or two TMDs, and then are inserted on the back side of Sec61. 

Although multipass membrane proteins rarely contain long internal luminal loops, these 

proteins would require translocation through Sec61. Therefore, future work will focus on 

the mechanism of multipass membrane protein insertion, folding, and chaperoning on the 

back side of the Multipass Translocon. 
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Ultimately, one goal of our work is to obtain a complete picture of the synthesis of 

multipass membrane protein biogenesis. To accomplish this, we would attempt to obtain 

a molecular movie of multipass membrane protein biosynthesis. Herein, several cryo-EM 

datasets could be collected on a substrate stalled at various points during its translation. 

If the substrate is well-behaved and we are able to visualize density for the nascent chain 

for each structure, that will enable us to see interactions between the substrate and 

translocon. Such information would provide critical insights into how the Multipass 

Translocon is inserting latter TMDs. Additionally, it would allow us to see how the 

Multipass Translocon interacts during the folding of a multipass client protein.  

While the YIPF1-Terminal-Valine(306) structure features improved density for 

much of the Multipass Translocon, ultimately it lacks definitive density for the multipass 

client protein. Several routes can be taken in an effort to improve these results. First, 

crosslinking can be carried out to verify the identity of the observed TMDs (as in 

Smalinskaitė et al., 2022). In addition to observed TMD verification, crosslinking may 

provide information as to Multipass Translocon component interactions with specific 

TMD’s, allowing us to elucidate the mechanistic detail of TMD insertion. Additionally, 

different substrates can be screened in order to reduce the dynamics of the Multipass 

Translocon. First, it is likely that some client proteins interact with the Multipass 

Translocon more strongly than others, thereby allowing us to visualize the nascent chain. 

Second, the Multipass Translocon also features a large basket-like luminal domain made 

up of the TRAP and BOS complexes which could be involved in chaperoning client 

proteins with luminal domains. If this is true, it’s possible that selecting a multipass client 

protein with a luminal domain could help improve the structure. Lastly, selecting a 
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substrate that contains a fully folded domain would potentially allow for a more stable 

structure. While previous data suggested that the Multipass Translocon dissociates from 

the ribosome once a domain is fully folded (Chitwood & Hegde, 2020), it’s possible that if 

the client protein is able to fold, it may be less dynamic, allowing us to visualize its TMDs. 

Another, more subtle, observation within the YIPF1-Terminal-Valine(306) cryo-EM 

structure is the presence of what appears to be lipid density in the micellular region. It is 

well-known that many proteins require lipids for their function (Chavent et al., 2018; Sych 

et al., 2022; Yen et al., 2018). Therefore, it’s possible that digitonin-solubilizing the 

complex can lead to a less stable structure. Therefore, our lab is currently focusing on 

obtaining a high resolution cryo-electron tomography (cryo-ET) structure of a 

programmed Multipass Translocon in native ER microsomes. While cryo-ET is often 

limited in its capacity for obtaining high resolution information, there are several 

advantages of attaining the structure in its native lipid environment. First, it limits the 

potential for artifacts caused by digitonin solubilization into a micelle. Second, the sample 

preparation time is significantly decreased, which can potentially limit the dynamics in the 

sample and increase density for unresolved features such as the multipass client protein. 

Overall, we hope that cryo-ET in native membranes will allow us to visualize multipass 

folding intermediates in context with the Multipass Translocon. 

A major question that remains is the role of each subcomplex of the Multipass 

Translocon. Recent data has demonstrated that the PAT complex acts as a chaperone 

to shield hydrophilic TMDs from the membrane (Chitwood & Hegde, 2020). More 

specifically, Asterix contains a highly conserved and amphiphilic domain that was shown 

to be involved in binding partially hydrophilic substrates (Smalinskaitė et al., 2022). 
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Additionally, CCDC47 wedges between Sec61 and the ribosomal exit tunnel to lock 

Sec61 in the closed conformation (Smalinskaitė et al., 2022). Further investigation is 

necessary to determine the full role of the PAT complex both independent of the Multipass 

Translocon and within the context of the Multipass Translocon. 

Because TMCO1 is a member of the Oxa1 superfamily, it is likely that the GEL 

complex functions as an insertase (Anghel et al., 2017). A major feature of the Oxa1 

superfamily is a cytosolic-facing hydrophilic groove which is thought to facilitate insertion 

by deforming the membrane. By thinning the membrane, insertases may lower the 

energetic penalty associated with translocating hydrophilic segments across the bilayer. 

Notably, other members of the Oxa1 superfamily (Oxa1 of the mitochondria, Alb3 of the 

chloroplast, and bacterial YidC in the plasma membrane) have been implicated in 

membrane protein insertion (Hell et al., 2001; Moore et al., 2000; Samuelson et al., 2000). 

Additionally Hrd1, which is a protein that retrotranslocates misfolded ER-luminal proteins, 

interacts with Der1 to form a large cytosolic-facing hydrophilic cavity (Wu & Rapoport, 

2021). Therefore, it has been proposed that this hydrophilic cavity thins the membrane, 

which allows substrate hairpins to be retrotranslocated from the ER lumen.  

While very little is known about the BOS complex, we speculate that it may be 

involved in post-translational chaperoning. One study has shown that depleting 

TMEM147 levels results in mistargeting of the lamin B receptor, and that TMEM147 forms 

interactions with both lamin B receptor and the sterol reductase DHCR7 (Christodoulou 

et al., 2020). Another study similarly showed that TMEM147 forms an interaction with 

CHRM3 in the ER, which decreases CHRM3 trafficking to the cell membrane (Rosemond 

et al., 2011). Another interesting feature of the BOS complex is the presence of conserved 
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residues on the luminal side of nicalin. Therefore, it’s possible that the BOS complex may 

be involved in chaperoning the luminal components of multipass membrane proteins 

during their biosynthesis. 

Because multipass membrane proteins vary widely in biophysical properties, 

topology, and loop length between TMDs, it is likely that the Multipass Translocon plays 

varying roles dependent on the client protein’s characteristics. To investigate this 

question, we are currently working on ribosomal profiling experiments. Previously, we 

have performed RNA-sequencing on Multipass Translocons. Using a similar strategy, we 

have taken this one step further to examine the exact location on mRNA sequences at 

which the Multipass Translocon is recruited. Herein, the various subcomplexes of the 

Multipass Translocon were independently immunoprecipitated and the ribosome-

protected mRNA footprints were isolated and sequenced. These results will provide 

additional information for when the Multipass Translocon components recruited. For 

example, many solute carriers contain two bundles of helices with a long loop in between 

the bundles. Because the Multipass Translocon is limited in the amount of space within 

its central cavity, it is likely that following insertion and folding of the first bundle, it moves 

out of the central cavity. Then, it’s possible that the Multipass Translocon dissociates for 

the insertion of the early TMDs within the next bundle and is re-recruited at later TMDs in 

that bundle. Analysis of these sequences will allow us to better characterize the features 

that require the multipass translocon. One can imagine that certain clients may require 

the Multipass Translocon in its entirety while other clients may require only a subset of 

the Multipass Translocon. Furthermore, profiling data will enable to examine dynamics 

for the order of recruitment of the Multipass Translocon. 
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CHAPTER 5. Materials and Methods 

5.1 Protocols Related to CHAPTER 2. Substrate-Driven Assembly of a Translocon 

for Multipass Membrane Proteins 

5.1.1 Antibodies and siRNAs  

Antibodies to human Sec61β (1:10,000 dilution), TRAPα ((Fons et al., 2003); 1:5,000) 

and TMCO1 ((Anghel et al., 2017); 1:5,000) were described previously. Other antibodies 

were obtained from the following commercial sources: rabbit anti-nicalin (A305-623A-M; 

1:1,000) and rabbit anti-CCDC47 (A305100A; 1:2,000) from Bethyl Laboratories; mouse 

anti-HA (326700; 1:1,000), goat anti-NOMO (PA5-47534; 1:1,000), rabbit anti-TMEM147 

(PA5-95876; 1:1,000), rabbit anti-Asterix (PA5-66788; 1:5,000), rabbit anti-C20Orf24 

(PA5-43332; 1:1,000) and rabbit anti-Sec61α (PA5-21773; 1:1,000) from Invitrogen; 

rabbit anti-uL22 from Abgent (AP9892b; 1:1,000); mouse anti-tubulin (ab11304; 1:1,000) 

and mouse anti-HRP (ab6728; 1:1,000) from Abcam; mouse anti-Flag (F1804; 1:1,000), 

rabbit anti-Flag (F7425; 1:1,000), rabbit anti-peroxidase (SAB3700863; 1:10,000) and 

goat anti-peroxidase (A5420; 1:20,000) from Sigma; mouse anti-STT3A (H00003703-

M02; 1:1,000) from Novus Biologicals; mouse anti-BiP/GRP78 (610979; 1:1,000) from 

BD Biosciences. siRNAs were purchased from Thermo Fisher: negative control 

(4390843), TMCO1 (s29085), C20Orf24 (s31821), Asterix (s28089), CCDC47 (s32576), 

Nicalin (s32411) and TMEM147 (s20404).  

 

5.1.2 Constructs  

pcDNA5 GFP–P2A–RFP–ASGR1 and pcDNA5 AGTR2–GFP–P2A–RFP fluorescent 

reporter constructs were described previously (Chitwood et al., 2018). pcDNA5 EAAT1–
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GFP–P2A–RFP was constructed by Gibson cloning full-length human EAAT1 (amplified 

from a HEK293 cDNA library) into a modified pcDNA5/FRT/TO vector encoding a C-

terminal GFP–P2A–RFP tag. pcDNA5 GFP–P2A–RFP–YIPF1 was generated by Gibson 

cloning a gBlock (IDT) into a modified pcDNA5/FRT/TO vector encoding an N-terminal 

GFP–P2A–RFP tag. Full-length constructs for in vitro translation (IVT) were generated by 

Gibson cloning gBlock (IDT) (YIPF1, ASGR1 and TMED2) or PCR fragments (EAAT1, 

KDELR1 and TRAM2) into a modified pSP64 vector encoding the desired N- or C-terminal 

Flag or HA tags. The 221-residue Flag–YIPF1(1–200)–Sec61β series was generated by 

Gibson cloning DNA fragments (Twist Biosciences) into a Flag–YIPF1 SP64 vector. The 

142-residue Flag–ASGR1(1–61)– YIPF1(TM2)–Sec61β construct was generated by 

Gibson cloning into the parent Flag-ASGR1 SP64 vector. ASGR1(N79A) and 

YIPF1(N297A) substitutions were introduced using the QuikChange II Site-Directed 

Mutagenesis Kits (Agilent). A full-length Flag–YIPF1 construct was Gibson cloned into a 

pcDNA5/FRT/TO vector for in vivo glycosylation assays. All constructs were confirmed 

by DNA sequencing.  

 

5.1.3 Cell Lines  

Flp-In T-Rex 293 cells (Invitrogen) were maintained in DMEM supplemented with 10% 

FBS (Gemini Foundation), and 10,000 U/mL penicillin and 10 mg/mL streptomycin 

mixture (Invitrogen and Gemini). Cells were checked approximately every 6 months for 

mycoplasma contamination using the Universal Mycoplasma Detection Kit (ATCC), and 

were found to be negative. Single- and double-knockout (TMCO1, nicalin and CCDC47) 

HEK293 cell lines were generated by CRISPR–Cas9 as previously described (Anghel et 



 66 

al., 2017; McGilvray et al., 2020). An STT3A-knockout cell line was generated similarly. 

Briefly, Cas9 expression was induced by addition of 10 ng/mL doxycycline followed by 

transfection of single guide RNA targeting STT3A (5′-TCGACATTCGGAATGTCTGT-3′). 

Cells were grown for 48 h, followed by single-cell sorting into 96-well plates for clonal 

isolation. Clones were verified by both western blot and genomic sequencing. Stable cell 

lines expressing N-terminally Flag-tagged TMCO1 and nicalin in the corresponding 

knockout background were described previously (McGilvray et al., 2020). A stable cell 

line expressing N-terminally Flag-tagged CCDC47 was generated similarly. Briefly, a 

CCDC47-knockout cell line was transfected with a modified pEGFP-n1 plasmid 

(Addgene) encoding N-terminally Flag-tagged CCDC47 (tag inserted after the signal 

peptide), under the control of a CMV promoter. Cells were transfected using TransIT-293 

(Mirus) and selected in 0.7 mg/mL G418 (Invitrogen) for 2 weeks, changing the medium 

every 3 days. After selection, cells were maintained in medium supplemented with 0.3 

mg/mL G418. Expression was verified by western blot. Stably integrated doxycycline-

inducible ASGR1 and AGTR2 reporter lines for flow cytometry analysis were described 

previously (Chitwood et al., 2018). Other reporter lines were generated similarly. Briefly, 

pcDNA5-based reporter constructs were co-transfected with pOG44 into Flp-In T-Rex 293 

cells with TransIT-293, according to the manufacturer’s protocol (Invitrogen), and cells 

were selected in 100 μg/mL hygromycin B for 2 weeks.  

 

5.1.4 Preparation of Rough Microsomes  

HEK293 cells were grown to about 80% confluency in 15-cm dishes, washed once with 

5 mL ice-cold PBS (per plate) and collected by scraping in 2 × 5 ml of PBS. Cells were 
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collected by centrifugation for 5 minutes at 500g and lysed in three volumes of hypotonic 

homogenization buffer (10 mM HEPES-KOH pH 7.5, 10 mM KOAc, 1 mM MgCl2) for 15 

minutes on ice, with gentle agitation every few minutes. Cells were then homogenized by 

15 strokes (up and down) in a chilled dounce tissue grinder. Sucrose was added to a final 

concentration of 250 mM and mixed gently. Nuclei and cell debris were removed by 

centrifugation at 700g for 3 minutes at 4 °C and the supernatant was collected. The pellet 

was resuspended in 5 mL of insertion buffer (50 mM HEPES-KOH pH 7.5, 250 mM 

sucrose, 250 mM KOAc, 10 mM MgCl2) and centrifuged again. The pooled supernatant 

fractions were centrifuged at 10,000g for 10 minutes at 4 °C. The supernatant was 

discarded, and the resulting membrane pellet was resuspended in insertion buffer 

(approximately 1 mL for about four plates). Microsomes (1-mL aliquots) were treated for 

10 minutes at 37 °C with 4,000 U micrococcal nuclease (NEB), 2 U RNase-Free DNase 

(Promega), 1 mM CaCl2 and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), followed by 

quenching with 2 mM EGTA. Microsomes were pelleted at 10,000g for 10 minutes at 4 

°C and resuspended in 1 mL insertion buffer, 40 U SUPERaseIn and 0.1 mM EGTA, 

followed by centrifugation at 10,000g for 10 minutes at 4 °C. The supernatant was 

discarded, and the membrane pellet was resuspended in insertion buffer supplemented 

with 50 U SUPERaseIn (per four plates). The preparation was finally adjusted with 

insertion buffer to an absorbance at 260 nm (A260 nm) of about 50, and 50-µL aliquots 

were flash frozen in liquid nitrogen and stored at −80 °C for further use.  
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5.1.5 Interaction Analysis in Stably Integrated Cells  

Microsomes from wild-type cells and cells encoding Flag-tagged versions of TMCO1, 

CCDC47 or Nicalin were prepared as above, except that the micrococcal nuclease 

digestion was performed with 10,000 U of micrococcal nuclease (NEB), 3 U DNAse 

(Promega), 1 mM CaCl2 and 0.6 mM PMSF, and incubated at room temperature for 20 

minutes before quenching with 2.5 mM EGTA. Microsomes (1 mL at A260 nm = 50) were 

solubilized in insertion buffer supplemented with 2.5% digitonin and 1X protease inhibitor 

cocktail (Roche, 11836170001) for 45 minutes on ice and then diluted twice with 150 mM 

KOAc insertion buffer. Digitonin-solubilized microsomes were cleared by centrifugation at 

12,500g for 15 minutes at 4 °C. The cleared supernatant (A260 nm of about 3.5) was 

immunoprecipitated in batch format using 50 µL M2 Flag affinity beads (Sigma, A2220) 

and gentle agitation overnight at 4 °C. Flow-through was removed and beads were 

washed three times with eight column volumes of insertion buffer supplemented with 

0.4% digitonin. Bound material was eluted twice, for 30 minutes on ice, with two column 

volumes of 200 mM KOAc insertion buffer supplemented with 0.5 mg/mL Flag peptide 

(ApexBio, A6001) and 0.4% digitonin. The eluate was collected using a pre-equilibrated 

spin filter column (Thermo Fisher, 69725). Ribosome-free and ribosome-bound fractions 

were obtained by pelleting the eluate through a 300-µL sucrose cushion (50 mM HEPES 

pH 7.4, 10 mM MgCl2, 150 mM KCl, 500 mM sucrose and 0.4% digitonin) at 355,000g for 

1 hour at 4 °C in a TLA120.1 rotor. 
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5.1.6 In vitro Transcription and Translation  

In vitro transcription reactions utilized PCR-based templates containing an SP6 promoter, 

and were carried out at 40 °C for 1 hour (Sharma et al., 2010). Unless otherwise noted, 

reactions contained 5–10 ng/μL PCR product, 40 mM HEPES pH 7.6, 6 mM MgCl2, 2 mM 

spermidine, 10 mM dithiothreitol, 500 μM ATP, 500 μM UTP, 500 μM CTP, 100 μM GTP, 

0.5 mM m7G(5′)ppp(5′) G RNA Cap, 0.4 U/μL SUPERaseIn and 0.4 U/μL SP6 RNA 

Polymerase. IVT reactions were performed using a RRL system (Green Hectares). 

Translation reactions contained 20% (v/v) of the unpurified transcription reaction, 33% 

(v/v) hemin- and micrococcal nuclease-treated RRL, 0.2 μCi/μL [35S]methionine (or 40 

μM methionine for non-radioactive IVT reactions), 0.1 mg/mL bovine liver transfer RNA, 

13 mM HEPES, 10 mM creatine phosphate, 1 mM ATP, 1 mM GTP, 9 mM KOH, 25 mM 

KOAc, 1 mM MgCl2, 40 μM of the remaining 19 amino acids and 10% (v/v) HEK293-

derived microsomes (typically A260 nm of about 50). Translation reactions were carried 

out for 45 minutes at 32 °C, unless otherwise noted.  

 

5.1.7 Interaction Analysis of Stalled Ribosome–Nascent Chain Complexes In Vitro  

Templates for the synthesis of stalled N-terminally Flag-tagged substrates were PCR 

amplified using reverse primers encoding a terminal Met-Leu-Lys-Val (5′-

CACCTTGAGCAT-3′) sequence and lacking a stop codon. In vitro transcription and 

translation reactions were performed essentially as described above. Briefly, 100 µL of in 

vitro transcription mix containing 500 ng of purified PCR template was incubated for 1 

hour at 40 °C. Translation reactions of 500 µL contained 60 µL microsomes (A260 nm of 

about 50) and 100 μL of the unpurified transcription reaction, and were carried out for 50 
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minutes at 32 °C. The translation reactions were stopped by diluting them with 500 µL 

IVT stop buffer, and microsomes were pelleted at 12,500g for 10 minutes. Microsomes 

were washed again with 1 mL IVT stop buffer, centrifuged at 12,500g for 10 minutes, and 

resuspended with 500 μL IVT stop buffer. The resuspension was then treated with 5,000 

U micrococcal nuclease (NEB), 1 mM CaCl2 and 0.6 mM PMSF at room temperature for 

20 minutes. The reaction was stopped with 2.5 mM EGTA, and centrifuged at 12,500g for 

10 minutes. The resulting membrane pellet was solubilized with 200 μL insertion buffer 

supplemented with 2.5% digitonin and 1X Protease Inhibitor for 45 minutes on ice, then 

diluted 2X with 150 mM KOAc insertion buffer, and cleared by centrifugation at 12,500g 

for 15 minutes. The cleared supernatant (A260 nm of about 1.0) was incubated overnight 

at 4 °C with 20 µL M2 Flag affinity beads. Flow-through was removed and beads were 

washed 3 times with 18 column volumes of insertion buffer containing 0.4% digitonin and 

200 mM KOAc. Bound material was eluted twice with two column volumes of 200 mM 

KOAc insertion buffer supplemented with 0.5 mg/mL Flag peptide and 0.4% digitonin, by 

incubating for 30 minutes each on ice. The eluate was collected using a pre-equilibrated 

spin filter column. Eluted material was layered over a 300-µL sucrose cushion (50 mM 

HEPES pH 7.4, 10 mM MgCl2, 150 mM KCl, 500 mM sucrose and 0.4% digitonin) and 

pelleted at 355,000g for 1 hour at 4 °C in a TLA120.1 rotor. The ribosomal pellet was 

resuspended in 35 µL of sucrose cushion buffer, normalized by A260 nm, and then 

analyzed by SDS–PAGE and immunoblotting.  
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5.1.8 Carbonate Extraction 

IVT reactions (150 µL) synthesizing Flag–YIPF1 were diluted tenfold with IVT stop buffer 

and membranes were centrifuged for 10 minutes at 10,000g. The membrane pellets were 

resuspended with 150 μL IVT stop buffer, and one-third of the reaction was reserved as 

the input fraction. The remaining material was incubated with 100 volumes of 100 mM 

Na2CO3 (pH 11.5) for 30 minutes on ice. The sample was centrifuged at 214,000g for 40 

minutes in a TLA100.3 rotor to isolate membranes, and the supernatant was discarded. 

This was repeated once to remove contaminating proteins. The resulting carbonate-

extracted membranes were resuspended with 1X LDS sample buffer for analysis.  

 

5.1.9 Protease Protection Assays  

YIPF1–HA was synthesized in three 150-μL IVT reactions either lacking or containing 

microsomes. Immediately following synthesis, the samples were diluted with ten volumes 

of IVT stop buffer. Microsome-containing samples were centrifuged at 10,000g for 10 

minutes to pellet membranes and remove hemoglobin, and then resuspended to 150 µL 

with IVT stop buffer. All three samples were then split into three equal fractions for PK 

analysis. The untreated fractions (−PK) were set aside, and PK was added to the other 

samples (+PK) to a final concentration of 0.5 mg/mL and incubated on ice for 45 minutes. 

The digestion was quenched with 5 mM PMSF and incubated on ice for 5 minutes, 

followed by addition of ten volumes of boiling 1% SDS, 100 mM Tris pH 8 and 1X Roche 

cOmplete Protease inhibitor cocktail. For analysis of the total PK-treated fraction, samples 

containing microsomes were TCA-precipitated to concentrate membranes before SDS–

PAGE analysis. For HA immunoprecipitations, samples were diluted tenfold with 
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immunoprecipitation buffer (1X PBS, 250 mM NaCl, 0.5% (v/v) Triton X-100) and 30 μL 

HA agarose resin (Pierce, 26181) was added. Samples were incubated for 2 hours at 4 

°C with gentle agitation, washed three times with 1 mL of immunoprecipitation buffer, and 

eluted by adding 50 µL 1X LDS sample buffer and incubating at 70 °C for 10 minutes.  

 

5.1.10 Glycosylation Analysis In Vitro  

IVT reactions (35 µL) synthesizing HA–YIPF1, HA–ASGR1 or TMED2–HA were carried 

out for 50 minutes at 32 °C. Immediately following translation, microsomes were washed 

twice with 15 volumes of IVT stop buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 10 mM 

MgCl2) and then collected by centrifugation at 13,000g for 10 minutes. Membrane pellets 

were lysed with 35 μL IVT stop buffer containing 1.5% DDM for 30 minutes on ice, and 

centrifuged at 13,000g for 10 minutes. A 30 µL volume of lysed material was diluted with 

75 µL of 3X LDS sample buffer containing 2% β-ME, heated at 65 °C for 10 minutes, and 

then analyzed by SDS–PAGE and immunoblotting. Reactions without microsomes (30 

µL) were supplemented with 1.5% DDM, diluted with 100 µL of 3X LDS sample buffer 

containing 2% β-ME, and loaded at one-tenth the amount relative to the microsome 

samples.  

 

5.1.11 Glycosylation Analysis in Cells  

At 24 hours before transfection, wild-type, ΔTMCO1, Δnicalin and ΔCCDC47 HEK293 

cells were seeded at 400,000 cells per well onto a poly-lysine-coated 6-well plate, in 

triplicate. A transfection mixture containing 1 μg pcDNA5 Flag–YIPF1, 150 μL Opti-MEM 

and 3 μL TransIT-293 was incubated at room temperature for 25 minutes before being 
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added dropwise to each well. A final concentration of 1 ng/mL doxycycline was added to 

induce Flag–YIPF1. Following 12 hours of induction, cells were collected by scraping with 

chilled 1X PBS. Cells were pelleted at 500g for 5 minutes and resuspended in 100 μL 

RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS, 1 mM PMSF, 1X Roche cOmplete Protease Inhibitor Cocktail). RIPA lysis 

samples were incubated on ice for 15 minutes and gently vortexed every 5 minutes. The 

samples were centrifuged at 15,000g for 10 minutes, and the supernatant was collected 

for SDS–PAGE and western blot analysis.  

 

5.1.12 Flow Cytometry Analysis of Reporter Cell Lines  

The effect of different siRNAs on stably expressed reporter cell lines was analyzed using 

flow cytometry as described previously (Chitwood & Hegde, 2020). siRNA depletion was 

performed over a period of about 72 hours using the Lipofectamine RNAiMAX reagent 

(Thermo Fisher) according to the manufacturer’s instructions. Briefly, a first round of 

siRNA treatment was performed in the presence of DMEM and 10% tetracycline-free 

FCS. Cells were incubated for 48 hours, and then a second round of siRNA treatment 

was performed. After a second incubation of about 24 hours, expression of fluorescent 

reporter constructs was induced with 1,000 ng/mL doxycycline for 6 hours before analysis 

by flow cytometry. In all experiments the cells were collected by trypsinization, washed 

once in ice-cold PBS, and then resuspended 1 mL of PBS. Cells were passed through a 

70-μm filter before flow cytometry analysis using a Becton Dickinson LSRII instrument. 

Live cells were gated by forward and side scatter. Additional gating for relatively high 

levels of the soluble fluorescent protein reporter was used to focus on the population of 
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cells with productive translation of reporter constructs. Between 15,000 and 30,000 GFP-

positive (EAAT1 and AGTR2) or RFP-positive (ASGR1 and YIPF1) cells were collected. 

Data were analyzed using FlowJo (version 10.8).  

 

5.1.13 Statistics and Reproducibility  

Biochemical experiments in vitro and functional assays in cells were repeated in part or 

in full on separate and independent occasions with similar results. Fully replicated 

experiments include each of the following (with the number of repeats in parentheses): 

Figures 3a (n = 2), 4f (n = 5), 6b (n = 2), 7a (n = 3), 8b (n = 2), 9a–d,f,i,j (n = 5, 3, 5, 3 (for 

YIPF1) 5, 2 and 2, respectively) and 10c (n = 2). Other experiments were partially 

replicated in pilot experiments not shown, or as part of other experiments. These include: 

Figures 2b,c, 4b,c, 5b,c, 6c, 8c and 9d (ASGR1 and TMED2), and 10a,d,e. For example, 

the interaction analysis in Figure 4b was performed once as shown, but it was first piloted 

by monitoring recruitment of a subset of components by several key ASGR1 and YIPF1 

intermediates; in addition, the YIPF1 intermediate series was repeated once in its entirety 

with identical results. In other instances, parts of one experiment were validated by 

replication in another experiment (for example, Figure 4b,c, 5b,c and 6b,c). Therefore, 

these experiments can be considered to have been reproduced at least once, even when 

the experiment shown was not formally repeated. Statistical analysis of replicates of the 

data shown in Figure 9d,f (n = 3 and 5, respectively) was performed by ordinary one-way 

ANOVA with Dunnett’s multiple comparison test (single pooled variance) in GraphPad 

Prism 9.4.0. Statistical analysis of replicates of the data shown in Figure 4f (n = 5) was 

performed by repeated measures one-way ANOVA with the Geisser–Greenhouse 
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correction and Tukey’s multiple comparison test. The bar graphs in Figure 7b and Figure 

9e,g show the individual data points, mean and s.d. *P < 0.0332; **P < 0.0021; ***P < 

0.0002; ****P < 0.0001. The source data can be found in Supplementary Tables 1 and 2. 

 

5.2 Protocols Related to CHAPTER 3. Progress Toward a Cryo-EM Structure of a 

YIPF1-programmed Multipass Translocon 

5.2.1 Cryo-EM Sample Preparation and Data Acquisition 

Notably, while the YIPF1-Terminal-Valine grid (described below) was prepared 

using in vitro transcription mix lacking DTT, optimization experiments have shown that 

the replacement of 10 mM DTT with 10 mM glutathione helps to prevent ribosomes from 

aggregating on grids. The transcription reaction is not purified prior to addition into the 

translation reaction, so the translation reaction will contain 2 mM glutathione in the final 

reaction. Other optimization experiments seemed to indicate that the addition of freshly 

prepared 1 mM glutathione to all immunoprecipitation buffers and that micrococcal 

nuclease treating the sample following in vitro translation and adding also helps with 

particle distribution on the grid. To ensure that all the micrococcal nuclease is quenched 

following the incubation, the digitonin solubilization buffer is supplemented with 5 μL (100 

U) of SUPERaseIn RNase inhibitor per mL. In an effort to increase the final concentration 

of the sample and ultimately the number of particles on the grid, the sample is eluted from 

the Flag resin in small volumes (For 60 μL M2 Flag Resin, Elution 1 = 16 μL, Elution 2 = 

24 μL, and Elution 3 = 30 μL) and placed on a nutator at room temperature for 15 minutes 

for each elution. Importantly, prior to elution, any residual wash buffer is removed with a 

20 μL pipette. Yield varies depending on the in vitro translation substrate; however, the 
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second elution is typically the highest concentration and often ranges from about 15-50 

nM ribosomes (A260 = 0.75 to 2.5; εA260 = 5 × 107 M−1 cm−1) (Matasova et al., 1991). To 

limit the extent to which particles fall apart, the sample is prepared as quickly as possible. 

Do not incubate the sample on the Flag resin overnight for cryo-EM sample preparation! 

From start to finish (including grid freezing on the vitrobot), the preparation takes about 6 

hours total. Another modification that is recommended for cryo-EM samples is to 

decrease the amount of digitonin used. It’s possible that higher levels of digitonin could 

wash away lipids that may be important for function of the Multipass Translocon (Frenkel 

et al., 2014), so by lowering the digitonin concentration we hope to minimize those effects. 

Optimization experiments have shown that 0.5% digitonin is sufficient for the solubilization 

buffer and that 0.1% digitonin is sufficient for the wash and elution buffers. 

For the YIPF1-Terminal-Valine(306) cryo-EM sample, in vitro transcription and 

translation reactions were performed similarly to those as described above. One major 

modification to the transcription reaction included the absence of DTT in the transcription 

reaction. A 2 mL translation reaction was carried out using 4xFlag-YIPF1-Terminal-Valine 

stalled at amino acid 306 as the substrate in combination with WT Cas9 Hek293 

microsomes. Following in vitro translation, micrococcal nuclease treatment, digitonin 

solubilization, and Flag immunoprecipitation were carried out as described above. A 

couple of modifications included the use of 60 μL M2 Flag Resin, the addition of 1 mM 

DTT to all immunoprecipitation buffers, and elution in smaller volumes at 30 °C to 

maximize concentration for loading onto grids. 

Quantifoil R1.2/1.3 200 mesh gold grids coated with 2 nm amorphous carbon were 

glow dischared for 25 s at 5 W immediately before use. Using a Thermo Vitrobot Mark IV 
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system, 3 μL of 16 nM (A260 = 0.8; εA260 = 5 × 107 M−1 cm−1) programmed ribosomes 

containing the Multipass Translocon (Matasova et al., 1991). Grids were incubated for 60 

seconds at room temperature (22 °C) and 100% humidity before blotting for 7 seconds 

with Whatman filter paper at a force of −1, draining for 0.5 seconds, and being plunged 

into liquid nitrogen-cooled ethane.  

Data was collected on a FEI Titan Krios at 300 KV with EPU software, using a 

defocus range from -1.9 to -0.9 μm. Super-resolution movies (pixel size = 0.84 Å) were 

recorded at 53,000X magnification using a Gatan K3 energy filter and direct electron 

detector and a total electron exposure of 60 e−/Å 2 over 52 frames. 

 

5.2.2 Cryo-EM Image Processing 

All data processing was performed in RELION-4.0.1. Following Topaz particle 

picking and 2D classification, the initial 3D refinement contained 1,113,500 particles. 

Initial 3D classification on the entire complex produced 7 similar classes (83.6%) that 

contained density for the Multipass Translocon, one class (5.7%) that lacked the small 

40S ribosomal subunit, and one poorly-aligned class (10.7%). Careful refinement on 

928,794 particles was done in four rounds of 3D refinement, post-processing, and CTF-

refinement, followed by a final Bayesian polishing step once the estimated final resolution 

had stabilized. Focused classification with signal subtraction on the Multipass Translocon 

(excluding significant ribosome density) identified a subset of 232,563 particles containing 

the Multipass Translocon. Further focused classification with signal subtraction on the 

BOS complex resulted in a class with 145,202 particles. This class was reverted to its 

original, ribosome-containing state and refined again, focused on the translocon region. 
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DeepEMhancer was also used for the final map volumes with the wide target deep 

learning model (Sanchez-Garcia et al., 2021). 

 

5.2.3 Generation of Puromycin-Selected Knockout Line 

A TRAPα (SSR1) knockout cell line was generated using a pSpCas9(BB)-2A-Puro 

(pX459) plasmid containing a puromycin resistance gene. The guide RNA sequence (5’-

AUCAUUAGGCUUGUUAGCAG-3’) was chosen based on Synthego’s knockout guide 

design tool. Briefly, 400,000 WT FlpIn HEK293 cells were seeded into a 6-well plate 24 h 

before transfection. At the time of the transfection, cells were approximately 80% 

confluent. A transfection mixture was prepared with 250 μL Opti-MEM, 2.5 μg pX459-

TRAPα(SSR1)-gRNA, and 7.5 μL TransIT-293. The transfection mixture was incubated 

at room temperature for 15 minutes before being added dropwise to the plated cells. After 

24 hours, puromycin was added to a final concentration of 1 μg/mL and the cells were 

selected for 1 week. Following puromycin selection, cells were single cell sorted by light 

scatter into a 96-well plate using a BD FACSAria Fusion cell sorter. Cells were expanded 

and single clonal knockout lines were verified by both immunoblotting and genomic 

sequencing. 

Genomic DNA was isolated from cells in a 6-well plate using the Lucigen 

QuickExtract DNA Extraction Solution. For genomic DNA sequencing, primers were 

designed to amplify a 500-700 bp fragment, with the guide RNA cut site in the middle. To 

maximize success rates, it is recommended to design at least three pairs of primers, 

ranging in both primer length and melting temperature. For this knockout line, the melting 

temperature of the three primer sets was varied from 60-65 °C. New England Biolabs Tm 
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Calculator was used for calculating the annealing temperature during PCR, and a 

touchdown PCR program was successful at amplifying a single band from the genomic 

DNA. Herein, the annealing temperature started higher (72 °C) for the first cycle and 1 °C 

was subtracted from the annealing temperature until a final annealing temperature of 67 

°C (suggested by the New England Biolabs Tm calculator) was reached. Another 

modification that has helped with genomic DNA amplification success rates is the addition 

of 3% (v/v) DMSO. 

5.3 Other Protocols 

5.3.1 Digitonin Recrystallization 

Digitonin is the most widely-used detergent for cryo-EM and used in up to a third 

of all sample preparations (Choy et al., 2021). Digitonin is a natural product isolated from 

the foxglove plant and is useful because it preserves the native lipid environment of 

membrane protein complexes. However, each batch must be further purified from other 

contaminating molecules to limit precipitation during use and batch-to-batch variation. A 

simple ethanol recrystallization procedure is used for purification, which was developed 

by Ben Zalisko in the lab. As an alternative to digitonin recrystallization, some labs have 

begun to use the digitonin synthetic analog glycol-diosgenin (GDN) (Guo et al., 2017; 

Velazhahan et al., 2021). However, it is advised to proceed with caution when using GDN. 

Therefore, our lab has continued to use digitonin to limit potential extraneous effects. 

Digitonin (Millipore Sigma, 300410) was added to a 100 mL Pyrex bottle and 

weighed before starting the recrystallization procedure. Then, 40 mL of 200 proof ethanol 

and a stir bar were added to the container. The initial 5 g vial of digitonin was washed 

with 750 μL of 200 proof ethanol four times to ensure a quantitative transfer to the 100 
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mL bottle, with the final wash being clear and colorless after the fourth wash. The bottle 

was placed into a water bath just deep enough to come up to the level of ethanol in the 

bottle. The digitonin and ethanol mixture was slowly heated to 80 °C, at which point the 

ethanol was completely dissolved. Then, the digitonin was removed from the water bath 

and wrapped in a thick layer of aluminum foil to slowly cool. Once cooled, the digitonin 

will settle to the bottom of the bottle. The supernatant was transferred to a falcon tube 

and centrifuged at 3220g for 20 minutes to isolate any digitonin that did not pellet. The 

ethanol supernatant was discarded and the digitonin pellet was transferred bath to the 

100 mL bottle with 200 proof ethanol. This ethanol recrystallization procedure was 

repeated a second time to remove any other impurities. Following the second round of 

recrystallization, the ethanol was evaporated overnight under reduced pressure using an 

Edwards RV3 vacuum pump. After drying, the bottle with digitonin was again weighed to 

calculate percent yield, which is typically around 70-75%. Solubility was tested by 

preparing a small amount of 2.5% (w/v) digitonin and placing in the cold room at 4 °C. 

Many digitonin recrystallization preparations remain soluble at 4 °C for at least a week, 

but as long as it is soluble for more than 24 hours, it should be sufficient for experimental 

use. For additional quality control, it is also recommended to test the new versus old 

digitonin batch in a side-by-side immunoprecipitation experiment. 

 

5.3.2 Guide to Setting up a Data Collection using EPU 

The following section is a guide to setting up a data collection on the Titan Krios using 

EPU automated software. This guide can also be used for screening sessions, where the 

number of holes imaged per grid square can be set to a smaller number. 
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Set up your Session: 

If you’re the first one setting up a session, Create a new session queue. Don’t load presets 

from previous day. If somebody has already started a queue, load your grid and then add 

to the current EPU session. It is very important that you do these steps before changing 

any settings (magnification, exposure time, etc.) so that you don’t erase the other user’s 

settings. 

General Session Settings: 

Session Name: <Date>_LabName>_<YourName>_<GridName> 

Acquisition Mode: Faster 

Image Format: Tiff 

Dose Fraction Output Form: Tiff Lzw Non-Gain Normalized 

Output Folder: Leave as the default (in the root of the Dose Fractions 

Folder) 

Import Optics Session: 53,000X from the EPU presets folder 

Open the most recent optics session (Preparations Tab > Import > .sxml file). 

Change the square magnification based on the mesh size (470X for 200 mesh 

grids and 580X for 300 mesh grids is good). To save a new optics session (.sxml 

file), click on Export in the Preparations tab 

Calibrate Image Shifts: This is recommended if the optics session is more than a few 

months old. It’s best to do it every time. Change the exposure time to ~2 s (the loaded 

optics session may have an exposure time of ~ 16 s for the actual data collection). Move 

over a chunk of ice or other recognizable feature and center it in the data acquisition 

magnification. Click on Autofunctions > Autoeucentric by Beam Tilt > Hole/Eucentric 
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Height > Start. Then, click on Calibrate Image Shifts in (Preparations tab) and follow the 

directions on the right hand side of the screen to calibrate the image shift. 

EPU Tab: 

Square Selection: 

When you first go to this tab, all the squares will be highlighted > Unselect 

All > Select squares (Right Click > Select) 

Select Holes: 

Select a square that is thicker and with more ice chunks in it (it will have a 

white border so that you know it is selected) 

Autoeucentric > Aquire 

Measure the hole size > Find Holes 

Note: If you’re screening, there’s a drop-down menu to limit the 

number of holes to ~5 per square 

Right Click on a hole with ice chunk in it > set lower bound > Manually type 

a number slightly higher than that and click Apply. 

Click on “Remove holes close to grid bar.” 

The total number of exposures will be shown on the right hand side. Add 

more squares if you want more data collected. A typical 24 h data collection 

will take ~4000-5000 movies, so I usually ask for ~ 5500. 

Template Definition: 

Load Data Collection template (Import > 

EPUPresets/2022_07_21_Basic_Data_25to09.epuTemplate) 

Line up templates (autofocus area should lie in between the four holes) 
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Click on template > Change defocus list (-1.9 Å and above is good for large 

ribosome particles) 

Note for Screening and Pilot Data Collections: 

Create an extra session (“dummy”) with 1 exposure if there is somebody 

after you. This is to prevent somebody from accidentally erasing your optics 

settings. Make sure that the session is last in the queue and that it is 

highlighted (double click on it) before you leave. 

Automated Acquisition: 

Set the zero loss to “yes.” 

Set Exposure Time: 

Move over a square with a tear in it 

EF-CCD camera (righthand computer) should be on Counted 1X mode 

Take a picture at Data Acquisition magnification (preparations tab) > Click on SET 

button (middle of the upper tab) > Capture (computer on the right) 

A dose rate of ~10-14 e-/s/pixel is good. You may need to adjust the beam area 

(μm) size in Preparations tab, but the beam size is often ~ 1.7-1.9 μm. 

To calculate exposure time from dose rate: Record these numbers – they are 

needed for the motion correction job in Relion. 

Use a total dose of 60 e-/Å2 over 52 frames (1.15 e-/Å2 per frame) 

Say the dose rate is 11 e-/s for example 

Pixel size will depend on magnification. For 53,000X, it’s 1.68 Å 

60	e!

Å"
×
pixel
11	e!s ×

(1.68	Å)"

pixel = 15.4	s 
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Other Notes: 

For a good grid with ribosomes, a pilot dataset with 500 micrographs will be sufficient to 

produce nice 2D classes. It’s recommended to collect a small dataset before a full data 

collection to ensure that the frozen sample is good. Save the atlas image with the squares 

collected on! This is necessary if you want to do another data collection on the same grid. 

Make sure there is storage space so that the run doesn’t stop. If somebody is screening 

after you, ask them or somebody in the core facility to start the session. Close the column 

valves if you need to leave at any point. 

 

5.3.3 Canine Pancreatic Microsome Preparation 

This protocol was adapted from Susan Shao’s lab, which was adapted from the 

Lingappa lab. Other protocols that were referenced during this canine microsome prep 

include the following: (Bernstein, 1998; Sabatini, 2014). To obtain the pancreas material, 

a veterinarian from the University of Illinois Chicago (Lisa Halliday, DVM) was contacted. 

The pancreas was harvested around 1:45 pm and placed in a plastic bag placed on ice. 

The microsome prep was started around 2:15 and took approximately 5 hours to complete 

from that point on.  

Canine pancreas was isolated from a 35 kg hound and kept cold the entire time. 

Half of the harvested pancreas was immediately used for a microsome prep while the 

other half was frozen in liquid nitrogen and stored at –80 °C for a future preparation. The 

pancreas was broken up into small pieces (~0.5-1 cm) on a glass plate and blood vessels 

and connective tissue were removed with forceps. The isolated pancreas was weighed, 

and 4 mL Buffer A (50 mM HEPES pH 7.4, 50 mM KOAc, 6 mM Mg(OAc)2, 1 mM EDTA, 
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1X Roche cOmplete EDTA-free Protease Inhibitor Cocktail) was added per gram of 

tissue. The tissue was blended and pulsed about 5 times for a few seconds each time 

until the solution became smooth and pink. Another 15 mL of Buffer A was used to collect 

all the tissue. The homogenate was filtered through a few layers of cheese cloth to remove 

any non-homogenized tissue, followed by dounce-homogenizing with 5 strokes up and 

down. Homogenate was transferred to 85 mL Nalgene tubes and centrifuged for 10 

minutes at 10000g. The supernatant was decanted (and the pellet was discarded) into a 

new beaker, and the sample was again centrifuged for 10 minutes at 10000g in new 85 

mL tubes. The sample was carefully decanted from the same edge of the tube as the 

pellet, being careful not to contaminate it with parts of the pellet which contain other 

organelles.  A total of four sucrose cushions were set up with 15.5 mL supernatant each, 

and 8 mL Buffer B (50 mM HEPES pH 7.4, 50 mM KOAc, 6 mM Mg(OAc)2, 1 mM EDTA, 

1 M sucrose) was underlaid using a syringe. The sample was centrifuged in a Ti70 rotor 

for 1 h at 60,000 rpm at 4 °C. Following centrifugation, the supernatant was removed by 

aspirating from top to bottom to avoid contamination of the pellet with the supernatant. 

Each of the four pellets were gently resuspended with 2 mL Buffer C (50 mM HEPES pH 

7.4, 250 mM sucrose, 0.5 mM Mg(OAc)2), avoiding air bubbles. The resuspended pellet 

was transferred to a fresh cell douncer and the pellet was further homogenized with 5 

gentle and slow passes with the pestle by hand. Total yield was approximately 9 mL of 

canine microsomes, which were aliquoted into 50 μL fractions, flash frozen in liquid 

nitrogen, and stored at −80 °C. To measure the absorbance of the final sample, the canine 

microsomes were diluted 1:20 in 1% SDS. Final absorbance values were A260 = 124.48 

and A280 = 64.18. 
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5.3.4 Immunoblotting Whole Cell Lysate Samples 

The day before harvesting, 400,000 cells are seeded onto a 6-well plate. The 

following day, the media is aspirated, and the cells are harvested with 1 mL of cold PBS. 

The cells are pelleted at 500g for 5 minutes at 4 °C and the supernatant is discarded. The 

cells are lysed with 100 μL RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 0.25X Roche cOmplete Protease 

Inhibitor Cocktail) and incubated on ice for 15 minutes, vortexing the sample every few 

minutes. The sample is then pelleted at 20,000g for 15 minutes and the supernatant is 

harvested.  

If the samples are not normalized by cell-counting, they can be normalized by 

A260. Importantly, this normalization method is only accurate when a small amount (for 

example, 0.25X) protease inhibitor cocktail is added. Once normalized, 1 μL of the whole 

cell lysate sample can be run per lane on the gel. It is also recommended to obtain a stain 

free image prior to western blot transferring. 
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