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1. LITERATURE SECTION 

1.1. Introduction 

Proteins destined for membrane bound organelles in eukaryotes or to extracellular locations are 

translocated via the conserved heterotrimeric protein conducting channel Sec61. Proteins 

destined to organelles such as mitochondria, chloroplast and nucleus follow a different route of 

translocation (Alberts, Johnson et al. 2014a). Although several alternative protein translocation 

pathways exist in cells, the Sec61 mediated co-translational translocation is the major protein 

translocation pathway and commits the secretory proteins to their respective secretory fate. 

Sec61 also integrates integral membrane proteins into the lipid bilayer, with an exception of 

tail-anchored proteins. Sec61 is thus responsible for modulating critical step in biogenesis of a 

majority of membrane proteins and secretory proteins (Zimmermann, Eyrisch et al. 2011a). Its 

critical role in biogenesis of a variety of proteins puts the Sec61 channel in the limelight as a 

potential point for intervention in a variety of therapies. Several small molecules have been 

identified to inhibit the translocation of proteins since past two decades (Kalies, Römisch 

2015a). Among these inhibitors is a synthetic cyclodepsipeptide cotransin, which can 

selectively inhibit co-translational translocation of a variety of proteins. Various studies have 

concluded that cotransin inhibition is selective and depends on the signal sequence of target 

protein (Besemer, Harant et al. 2005, Garrison, Kunkel et al. 2005a). A compelling requirement 

of structural studies exists identify the mechanism of cotransin inhibition.  

The goal of my first project was to express the trimeric complex of human Sec61 translocation 

channel in insect cells. Ready DNA constructs were supplied by Dr. Ville Paavilainen. Initial 

milestone during the work was to recover active baculovirus particles and determine the co-

transfecting ratio in which these viruses express the required subunits of Sec61 complex in 

correct stoichiometric ratio. The following milestone was then to scale-up the insect cell 

expression culture with previously determined virus ratios. Purpose of this work was to express 

the mammalian ER translocation channel Sec61 for crystallization trials and biochemical 

studies. 

The second project was related to expression of SecYEβ protein conducting channel from 

Pyrococcus furiosus. To test cotransin’s binding with SecYEβ, the wild type SecYEβ and its 

various “humanized” mutants were expressed. Purpose of this study was to express the wild-

type and the mutants’ constructs that are able to bind to cotransin, and consequently scale up 

the expression of the identified mutants to be used in crystallization trials. 
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1.2. Protein synthesis and translocation- Overview 

Proteins are functionally the most sophisticated biological molecules known. Most of the cells' 

dry weight consists of proteins.  In fact proteins not only constitute to most of the mass of cell 

but also carry out most of its functions. For example, core functional components of appendages 

responsible for cellular movements such as flagella and cilia are composed of proteins. The 

molecular structures responsible for agility and movement of cargo within the cell itself 

constitute of cytoskeletal proteins. Inside cells, protein carry out myriad functions. Many 

enzymes catalyse the chemical reactions which are critical to life itself. Some proteins form 

membrane channels providing a passage to ions, small metabolites traversing the hydrophobic 

lipid bilayer which are otherwise impassable to them. Yet other proteins serve as antibodies, 

toxins and signal peptides. Indeed proteins are involved in almost all the required functions of 

a cell including cell movement, locomotion, signalling, waste removal and general maintenance 

(O’Connor, Adams et al. 2014). 

At the core of creating such a great diversity of proteins lies the process of information flow 

from the genetic material down to the amino acid sequence. The genetic code is transcribed into 

an mRNA sequence which is in turn translated into the amino acid sequence of the polypeptide 

chain. This process has been called “central dogma of molecular biology”, which involves of 

the flow of information from DNA to protein sequence, via RNA. However, in order to gain 

functionality a protein must fold into its proper three dimensional conformation, which often 

includes additional maturation steps. The newly synthesized polypeptides thus undergo removal 

of terminal amino acids, proteolytic cleavage by enzymes, addition of certain functional groups 

and/or cofactors, and importantly folding factors and chaperones   mediate proper folding.  

The higher organisms have cells which perform a multitude of tasks. In simple prokaryotic 

organisms such as bacteria the protein collection consists of merely a few thousand of the 

proteins. In cells of multicellular organisms, like humans, the proteins repository can consist of 

a few hundred thousand to about a million proteins, including several variants contributed by a 

plethora of post-translational modifications and differential splicing. The variety of proteins in 

the proteasome and complexity of an organism certainly seem to be interdependent. 

The protein synthesis takes place on ribosomes. The transfer RNAs charged with their 

respective amino acids are matched across the mRNA sequence and the ribosome scans through 

the long stretch of nucleotides, elongating the nascent polypeptide chain. This process takes 

place usually in the cytosol, with the exception of a few proteins which are synthesized inside 
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the organelles themselves. The nascent protein chains are synthesized and either kept in the 

cytosol or transported to a specific organelle within a cell, or just secreted from the cells. A 

major destination for non-cytoplasmic protein in eukaryotes is the endoplasmic reticulum (ER), 

where they are folded or undergo post-translational modifications, and depending upon their 

signal sequences, may be kept in the ER or transported to another organelle or to cell’s exterior 

using the Golgi apparatus, or else may be integrated into the lipid bilayer. Post-translational 

modifications such as proteolytic cleavage, addition of special chemical groups or metal ions 

which may impart structural/functional properties to proteins occur in ER. During the process 

of translocation to ER, signal sequences are recognized by the signal recognition particle (SRP) 

- which halts further elongation of the polypeptide until the ribosome-polypeptide complex is 

docked to the protein translocating channel. Further elongation of the polypeptide thus 

continues into the endoplasmic reticulum through the translocon channel. Most post-

translational modifications are catalysed inside the endoplasmic reticulum. However, 

translocation to ER is a major but not the only rout for non-cytoplasmic proteins. Proteins 

destined for organelles such as mitochondria, nucleus or chloroplasts are transported directly to 

these organelles post-translationally. Additionally post-translational translocation also takes 

place in tail-anchored proteins, and biochemical studies suggest the involvement of the SRP in 

this process (Rabu, Schmid et al. 2009, Johnson, Powis et al. 2013). Since these topics do not 

concern this pro gradu, we will focus on the protein translocation from cytosol in eukaryotic 

cells from now on.  

1.3. Protein Translocation- Importance 

About one-third of the proteins in humans are cytosolic- the rest are destined for other 

compartments or are secretory proteins. Thus protein translocation represents a crucial step in 

protein biogenesis for many proteins mammalian proteins. Transport of proteins to their cellular 

destinations is critical since many proteins have specialized functions inside each organelle. 

Proper translocation and transportation of proteins is also important usually to cellular integrity 

also, such as in the case of the proteolytic enzymes destined for lysosomes..  

In prokaryotes, the protein translocation is critical in case of membrane proteins, cell-wall 

associated proteins or periplasmic or secretory proteins. Since eukaryotic cells have a huge 

diversity of membrane-bound organelles, the process of protein translocation and sorting is also 

more complicated in eukaryotes than prokaryotes. 
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Figure 1. Co-translational and post-translational translocation 

The figure depicts two possible routes of protein translocation. In post-translational protein 

translocation the proteins are translocated through the respective organelles after they have been 

translated. In co-translational protein translocation the proteins are translocated through the 

membrane as they are being synthesized. Both types of translocation involve different subsets 

of proteins and both of these mechanisms are conserved in all three kingdoms of life. Figure 

adapted from (Alberts, Johnson et al. 2014b) 
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Figure 2. SRP interaction with the translating ribosome 

This model shows the mammalian SRP molecule with its various subunits, which interact with 

the translating ribosome. Reprinted by permission from Macmillan Publishers Ltd: [Nature] 

(Halic, Becker et al. 2004a), copyright (2004). 

The SRP becomes stabilized in a kinked conformation upon binding with the signal peptide. 

This allows the SRP to interact with the ribosome all along the nascent peptide exit tunnel 

(NPET) to the elongation factor binding domain on the ribosome. Both of these interactions of 

SRP with the translating ribosome are critical to the SRP-function (Halic, Becker et al. 2004b).  

The proteins destined to be secreted outside or for various compartments in a cell usually have 

a signal sequence, which are recognized by the Signal Recognizing Particle (SRP). The SRP 

redirects the ribosome-polypeptide complex to the Sec61 translocation channel so that the 

nascent peptide exit tunnel (NPET) is latched on to the pore of translocation channel. The SRP 

dissociates while further elongation of the polypeptide chain takes place through the 

translocation channel, as detailed in sections 1.3.2 and 1.3.4. Once translocated into the ER, the 

proteins may reside into the ER lumen, or either be transported to their actual destinations, as 

determined by their signal sequences.  Protein translocation mechanisms are widely categorized 

under co-translational translocation and post-translational translocation. Figure 1 (Alberts, 

Johnson et al. 2014b). 
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1.3.1. Post-translational translocation 

In post-translational translocation the proteins are translocated to the destined location after the 

translation. This requires unfolding of the nascent peptide chain. Hence the molecular 

chaperones, predominantly belonging to Hsp40 and Hsp70 families come into play to unfold 

these proteins and help mediate their passage through the respective translocation channel 

(Ngosuwan, Wang et al. 2003). This mechanism typically occurs for proteins destined for 

mitochondria, nucleus or chloroplasts. This type of translocation requires auxiliary factors 

coupled with an energy source, in addition to the protein translocation channel (Lyman, 

Schekman 1995, Matlack, Misselwitz et al. 1999). 

1.3.2. Co-translational translocation 

In co-translational translocation, the mechanism involves a ribonucleoprotein complex called 

Signal Recognition Particle (SRP) that specifically recognizes the signal sequence and targets 

it to the translocating channel in an SRP-SRP Receptor (SR) coordinated fashion. During 

translocation, the Nascent Peptide Exit Tunnel (NPET) of ribosome becomes continuous with 

the pore of the protein conducting channel (PCC) (Gogala, Becker et al. 2014) . Since the 

nascent peptide chain is fed to the translocation channel as it is synthesized and translocated 

co-translationally, this process does not require an additional source of energy, and is driven by 

elongation of the polypeptide chain by GTP hydrolysis. As the translation process terminates, 

a length of ~70 amino acids is still in ribosomal tunnel and in the Sec61α complex. A pulling 

force is thus required at this stage to pull the remaining polypeptide into the ER lumen Pulling 

force may be provided by molecular chaperones   and folding enzymes such as protein 

disulphide isomerase (PDI), or peptidyl-cis/trans-isomerase (PPIase) and BiP, which may bind 

the nascent chain on the luminal side of the ER as shown in several crosslinking studies 

(Klappa, Freedman et al. 1995, Volkmer, Guth et al. 1997, Tyedmers, Lerner et al. 2003). 

Folding of the N-terminal portions may alternatively provide the required driving force 

(Zimmermann, Eyrisch et al. 2011b). In fact ATP has been speculated to be required to 

efficiently translocate the polypeptides during co-translational translocation (Zimmermann, 

Eyrisch et al. 2011b). 
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Figure 3. An Overview of Co-translational translocation 

Figure 1 provides an overview for co-translational translocation in eukaryotes. As signal 

peptide emerges, it is recognized by the SRP, which halts further elongation of the nascent 

polypeptide chain while blocking the elongation factor binding site on the ribosome. SRP 

interacts with the SRP receptor (SR) in the ER membrane. This allows the RNC complex to 

interact with the translocating channel. The SRP-SR dissociate, leaving the ribosome bound 

with the Sec61 channel. The nascent chain passes through the translocation channel while being 

translated on the ribosome. SRP-SR dissociate from one another and SRP is thus recycled for 

recruiting cycle. Figure adapted from (Alberts, Johnson et al. 2014b).  

1.3.3. Signal Sequences 

Gunter Blobel first suggested the presence of sequence tags that target proteins to their 

respective locations inside a cell (Blobel, Dobberstein 1975). Often present at the N-terminus 

for the protein that is translocated co-translationally, these are stretches of hydrophobic amino 

acids with characteristic features that allow them to be recognized by the translocation 

machinery. They vary largely in lengths, but are typically 20-30 amino acids long and undergo 

enzymatic cleavage during or after their transport to the appropriate destination (Stroud, Walter 

1999). It has been demonstrated by generating chimeric constructs that cargo information for 

the proteins is indeed coded in their signal sequences.  
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1.3.4. SRP and Translocation channel recognize the signal sequences 

A majority of protein translation takes place on ribosomes in cytosol. Here the mRNA is bound 

to a translating ribosomes. If a protein has a signal sequence, it is specifically recognized by the 

Signal Recognition Particle (SRP). 

In humans SRP is a ribonucleoprotein particle and consists of 6 protein subunits and an RNA 

backbone connecting the different subunits. The subunits are named according to the molecular 

weight and are namely SRP9, SRP14, SRP19, SRP54, SRP68, and SRP72. The M-domain of 

SRP-54 is involved in recognizing and binding to the protein signal sequence. Structural studies 

have showed that the M-domain is lined with Methionine, conferring both hydrophobicity and 

flexibility to this domain for recognition signals (Batey, Rambo et al. 2000, Janda, Li et al. 

2010). The Alu domain, consisting of SRP-9 and SRP-14, blocks ribosomal site for binding to 

the elongation factor, thus causing an arrest in further elongation of the peptide. This arrest 

ensures that the proteins are not prematurely released into the cytosol before being targeted to 

the ER translocon. It may also ensure that the synthesized polypeptide can conveniently be 

transferred to the translocation channel without any misfolded parts in the peptide, due to the 

certain motifs that can potentially fold right after emerging from the ribosome.  

As SRP binds to the translating ribosome, its binding site for SRP receptor (SR) is exposed. 

This allows SRP to dock on SR while the ribosome nascent chain complex (RNC) is redirected 

to the translocation channel at the ER membrane. It has been demonstrated that ribosome tightly 

interacts with the translocation channel, thus forming a continuous channel (Gogala, Becker et 

al. 2014). The protein synthesis resumes as the ribosomal nascent peptide exit tunnel (NPET) 

becomes continuous with the translocation channel and the nascent polypeptide can then 

proceed into the ER lumen (Keenan, Freymann et al. 2001, Grudnik, Bange et al. 2009). 

Additional energy is not required in this process as protein elongation resumes into the ER and 

is driven by GTP hydrolysis. Studies have demonstrated that the RNC is transferred to the 

translocation channel before SRP-SR dissociation (Rapiejko, Gilmore 1997, Song, Raden et al. 

2000). The activities of both SRP and SR are coordinated and modulated by GTP hydrolysis 

(Halic, Beckmann 2005, Saraogi, Akopian et al. 2014).  

The translocation channel is also responsible for insertion of membrane proteins into the lipid 

bilayer. This has been confirmed by several functional reconstitution studies (Crowley, 

Reinhart et al. 1993a, Crowley, Liao et al. 1994, Martoglio, Hofmann et al. 1995). Crosslinking 

studies suggest that the trans-membrane domains (TMDs) interact with the translocon channel 
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earlier during the process of insertion (Martoglio, Hofmann et al. 1995, Do, Falcone et al. 1996, 

Heinrich, Mothes et al. 2000). These studies suggest a passive interface between the translocon 

inner environment and the outer lipid environment. It is suggested this lateral gate is formed at 

the interface of the TMD2/TMD3 and TMD7/TMD8 of the Sec61α subunit (van den Berg, 

Clemons et al. 2004a, Tsukazaki, Mori et al. 2008a, Shao, Hegde 2011a). This would allow the 

nascent TMDs to have outer contact points from the lipid bilayer while still in the translocation 

channel (Shao, Hegde 2011a). This presumably provides a passage and an outer interaction to 

the trans-membrane domains (TMDs) of membrane protein can be integrated into the lipid 

bilayer through the Sec61 translocation channel. 

(a) 

(b) 

Figure 4. Interactions of SRP with the ribosome 

The figures show the interactions of the SRP with a translating mammalian ribosome (a) an 

overview of the interactions of SRP with the ribosome. The 5,8s rRNA and the ribosomal 
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proteins L23 and L29 (also known as Rpl25 and Rpl35) interact with the SRP54 subunit of the 

SRP; (b) the M-domain formed by SRP54 subunit is lined internally with methionines, which 

enable it to recognize a variety of hydrophobic signal sequences. The M-domain can be seen 

here interacting with a TMD.  Published under Creative Commons Attribution License 

(Voorhees, Hegde 2015). 

1.3.5. Some drugs can selectively target synthesis and secretion of proteins 

Antibiotics specific to prokaryotic ribosomes became clinically available as early as 1940s and 

many original antibiotics are still clinically used. These small molecules have not been limited 

to only to clinical use, but have also been used to probe and dissect many functional and 

mechanistic aspects of protein translation (Blanchard, Cooperman et al. 2010). Small molecule 

inhibitors are also likely to enable a deeper understanding of mechanisms of translocation, many 

of which still remain unknown (Song, Raden et al. 2000, Jiang, Cheng et al. 2008, Shao, Hegde 

2011b).  

During the small molecule inhibition, most of these molecules bind to the exit tunnel (NPET), 

peptidyl transferase centre (PTC) or the decoding centre of the small ribosomal subunit and 

cause a global inhibition of protein synthesis, as observed in case of clarithromycin, macrolides 

and chloramphenicol (McCusker, Fujimori 2011, Hemphill, Stadelmann et al. 2014, Wilson 

2014). Recently, a number of small molecule inhibitors have been reported which cause 

inhibition to selective protein substrates. One such molecule is erythromycin, a small molecule 

inhibitor known to bind to NPET on ribosome, causing inhibition of translation for a large 

variety of protein. A subset of proteins still evades its inhibition, and makes it an interesting 

drug to study (Kannan, Vázquez-Laslop et al. 2012, Paavilainen, Taunton 2013). 

The mechanism of erythromycin inhibition is now well understood. It is known to obstruct the 

NPET sterically. The proteins that evade its inhibition are thought to wriggle past the bound 

drug molecule, as suggested by the structural studies (Tu, Blaha et al. 2005, Kannan, Vázquez-

Laslop et al. 2012). It has also been demonstrated that as few as 12 N-terminal amino acids are 

enough to confer resistance to an otherwise sensitive protein (Kannan, Vázquez-Laslop et al. 

2012).  

Another drug cotransin bears functional analogy to erythromycin. Cotransin is known to bind 

to the mammalian Sec61 translocation channel, and selectively inhibit co-translational 

translocation of a subset of proteins. Studies have demonstrated that cotransin directly targets 
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Sec61α subunit of the eukaryotic ER protein conducting channel (MacKinnon, Garrison et al. 

2007a). By binding to the core of translocation channel, cotransin obstructs the nascent 

polypeptide to pass through it. It has also been demonstrated that N-terminal signal sequence is 

the determinant of the inhibition by cotransin (Garrison, Kunkel et al. 2005b). 

The above mentioned drugs are just few examples from several of the known small molecule 

inhibitors of protein biogenesis machinery. An ability to selectively inhibit biogenesis only a 

subset of proteins is a particularly interesting opportunity. It can have an immense therapeutic 

value, as impeding biogenesis of proteins implicated in diseases can be a promising strategy in 

future to remedy several diseases, such as neurodegenerative diseases.  

1.4. The Protein Conducting Channel (PCC) 

While a significant amount of integral membrane proteins and secretory proteins are 

translocated post-translationally to their destinations, co-translational translocation continues 

to be recognized as the major pathway for targeting of most secretory and membrane proteins 

(Nyathi, Wilkinson et al. 2013, O’Connor, Adams et al. 2014). ER membrane is the only 

membrane most secretory proteins have to pass through, during their passage to their respective 

destination (Nyathi, Wilkinson et al. 2013). The co-translational translocation of protein is 

hence one of the most well conserved processes across all three kingdoms of life (Halic, Becker 

et al. 2004c). 

Most contemporary understanding of the translocation channel comes from structural studies 

conducted on the archaeal and bacterial homologues of the Sec61 translocation channel in 

mammals (van den Berg, Clemons et al. 2004b, Tsukazaki, Mori et al. 2008a, Egea, Stroud 

2010a). In spite of subtle differences in the structure of these translocation channel orthologues, 

the basic mechanisms of translocation remains similar (Saparov, Erlandson et al. 2007). These 

structures have propelled our current understanding of the protein translocation to a great extent 

and have been able to provide mechanistic insight into the process. 
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(a) 

(b) 

Figure 5. Structure of translocation channel 

(a) A cryo-EM structure of non-translocating Sec61 complex is shown. Reprinted by permission 

from Macmillan Publishers Ltd: [Nature] (Gogala, Becker et al. 2014), copyright (2014); (b) 

Lateral view of X-ray structure from SecYEβ from Methanococcus jannaschii. Reprinted by 

permission from Macmillan Publishers Ltd: [Nature] (van den Berg, Clemons et al. 2004b), 

copyright (2004). 

1.4.1. An Overview of Structural features of Translocation channel 

The protein conducting channel (PCC) or the protein translocation channel is a heterotrimeric 

membrane protein complex. In eukaryotes it is called Sec61 and it is composed of three 

subunits: Sec61α, Sec61β and Sec61γ. Its orthologue in archaea and eubacteria is SecYEβ and 

in bacteria it is SecYEG (Mandon, Trueman et al. 2009). The subunits Sec61α and Sec61γ are 
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conserved and considered essential to the translocon’s function, while Sec61β is a less 

conserved subunit and is dispensable for protein translocation (Kalies, Rapoport et al. 1998). 

High resolution structural data to 3,2 Å obtained from the archaeal SecYEβ complex from 

Methanococcus jannaschii proved to be a milestone of current understanding of structural and 

mechanistic features of the Sec translocation machinery (van den Berg, Clemons et al. 2004b).  

The structure of SecYEβ complex shows that there are 10 trans membrane (TM) helices in the 

SecY subunit. This subunit forms the central protein conducting pore and has a pseudo-

symmetry between TM1-5 and TM 6-10. A pore-ring is present halfway through its length, 

which forms a constriction. A plug-domain is also present which prevents an outflow of small 

molecules and ions. Signal sequence recognition is thought to displace this plug-domain to let 

the nascent-chain pass through the channel. Since SecY is also responsible for integration of 

membrane proteins into lipid bilayer, a lateral gate is present in this channel. This lateral gate 

provides an interface for the TM helices to the outer lipid bilayer and allows transmembrane 

helices to pass into the lipid bilayer (van den Berg, Clemons et al. 2004b). 

1.4.1.1. Translocation of Nascent Peptide Chain through the Translocation channel 

The first step in the process of translocation is binding of the ribosome to the channel. Studies 

on translocation channel of E. coli have confirmed this (Mitra, Schaffitzel et al. 2005, Ménétret, 

Schaletzky et al. 2007a). As the N-terminal sequence enters the translocon, the hydrophobic 

part intercalates between the helices TM2b and TM7, the two helices forming a seam in the 

translocon channel. This enables the hydrophobic chain to have contacts to the outer lipid 

bilayer. The evidence comes from both structural studies from Methanococcus jannaschii 

translocation channel as well as crosslinking studies in yeast (Plath, Mothes et al. 1998a, Park, 

Ménétret et al. 2014, MacKinnon, Paavilainen et al. 2014). The intercalation of the hydrophobic 

region in the seam of translocon produces global changes in the translocon and cause the 

luminal plug to displace, thus now forming an open channel for the peptides to move past 

(Nyathi, Wilkinson et al. 2013). 

The PCC allows the nascent chain to pass through or across it into the ER membrane, but it also 

has to keep the membrane potential across the membrane undisturbed. Both ER in eukaryotes 

as well as the periplasmic space in bacteria serve as reservoirs of ions and, small metabolites 

and more importantly membrane potential. The membrane potential is particularly important to 

archaea and bacteria, since it is the major source of energy for these organisms (Strahl, Hamoen 

2010). This complicates the process of translocation, since the translocation channel has to open 
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up to accommodate the nascent polypeptide, and allow it to traverse through it, while still 

restricting an outflow of ions and small metabolites (Crowley, Reinhart et al. 1993b). This 

difficulty is partially overcome with formation of a constricting ring half-way through the 

translocation channel. Structural observations reveals the presence of 6 conserved amino acids 

in the translocation channel, their side chains protruding radially inwards to form a pore-ring. 

The residues are (Ile 75, Val 79, Ile 170, Ile 174, Ile 260 and Leu 406) in the SecYEβ complex 

from Methanococcus jannaschii. The pore-ring forms a gasket-like seal in the translocating 

translocon preventing free flow of ions, even though it is not perfect (Schiebel, Wickner 1992, 

van den Berg, Clemons et al. 2004b). In Methanococcus jannaschii all of these residues are 

isoleucine (van den Berg, Clemons et al. 2004b). Being bulky and hydrophobic, these residues 

of the pore-ring form a constriction so that water molecules are excluded from this region. The 

pore-ring is actually large enough for the water molecules to pass through, but due to high 

hydrophobicity the water molecules are excluded, and thus outflow of ions is also prevented 

(Saparov, Erlandson et al. 2007). Low water density has been confirmed inside the pore-ring 

(Saparov, Pfeifer et al. 2006). The pore-ring has in fact been found effective for preventing ion 

flow for shorter durations of time. Additionally, crosslinking experiments as well as molecular 

dynamics simulations have shown the pore-ring is effective to stop dissipation of membrane 

potential over the time scales ranging in nanosecond intervals (Cannon, Or et al. 2005, Saparov, 

Erlandson et al. 2007). Hence, even though the diameter of the pore-ring is sufficient to 

accommodate ions and small metabolites, it significantly prevents their outward flow. 

The pore-ring however losses its effectiveness to retain the membrane contents over longer 

periods of time. An additional seal has to be provided in the translocation channel, which can 

effectively prevent the loss of inner contents of the membrane for periods over several seconds 

to minuets. This seal is formed by the plug-domain (Saparov, Erlandson et al. 2007). Studies 

from electrophysiological experiment confirm that intact plug-domain is essential to retain the 

membrane potential and have demonstrated its importance in preventing leakage of any ions or 

inner membrane components.  

It has been demonstrated that defects in the plug-domain and mutations in the pore-ring cause 

the same effect. Thus proper sealing of the translocation channel is made possible by concerted 

actions of both the plug-domain and the pore-ring (Saparov, Erlandson et al. 2007). These 

results are consistent with the structural data obtained and the molecular dynamics simulations 

(Gumbart, Schulten 2006, Tian, Andricioaei 2006).  
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However data from molecular dynamics also suggests that the translocation channel typically 

opens up to 20 Å x 15 Å (Gumbart, Schulten 2006). This is much less than the previously 

hypothesized channel diameter which suggests that the ribosome with the nascent chain covers 

~40 Å on the translocation channel (Hamman, Chen et al. 1997). 

1.4.1.2. Lateral Opening of the Translocation Channel 

A mechanistic model of membrane protein insertion has been based on high resolution 

structures of the archaeal translocation channel (van den Berg, Clemons et al. 2004a, Osborne, 

Rapoport 2007, Tsukazaki, Mori et al. 2008b). Structural data shows that the SecY subunit of 

the translocation channel is pseudo-symmetrical. The helices 1-5 from the first half while 

helices 6-10 from the other half. A loop between the helices 5 and 6 works as a hinge to facilitate 

the opening of channel at the seam (Mandon, Trueman et al. 2009). This seam exists between 

the interaction of helix 2b and 7 of SecY subunit.  

As the crosslinking data is reinforced by the predicted model from structural studies, insertion 

of the signal sequence into the translocation channel induces structural changes in to channel 

and allows the inserted polypeptide segment to interact with the lipid bilayer (Plath, Mothes et 

al. 1998b, Park, Ménétret et al. 2014).  Once inside the translocation channel, the TM helix is 

able to interact with the outer lipid bilayer through the seam and are thus able to pass out to the 

lipid bilayer and become integrated in the lipid bilayer (Shao, Hegde 2011c).  
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Figure 6. SecYEβ channel 

An overview of various stages during translocation is shown in this cartoon. (1) The 

translocation channel is gated by the plug-domain and a constricted pore ring in an idle state. 

(2) As the translating ribosome is recruited to the channel by SRP, the nascent chain is able to 

induce global changes in the translocation channel: relaxing the pore-ring and displacing the 

plug-domain. (3) The ribosome translation arrest is relieved and the nascent peptide chain starts 

moving across the translocation channel. The signal peptide move out from the translocation 

channel via lateral opening (and is latter cleaved by ER membrane proteases). (4) The nascent 

peptide chain keeps traversing through the translocating channel. (5) After translocation is 

complet the newly translocated polypeptide undergoes post-translational processing. The plug 

domain moves back to seal the pore opening and the relaxed pore-ring acquires a constricted 

conformation again. Figure adapted from (van den Berg, Clemons et al. 2004b) 

1.4.2. Are oligomers required? 

Structural studies including electron-microscopy have showed a single translocation channel 

bound to the ribosome (Ménétret, Schaletzky et al. 2007b). The studies are consistent with 

previous data which shows a single translocon is sufficient to form the protein conducting 

channel (Duong 2003, van den Berg, Clemons et al. 2004a).  

In one crosslinking experiment, mutated cysteine residues were positioned inside the SecY 

channel. The translocating substrate also had reduced cysteines. It was analyzed that the inner 
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cysteines actively crosslinked with the substrate, suggesting the translocating substrate passes 

through one translocon channel pore (Duong 2003). This showed that the substrate actually 

passes through the PCC. The prevailing idea is that only one translocon channel is required 

during the process of protein translocation. 

Oligomers of SecY complex have nevertheless been observed. Some data suggests the presence 

of a large translocation pore ~40 Å as compared to 20 Å of the pore size (Hamman, Chen et al. 

1997). Observations have also lead to conclusions that oligomers are in fact required for the 

protein translocation, at least in bacteria. It is believed that one copy is a functionally active 

translocating copy, while the second copy remains does not translocate, but instead acts as a 

scaffold for the SecA molecule (Osborne, Rapoport 2007).  With the important structural and 

functional studies, there is a growing evidence that a single translocation channel might be 

sufficient for the protein translocation (Ménétret, Hegde et al. 2008, Kedrov, Kusters et al. 

2011). As supported by crosslinking studies, among oligomers of SecY, one copy may in fact 

be involved in a static interaction with SecA ATPase, an auxiliary factor required in bacterial 

translocation, and result in a non-translocating SecY copy. Protein translocation will proceed 

from the other copy of SecY complex, and will be called the translocating copy. This model on 

translocation which oligomers are required but still only one translocation channel is 

functionally active might be required, as the authors speculate a static interaction with SecA 

might be mandatory to prevent complete detachment of SecA while translocating (Osborne, 

Rapoport 2007). 

1.5. Altering Protein biogenesis by translocation inhibition 

1.5.1. Importance 

Protein translocation across the ER is the first and often the only step that involves traversing 

of the protein across or integration into the lipid bilayer for a majority of non-cytosolic proteins. 

A majority of transmembrane or integral membrane proteins are also incorporated into the lipid 

bilayer in the ER, and are consequently delivered to their final destination organelles or 

otherwise remain embedded in the ER membrane.  

1.5.2. Diseases related to protein biogenesis 

The strategy of selectively inhibiting or modulating critical steps in protein biogenesis can 

provide a powerful way to avert the development of drug-resistant viruses. This strategy has 

already been demonstrated to work by Geller and colleagues, where it was shown that 
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supplementing the infected cells with the chaperone Hsp90 inhibitors impedes emergence of 

drug-resistant viral particles in case of rhinovirus, poliovirus and coxsackie virus This in fact 

gives new hope to tackling the growing concerns for drug-resistant viruses (Geller, Vignuzzi et 

al. 2007).  

The cancer cells need a resilient system for both translating and post-translationally processing 

proteins for their growth and survival, since they have to continuous cell growth demands high 

levels of protein synthesis. By inhibiting critical protein biogenesis steps it should therefore be 

possible to control tumor progression. An interesting study reports the modulation of HSF1 

(Heat shock factor 1) in saving the organisms from a variety of tumors (Dai, Whitesell et al. 

2007). Application of inhibitors that target imperative steps in protein biogenesis including 

chaperone mediated protein folding and protein translocating may thus be studies in more detail 

due to their potential applications (Balch, Morimoto et al. 2008a). The detailed discussion about 

perturbation in proteostasis and its modulation in presented in section 1.6. 

1.5.3. General strategies for controlling protein biogenesis 

Protein synthesis and maturation involves several steps. These include the translation of the 

polypeptide from the mRNA transcript, the post-translational processing of the nascent 

polypeptide and its targeting to the destination. In principle, the protein undergoes all this 

processing to reach the properly folded state. Proper folding is assisted by chaperones   and 

folding-enzymes. The post-translational modification also include a plethora of processes such 

as introducing chemical modification to the amino acids, addition/removal of functional groups, 

cofactors, prosthetic groups, metal ions, proteolytic cleavage and self-splicing of the 

polypeptide. In membrane or secretory proteins there are additional steps that involve the 

translocation of the polypeptide across the selected organelle or the ER, and it is closely 

associated with the membrane integration. There are hence numerous points for intervention to 

perturb proteostasis. Intervening with protein translation is a commonly used strategy, and 

demonstrates significant effects to curb bacterial infections since prokaryotic ribosomes differ 

significantly from their eukaryotic counterparts. Protein folding is another important process 

amenable to intervention, as it tackles both the membrane and secretory proteins (Isaacs, Xu et 

al. 2003). 
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1.5.4. Protein translocation inhibitors 

Protein translocation across the ER membranes represents the first and mandatory step towards 

their secretion and membrane integration. It is therefore critical towards biogenesis of many 

eukaryotic secretory and membrane proteins. In prokaryotes, secretory and membrane proteins 

follow a similar path via co-translational or post-translational translocation. Amid its critical 

role, several inhibitors have been identified in screens for anti-tumor drugs (Kalies, Römisch 

2015b).  

Drugs including Apratoxin A, HUN-7293 and Decatransin were identified in screens for 

cytotoxins against tumour cells. These drugs, and several other translocation inhibitors are 

natural toxins from fungal or cyanobacterial origins (Boger, Chen et al. 2000, Luesch, Yoshida 

et al. 2002, Junne, Wong et al. 2015a). This further highlights the interest in translocation and 

its targeted inactivation in pathogenesis. Most of these inhibitors cause a global inhibition of 

biogenesis via stalling of the translocation process for a majority of proteins. These molecular 

inhibitors represent a new hope by targeting a critical protein biogenesis pathway, which may 

have a high impact in future therapies directed against tumors, neurodegenerative diseases and 

virul infections. 

Additionally, some small molecule inhibitors that specifically target a subset of proteins for 

inhibition have also been reported. Such inhibitors are particularly interesting since they may 

allow to selectively remodel proteasome. Examples of such inhibitors include Valinomycin, 

CADA and a synthetic cyclodepsipeptide cotransin. These small molecule inhibitors act in a 

substrate selective manner, often in a signal sequence discriminatory manner (Vermeire, 

Princen et al. 2004, Garrison, Kunkel et al. 2005a, Ryoo, Park et al. 2006). Variants of cotransin 

with slight differences in structure have been synthesized and demonstrated to have a varying 

selectivity towards different proteins based on their signal sequences (Maifeld, MacKinnon et 

al. 2011a). CADA is another small molecule inhibitor that was discovered in an antiviral screen, 

and has shown to have a selective activity towards HIV, SIV and HSV. It interferes with the 

biogenesis of human CD4 receptor in T-cell lymphocyte, and is thought to inhibit selectively 

bind to its signal sequence to halt its movement across the translocation (Vermeire, Bell et al. 

2003). 

The drugs mentioned above add a new dimension to the current understanding of protein 

translocation and provide hopes to selectively inhibit the protein biogenesis of certain proteins. 

However, developing protein-translocation targeting thereputics remains a distant goal. 
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Figure 7. Inhibitors of protein translocation 

Figure depicts the various stages of translocation along with the known inhibitors of these 

stages. In mammals, interactions of the nascent peptide with calmodulin are required to keep 

small proteins translocation competent during post-translational translocation (inhibited by 

Ophiobolin A). Synthetic signal peptides can competitively inhibit the SRP, which is critical 

for co-translational translocation. An Hsp 70 chaperon Kar2 is required in yeast ER for post-

translational translocation (MAL3-39 and MAL3-101). Signal sequence targeting of Sec61 and 

Sec61 mediated membrane integration of tail anchored proteins is inhibited by high 

concentrations of cholesterol. Cotransin binds to Sec61α subunit and thus prevents the transport 

of translocation substrate along the pore. Decatransin seems to globally inhibit both Sec61 

dependent protein translocation membrane integration. Mycolactone interferes with Sec61 

channel and globally inhibits Sec61 mediated protein translocation. CADA interferes 

specifically with the signal peptide of human CD4, preventing its biogenesis. Reprinted by 

permission from John Wiley and Sons Ltd: [Traffic] (Kalies, Römisch 2015), Copyright (2015). 

1.5.4.1. Cyclodepsipeptides 

The natural low molecular weight compound HUN-7293 was identified by Fosrter and 

colleagues in an attempt to screen compounds that block the expression of VCAM (vesicular 

cell adhesion molecule) in endothelial cells (Foster, Dreyfuss et al. 1994). This compound is a 

fungal heptadepsipeptide (Boger, Keim et al. 1999). 
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a. CAM741 

One structural derivative of the HUN-7293 was CAM741 that was shown to inhibit the 

translocation of VCAM nascent polypeptide via the Sec61 translocation channel (Besemer, 

Harant et al. 2005). In a crosslinking experiment the VCAM peptide was shown to be able to 

crosslink with the Sec61β subunit which implements that the mechanism of this inhibition does 

not impede Sec61 targeting (Harant, Lettner et al. 2006). CAM741 was also confirmed to act 

in a signal sequence discriminatory manner (Harant, Wolff et al. 2007).  

b. Cotransin 

Based on the pharmacological features defined for HUN-7293 by Boger and colleagues, a 

compound having the minimal features described was designed and synthesized in Jack 

Taunton’s lab (Boger, Keim et al. 1999, Garrison, Kunkel et al. 2005c). The compound was 

named cotransin abbreviated by co-translational protein inhibitor. Cotransin is a 

cyclodepsipeptide. The mammalian ER protein conducting channel Sec61 has been identified 

as the main target for cotransin’s inhibition (MacKinnon, Garrison et al. 2007a). An interesting 

feature of cotransin, indicated earlier also, is its ability to selectively inhibit translocation of 

only a sub-set of proteins.  Since the past decade several of its variants have been synthesized 

and are being tested for inhibition of various proteins (Maifeld, MacKinnon et al. 2011b). 

Efforts are underway to identify sequence motifs of signal peptide sequences that confer 

resistance to cotransin inhibition, but have not yet been fully successful (MacKinnon, 

Paavilainen et al. 2014, Klein, Westendorf et al. 2015).  

Sec61α subunit of mammalian translocation channel has been identified as the direct target of 

cotransin (MacKinnon, Garrison et al. 2007b). Genetic screens in cancer cells revealed five 

mutants at the interface of the luminal plug and TM3 of Sec61α to cause resistant to CT-08. 

This study suggests the binding site of cotransin is towards the luminal end of Sec61, where the 

mutations were located (MacKinnon, Paavilainen et al. 2014).  

Since cotransin acts in a signal-sequence selective manner, allowing some proteins to pass 

through while inhibiting other’s translocation, studies to find a consensus motif amenable to 

cotransin’s resistance have been attempted. In a study, many transmembrane domains were 

scanned for their amenability for cotransin resistance. It was concluded that hydrophobicity of 

the sequence is a major, but not the sole determinant for cotransin sensitivity. The authors 

speculate that instead of simply moving out the TMD to lipid bilayer via the Sec61 lateral gates, 

the TMD insertion is influenced by several factors in presence of cotransin. Signal sequences 
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having more helical propensity, and the ones flanked with positive amino acids proceeding the 

signal sequence are more likely to evade cotransin resistance (MacKinnon, Paavilainen et al. 

2014). In an independent proteomic study, a consensus sequence for Signal Anchor Sequence 

(SAS) has been suggested, which consists two patches of small amino acids intervened by bulky 

amino acids to make a cavity in the alpha helical structure (Klein, Westendorf et al. 2015). In 

the same study, all the secretory proteins were found to be cotransin sensitive so no consensus 

signal sequence could be deduced from this study. The global inhibition of all secretory proteins 

in this study might hint that concentration is also a major determinant of cotransin resistance, 

as has been suggested earlier (MacKinnon, Paavilainen et al. 2014). 

It has been speculated that cotransin stabilizes the pre-integration state of Sec61 channel. 

Presently derivatives of cotransin such as CT-08 and CT-09 are available, which show a varying 

degree of selectivity for inhibition of proteins (Maifeld, MacKinnon et al. 2011a). Cotransin’s 

derivatives, which differ only in the side chains of this synthetic molecule, show a varing range 

of sensitivities, as suggested by ligand-binding assays (Maifeld, MacKinnon et al. 2011b).  

c. Apratoxin A 

Apratoxin A is mixed peptide-polyketide natural product and it was originally from a screen 

for antitumor drugs. It is potent compound and exhibits cytoxicity with an IC50 value in 

nanomolar range concentrations and is isolated from marine cyanobacteria. Total synthesis of 

Apratoxin A has also been achieved in lab (Doi, Numajiri et al. 2006). A functional genomic 

study has also revealed that Apratoxin A can potently hinder STAT3 phosphorylation and 

consequently its activation, perturbing the signaling pathway, leading to cell cycle arrest in G1 

phase. It has also been shown to induce apoptosis and perturb transcription of ~100 different 

genes through disruption of JAK/STAT pathway (Luesch, Chanda et al. 2006).  

The mechanism by which Apratoxin A hinders STAT3 phosphorylation remained largely 

unknown, until in a study in 2009 revealed this mechanism. Apratoxin A can disrupt the 

JAK/STAT pathway by downregulation of interleukin 6 (IL-06), which is known to upregulate 

the JAK/STAT signaling (Jones, Rose-John 2002). In addition to IL-06, Apratoxin A has been 

found to down regulate a plethora of secretory proteins by perturbing the co-translational 

translocation pathway and N-glycosylation, which leads to their degradation (Liu, Law et al. 

2009). 
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It has been suggested that the mechanism of inhibition of Apratoxin A might be similar to its 

structurally relevant cyclodepsipeptide such as CAM 741 and cotransin (Liu, Law et al. 2009). 

However the molecular target(s) for Apratoxin A are yet to be identified. 

 

 

1.5.4.2. Decatransin: 

Decatransin is a decadepsipeptide which occurs naturally as fungal toxin. It was isolated from 

Chaetosphaeria tulasneorum in a screen for antitumor compounds. Like the previously 

discussed inhibitors of translocation it has also been shown to target the ER translocation 

channel (Junne, Wong et al. 2015a). However, as compared to other translocation inhibitors, 

Decatransin has a wide range of inhibition and it appears to globally inhibit the translocation. 

It has also shown to inhibit both eukaryotic and archaeal translocation channels. Both co-

translational and post-translational translocation have been shown to be affected by 

Decatransin. A genome wide chemical mutation analysis confirmed that mutations in plug-

domain, lateral gate confer resistance to Decatransin, suggesting a similar binding site on Sec61 

as HUN-7293 and cotransin (Junne, Wong et al. 2015b). 

1.5.4.3. Mycolactone 

Mycolactone is a bacterial toxin, isolated from Mycobacterium ulcerans and is the causative 

agent for necrotic ulcers in buruli ulcer (George, Chatterjee et al. 1999). It is a highly 

hydrophobic molecule with cytotoxic and immunosuppressive properties (Stinear, Mve-Obiang 

et al. 2004). Studies suggest Mycolactone strongly inhibits biogenesis of a variety of proteins 

including cytokines and chemokines. It has also been confirmed that this inhibition is not 

consequence of disruption in signaling pathways that activate the expression of these factors, 

nor is it dependent on disrupting the transcription of these factors. However inhibitory effects 

on secretion of IL-6 have been observed. Previous studies have suggested that Mycolactone 

inhibits translation (George, Barker et al. 1998). 

However, more recent analyses have conclusively refuted the previously prevailing idea and 

confirmed that Mycolactone does not inhibit transcription or translation of proinflamatory 

cytokines (Hall, Hill et al. 2014). Instead, a growing body of evidence suggests it rather 

interferes with the protein translocation and possibly cause degradation of Sec61α subunit of 
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the protein translocation channel (Hall, Hill et al. 2014, Kalies, Römisch 2015a). This has been 

suggested by in vitro translocation experiments, showing diminished amounts of glycosylated 

and secreted proteins and affirmation that the translated protein is yet found in the cytoplasm 

(Hall, Hill et al. 2014). Molecular target of Mycolactone remains to be identified.  

 

 

1.6. Proteostasis, Translocation inhibitors and their importance 

1.6.1. Protein homeostasis in disease 

The protein homeostasis or proteostasis is a process which maintains and remodels the 

proteome. According to William and colleagues it refers to the folding, binding interactions and 

location of the individual proteins making up the proteome by readapting the innate biology of 

the cell (Balch, Morimoto et al. 2008a). The cells employ strict checks to monitor proteostasis 

which include heat shock response (HSR) and unfolded protein response (UPR). These 

mechanisms deteriorate during ageing and might explain the reason for so many age-related 

diseases. Factors such as molecular chaperones   and folding enzymes affect the proteostasis by 

their ability to control and perform critical processes such as properly folding proteins and 

disintegrating aggregates of misfolded proteins. In addition to the molecular chaperones   and 

folding factors, the contents inside a compartment affect solvability of the proteins and thus 

their ability to fold. Deformities in structure may cause misfolding and even lead to toxic 

aggregation. 

1.6.2. Types of maladies associated with aberrations in proteostasis 

Diseases associated with aberrations in proteostasis are generally categorized in loss or gain of 

function diseases. In loss of function diseases, the protein is prone to misfolding and causes 

toxic aggregates. These aggregates can become subject to intense degradation and consequently 

loss of the protein. Conversely, in the gain of function diseases, the symptoms are led by the 

aggregation and the inability of the innate systems to clear off the aggregates, which might be 

within or outside the cell (Balch, Morimoto et al. 2008b).  

Contemporary remedies include administration with pharmacological chaperones   or “kinetic 

stabilizers”- i.e. small molecules that bind to, and thus stabilize the folded form of the protein. 

The pharmacological chaperones   are currently being developed for Parkinson’s disease, and 
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are in clinical trials for Gaucher, Fabry and Pompe diseases (Hammarstrom, Wiseman et al. 

2003, Bernier, Lagace et al. 2004, Mecozzi, Berman et al. 2014). Many proteins involved in 

disease progression, including neurodegenerative diseases and some cancers, do not possess 

binding sites involved in protein-protein interaction PPIs. The strategies discussed in this 

section provide a hope to treat such diseases (Cohen, Kelly 2003, Arkin, Wells 2004, Wells, 

McClendon 2007, Winklhofer, Tatzelt et al. 2008, Oh, Lee et al. 2014). Several proteostasis 

modulators are known therapeutic agents and usually to act globally, non-selectively affecting 

rates of biogenesis of all the proteins.  

Inhibitors such as diltiazem and verapamil are interesting examples of small molecule inhibitors 

regulating the proteostasis. Both of these drugs are small molecule inhibitors of L-type Ca2+ 

channels and decrease its efflux from the ER. Their effect leads to increased Ca2+ levels in 

endoplasmic reticulum, which leads to significantly elevated levels of several ER and 

cytoplasmic chaperones, including BiP and Hsp40 and Hsp90 chaperones (Mu, Fowler et al. 

2008). An increased concentration of these chaperones leads to an increased protein folding 

capacity inside the ER lumen. Another small molecule inhibitor celastrol, had been 

demonstrated to elicit the HSR and thus rebalance the proteostasis (Westerheide, Bosman et al. 

2004). Thus the general strategy that emerges from small molecule modulators is modulation 

of the expression levels of folding enzymes and chaperones   to alleviate misfolded or 

aggregated proteins. However, small molecule inhibitors are not limited to inhibiting folding 

pathways only. Quite often the protein machinery of the cells such as ribosomes and 

translocation channel are also targets of such inhibitors.  

Over the past decade, focus has turned to more specific strategies for modulating the 

proteostasis by altering the concentration and/or location of a target protein or different subsets 

of proteins. Selective inhibition of the critical processes involved in protein biogenesis such as 

translation, translocation, disaggregation of the aggregates and protein degradation pathways 

represent common targets of these selective proteostasis modulators (Balch, Morimoto et al. 

2008a). Examples of molecules that selectively inhibit protein translocation such as cotransin 

and CADA have been discussed in sections 1.3.5 and 1.5.4. 

1.6.3. Therapeutic relevance of Protein Translocation inhibitors 

As indicated earlier, the last decade has seen some commendable progress in finding protein 

translocation inhibitors. Several of these inhibitors act on a wider scale by inhibiting 

translocation of several proteins, by inhibiting one or several of the translocation pathways. In 
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addition, several inhibitors have been shown to selectively impede translocation or secretion of 

a single protein or a subset of proteins (Kalies, Römisch 2015a). Such inhibitors can potentially 

be employed to selectively hamper the biogenesis of a specific subset of proteins, presenting a 

new dimension in treatment of many diseases.  

Commonly, the inhibitors of protein translocation fall in one of the following categories (Kalies, 

Römisch 2015a). They: 

1. Bind to the signal sequence of the target protein- thus causing a translocation arrest for 

a specific protein; 

2. Bind to the translocation channel and cause its steric obstruction- which would allow 

some transmembrane and/or signal sequence stretches to pass through while impeding 

others; 

3. Bind the SRP and competitively inhibit the attachment/recognition of signal sequence 

to the SRP; 

4. Cause a deformation of the ER lipid bilayer, resulting in an aberration of the biophysical 

environment sensed by the translocation channel and/or the signal sequence. 

Examples of each kind of inhibition will be discussed in section 1.5.4. Valinomycin is a specific 

inhibitor of translocation, which is highly specific to the prion protein. It acts by binding to the 

signal peptide of the PrP, rerouting it to the proteasome-dependent degradation pathway in the 

cytosol (Kim, Choi et al. 2013). CADA, abbreviated from cyclotriazadisulfonamide is another 

signal sequence specific inhibitor responsible for down regulation of human CD4 surface 

antigen and thus might prove effective in protecting from HIV infection (Demillo, Goulinet-

Mateo et al. 2011). Even slight changes in signal sequence confer resistance to CADA, as study 

where human CD4 was inhibited while mouse CD4, differing in only 3 amino acids in the signal 

sequence was resistant (Vermeire, Bell et al. 2014). A few inhibitors that cause selective 

inhibition of translocation substrates by binding to the Sec61 translocation channel are known. 

These include synthetic Cyclodepsipeptide cotransin and its variants CT-08 and CT-09 

(Garrison, Kunkel et al. 2005b). These cotransin analogues vary in their side chains confer a 

varying degree of resistance to different proteins (Maifeld, MacKinnon et al. 2011c). Apratoxin 

A, a naturally occurring Cyclodepsipeptide might have a similar mechanism of action, but its 

molecular target remains to be identified. It appears to inhibit a much wider range of Sec61 

substrate proteins than CADA or cotransin (Liu, Law et al. 2009). 

Inhibitors that competitively bind to SRP or deform the ER lipid bilayer usually act on a 

proteomic scale causing a halt to translocation, secretion and/or membrane integration of a wide 

variety of proteins. Synthetic signal peptides can bind to SRP and cause a halt in translocation 
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(Chen, Tai et al. 1987, Jones, McKnight et al. 1990, Lin, Yao et al. 1995). Highly hydrophobic 

molecules such as sterols are known to inhibit translocation via perturbation of biophysical 

properties of the lipid bilayer (Nilsson, Ohvo-Rekila et al. 2001). Inhibitors following schemes 

1 are selective while the ones following scheme 2 can act selectively as well as on a wider scale.  

Selectively altering the cellular concentrations of secretory and membrane proteins can have 

immense therapeutic and research implications. Recent studies suggest that these small 

molecule inhibitors hold potential treatment of several maladies, some of which are discussed 

below (Balch, Morimoto et al. 2008a). 

1.6.3.1. Prevention of emergence of resistance in viruses 

Viral infections are especially difficult to treat amid the occurrence of resistance (Hare, Vos et 

al. 2010). During virus replication, it is critical for the virus that the cell maintains a resilient 

folding and trafficking machinery, and partly explains why so many viruses cause arrest in host 

protein biogenesis machinery specifically for the host proteins (Balch, Morimoto et al. 2008a). 

The reason is that the complex structure of capsid requires the host’s machinery for translation 

and post-translational modifications. This may represent a possible intervention point and 

exciting new strategy to address the occurrence of resistance in viruses. In fact this idea has 

already been put to test. A study has demonstrated that co-administration of Hsp90 inhibitors 

with a known antiviral drug can be effective to prevent the emergence of drug-resistant strains 

in poliovirus (Geller, Vignuzzi et al. 2007). 

Taking a lead from the study mentioned above, translocation inhibitors might be co-

administered with antiviral drugs to analyze the possible effects. Since several virus proteins 

depend on the translocation machinery for their biogenesis, protein translocation inhibitors 

might prove especially effective against viruses. Efforts in rational drug design, combined with 

motif-specific inhibition of the proteins will significantly contribute in efforts to fight 

emergence of resistance in viruses.  

1.6.3.2. Treatment of Cancers 

Studies on tumor cells reveal a requirement of a resilient protein folding system to maintain a 

high efflux of proteins. These cells express abnormally high levels of Hsp90 chaperone, an 

almost 2 to 10 fold increase compared to normal cells. In a study, Hsp90 specific inhibitor 17-

AAG benzoquinone ansamycin 17-allylamino-17-desmethoxygeldanamycin has shown 

antitumor activity in several cancer types (Basso, Solit et al. 2002, Solit, Zheng et al. 2002, 
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Isaacs, Xu et al. 2003). Involvement of the small molecule inhibitors in treatment of cancer can 

be seen as theoretically similar to their application in treating viral-resistance. The fact that 

several of the reported protein translocation inhibitors, as mentioned in section 1.5.4 and shown 

in Figure 6 have been identified from anti-tumor screens underlines the importance of this 

critical step in protein biogenesis, and typically tumor cells. Hence protein translocation 

inhibitors might prove valuable molecules for curbing cancers in the near future. As mentioned 

in earlier in section 1.6.3.1, efforts in rational drug design as well as elucidation of mechanisms 

of inhibition of these inhibitors will be able to significantly contribute to development of 

effective drugs against cancer. 

1.6.3.3. Treatment and Study of Neurodegenerative disease 

Neurodegenerative diseases are usually caused by gain of toxic function (Balch, Morimoto et 

al. 2008a). Proteostasis modulators may be specifically advantageous in treating such diseases, 

as discussed below  

Treatment of Alzheimer’s disease is one example in which several therapies are being 

employed. It is a neurodegenerative disease caused mainly by deposition of amyloid fibers in 

the brain. The protein Amyloid Precursor Protein APP has been directly linked to the plaque 

deposition. APP is processed by proteases at the neuronal plasma membrane. Ineffective 

proteolysis gives rise to Aβ fragments, which are the monomers involved in plaque formation. 

Amyloid presence in neuronal tissues leads to its degeneration, eliciting symptoms of 

Alzheimer's disease which include a sharp decline in both cognitive and noncognitive functions, 

starting from early onset. 

Paradigm is gradually changing to alternative therapies that may actually reverse the effects of 

Alzheimer’s disease. One study demonstrated the use of siRNA to inhibit Insulin Growth Factor 

(IGF). Inhibition of IGF upregulates HSF1, which can elicit a heat shock response and thus 

improve folding capacity of the cell (Hsu, Murphy et al. 2003, Morley, Morimoto 2004). 

Inhibition of IGF has also been demonstrated to upregulate the disaggregase activity in a 

FOXO/DAF-2 dependent pathway. Combined, this therapy helps boost cell’s innate system to 

clear off aggregates and improve its folding capacity (Cohen, Bieschke et al. 2006). Enhancing 

the proteostasis network in mouse and C. elegans models have shown to ameliorate disease 

symptoms by improving clearance of plaques and disaggregation activity of the hosts (Morley, 

Brignull et al. 2002, Cohen, Paulsson et al. 2009, Lindquist, Kelly 2011). However the therapy 
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hasn’t yet been tested in human cells, and might need significant efforts before becoming 

therapeutically available. 

Transthyretin is carrier thyroxine and retinol-vitamin A binding protein in cerebrospinal fluid. 

Autosomal mutations that cause destabilization of this tetrameric form cause misfolding of its 

monomers, resulting in TTR-related amyloidosis (ATTR) (Kelly, Colon et al. 1997). As 

dissociation of the monomers from the tetramer represents a rate-limiting step in disease 

progression, new strategies have focused on “kinetic stabilizers” stabilizing the tetrameric state 

of Transthyretin. Tafamidis is a currently available drug which acts by stabilizing the tetrameric 

form of Transthyretin, thus preventing the misfolding of the free monomeric form, and 

preventing disease progression (Bulawa, Connelly et al. 2012).  

Following the above disease models to treat such gain of toxic function diseases, it can be 

suggested that translocation inhibitors may become a valuable tool to prevent and even treat 

such diseases. Currently, inhibitors such as CADA, or cotransin derivatives such as CT-08 that 

inhibit a subset of proteins are known. Structural studies leading to a deeper understanding of 

mechanisms of their inhibition will be very helpful and may help us propel further into 

rationally designed inhibitors to specifically inhibit a protein, or a subset of proteins. 

Administration of proteostatic modulators such as translocation inhibitors mentioned here 

might prove valuable in treating diseases such as Huntington’s disease, Alzheimer’s disease, 

Parkinson’s disease and frontotemporal dementia. In fact such strategies have long been 

proposed for treatment of these diseases (Hardy, Selkoe 2002).  
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2. Aim of the Project Sec61 Expression 

Cotransin is a cyclodepsipeptide inhibitor of protein translocation (Boger, Keim et al. 1999). 

Intensive studies found out the Cotransin inhibits cotranslational translocation of a variety of 

proteins by targeting the mammalian ER translocation channel Sec61 (Besemer, Harant et al. 

2005, Garrison, Kunkel et al. 2005). Derivatives of Cotransin have been synthesized since may 

have a therapeutic potential in treatment of gain of function diseases with secretory proteins. 

The analogues mainly differ in side chain composition. Genetic screens in cancer cells found 

out the mutation near the luminal plug domain of Sec61 confer resistance to Cotransin inhibition 

and thus outline the proposed binding site for Cotransin (MacKinnon, Paavilainen et al. 2014). 

However direct structural proof remains missing. Molecular details of cotransin interaction with 

translocation channel remain unknown. 

Purpose of this project was to express the human Sec61 channel in sufficient amounts to 

commence in crystallization trials. To our knowledge no one has be able to succeed in 

heterologous expression of Sec61 trimeric complex. MultiBac™, which is a Baculovirus 

expression system was chosen to host the expression of Sec61 trimeric complex.  To vary 

expression levels of Sec61α and Sec61γ relative to Sec61β, separate baculovirus constructs 

were prepared: one expressing Sec61α and Sec61γ subunits while the other expressing Sec61β 

subunit. A major milestone during this work was to find out whether varying virus ratios would 

allow expression of correct stoichiometric ratios of Sec61 heterotrimeric complex. The 

following milestone was then to scale up the expression in insect cells using the previously 

determined virus ratios. A major interest would then be to get structural data on Cotransin and 

Sec61 translocation channel to gain molecular level detail on cotransin interactions with Sec61 

and use in biochemical assays involving Sec61 translocon. 

The second project concerned expression of SecYEβ from Methanocaldococcus jannaschii, 

which is the archaeal orthologue of Sec61 translocation channel. Purpose of this study was to 

express and identify mutants capable of binding to Cotransin. To determine its binding with 

cotransin, the wild-type SecYEβ and its humanized mutants were prepared. DNA constructs 

were prepared before start of my work, by Dr. Ville Paavilainen. I was able to heterologously 

expressed these mutants and wild type SecYEβ in E. coli and isolate their microsomes during 

my training period. Through photo-crosslinking and click chemistry analyses, a mutant binding 

to cotransin was identified. This commenced in scaling up of the identified mutant in an effort 

to express the mutant in sufficient quantities for crystallization trials. Other translocation 
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inhibitors Apratoxin A and Mycolactone were also analyzed for their binding in photo-

crosslinking studies. The results showed that this mutant SecYEβ M103 was able to 

competitively bind to Apratoxin A.  

  



32 

 

 

3. Materials and Methods 

3.1. SecYEβ Expression 

SecYEβ translocation channel is the major protein conducting channel in archaea and is a 

homologue of the mammalian ER translocation channel Sec61. Cotransin, a Sec61 specific 

inhibitor has been reported previously (Besemer, Harant et al. 2005, Garrison, Kunkel et al. 

2005d). To analyze its interactions with cotransin the mutations were introduced in SecY 

subunit of SecYEβ to humanize it.  

3.1.1. Western Blot 

The preparation of microsomes from the constructs listed in Appendix 1 were was done by me 

during my training period before start of my pro gradu. These prepared microsomes were 

retrieved from -80°C storage and analyzed for expression levels by western blotting. Tris-

Tricine gels (12%) prepared according to the recipe described in Table 3 (Christopher 2011). 

The gels were transferred on the nitrocellulose membrane using the Trans-Blot® Turbo™, 

following the manufacturer’s instructions (Bio-Rad 2010). 

Table 1. Tris-Tricine gels 

 Separating Gel- 12% Stacking gel- 4% 

dH2O 1,72 ml 1,97 ml 

3M Tris-HCl/SDS pH 

8.45 

2,5 ml 0,78 ml 

40% acrylamide 2,25 ml 0,3 ml 

80 % glycerol 0,94 ml  - 

10% APS 21 µl 21 µl 

TEMED 7 µl 7 µl 

 

The blocking of this membrane was done using Odyssey® Blocking Buffer (Cat# 927-40100, 

Li-Cor). The primary antibody was anti-His (Abcam , Ab18184) diluted in antibody dilution 

buffer (AbDil, 2% BSA, 0.1% NaN3, and 0.1% Tween-20 in TBS, 1x TBS- 25 mM Tris, 136 

mM NaCl, 2,7 mM KCl- pH 7.4). This incubation was done at 4°C overnight. The secondary 

antibody was Goat anti-Mouse IgG (IRDye® 800CW, Li-Cor) antibody diluted in the AbDil 
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buffer. Incubation with this antibody was done for 1 hr. at room temperature. Followed by the 

incubations, the nitrocellulose membrane was washed with TBS-T (1x Tris-Buffer Saline, 0,1% 

Tween-20, pH 7,4) three times, for 10 min intervals. Three more 10 min washes were done in 

1x TBS buffer to remove Tween-20 from the nitrocellulose membrane. The image acquired 

with Li-Cor Odyssey® infrared imager at 680 nm and 800 nm wavelengths.  

3.1.2. Scaling-up of SecYEβ M103 

The SecYEβ M103 was identified as the mutant that can bind to cotransin derivative CT-09. 

Thus, it was decided to be expressed in a larger quantities. For this purpose the BL21-AI 

(Invitrogen™) cells were transformed using the construct vPV103 (Appendix 1, Table A). 

BL21-AI cells were chosen for expression as they had been used in an earlier study to express 

this protein (Egea, Stroud 2010b). These cells are able to express a high quality of the proteins 

(due to inactivation of proteases lon and OmpT) and provide an ability to leverage expression 

T7 RNA polymerase, which is placed under a strict arabinose promoter araB. 

3.1.2.1. Transformation 

The chemically competent BL21-AI cells (100 µL) were retrieved from -80°C storage and 

thawed on ice for ~15 min. These cells were transformed with 300ng of vPV103 construct. The 

cells were kept for ~30 min on ice before the heat shock for ~1 min at 42°C. Then 400 µl of 

SOC media was added (25 Tryptone, 0,5% Yeast extract, 10 mM NaCl, 2,5 mM KCl, 10 mM 

MgCl2.6H2O, 10 mM MgSO4.7H2O, 0,4% glucose), and cells were incubated at 37°C for 1 

hour. The transformed cells were then plated in LB-Ampicillin (100 µg/ml) plates and allowed 

to grow overnight at 37°C.  

3.1.2.2. Expression 

Colonies were picked from the LB-Ampicillin plate and a 50 ml starter culture was prepared in 

LB + 100 µg/ml ampicillin. The culture was grown overnight at 30°C at 200 rpm,  

The following day 4 liter culture was inoculated from 40 ml of the overnight grown culture (LB 

liquid media + Ampicillin 100 µg/ml) at 37°C on 200 rpm. The culture was allowed to grow 

until the O.D reached 0,6 (~4 hours). To induce expression, filter-sterilized L-arabinose (0,2 

%) was added to the culture and incubation was continued for 4 hours after which the cells were 

collected by centrifugation at 4°C, 4000 x g for 20 min. The cell pellet was stored at -80°C. 
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3.1.2.3. Microsome Preparation 

The cells were retrieved from -80°C freezer at thawed in tapped water. They were disrupted in 

15000-20000 psi range in micro fluidizer (Emulsiflex-C3) at the flow rate of 20ml/min for 10 

min. The disrupted cells were then centrifuged at 10 000 x g at 4°C for 20 min and the pellet 

was removed after this step. This step was repeated twice and further processing was continued 

from the retrieved supernatant.  

The supernatant was then ultra-centrifuged at 60 000 x g, 80 min at 4°C. (Rotor Type-70Ti, 

32000 rpm). The pellet was retrieved and was resuspended in 1500 µl membrane buffer A (50 

mM HEPES, 100 mM KOAc 250 mM sucrose 2 mM Mg(OAc)2, pH 7,5).The resuspended 

microsome preparation was divided into smaller aliquots of 100 µl each and flash-frozen before 

storing them at -80°C. 

3.1.2.4. Western Blot 

The prepared microsomes from SecYEβ M103 were retrieved from -80°C storage to analyze 

expression levels with western blot. All western blots during the experiments were performed 

using standard protocol from Bio-Rad TurboBlot kit (Bio-Rad 2010), as described in section 

2.1.1. The microsomes were run on Tris-Tricine gels (12%) and were subsequently transferred 

to nitrocellulose membrane using the Trans-Blot® Turbo™, following the instructions in the 

manual (Bio-Rad 2010).  

To help in quantification of the His-tagged protein, a purified His-tagged protein (at N-

terminus) was used. Concentration was determined to be 1410 ng/µl for stock solution. 

Subsequent dilutions of 100, 50, 25, 25, 12,5, 6,25 and 3,125 ng, all in 20 µl fractions for this 

protein were prepared via serial dilution and were run parallel to the fractions of lysate, low-

speed supernatant, high speed supernatant and the microsomes to help quantify the expressed 

subunits in each fraction. The primary antibody used was anti His-antibody while the secondary 

antibody used was Goat anti-Mouse IgG (IRDye® 800CW) in dilutions as mentioned in Table 

7. Western blot image was acquired using a Li-Cor Odyssey® infrared imager at 680 nm and 

800 nm bandwidths.  

3.1.2.5. Photo-crosslinking and Click Chemistry 

To analyze if the expressed mutants of SecYEβ are able to bind cotransin, the microsomes were 

tested in photo-crosslinking experiments with a photo-crosslinkable cotransin analogue 

(Maifeld, MacKinnon et al. 2011a).  
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The probe in this experiment was CT-07, which is known to have a strong affinity for 

mammalian translocation channel and is an isosteric analogue of CT-08, another cotransin 

derivative. CT-07 contains a diazirine group, which allows the photo-crosslinking to occur in 

presence of UV-light, and a propargyl substituent allowing modification a fluorescence dye 

(TAMRA) in a Cu(I) catalyzed click conjugation reaction (Kolb, Finn et al. 2001). Use of this 

probe allows confirmation of binding of small molecules which share the same binding site on 

Sec61α (MacKinnon, Garrison et al. 2007a). 

In photo-crosslinking experiments, the mutants under inspection were incubated with the 

molecule of interest, for 30 min at 0°C. Next, the molecular probe CT-07 was introduced. If the 

molecule of interest is tightly bound to Sec61 then CT-07 would be unable to displace the bound 

molecule and hence no fluorescence would be detected at that specific band (~37 kDa for 

SecY). 

The microsome preparation was retrieved and thawed on ice. Reactions were setup in the 

following order: 

I. CRMs final Sec61 concentration 100 nM-; 

II. Membrane buffer A 

III. Small molecules to be tested- (final concentrations 10 µM CT-09, 1/10 µM Apratoxin 

A or 10 µM Mycolactone, 1% DMSO). 

This reaction mixture was incubated on ice for 30 min addition of 100 nM CT-07. The reaction 

was then transferred into wells of a 96-well plate and incubated on room-temperature for 10 

min. This was followed by exposure with UV-light (50W, 365 nm) for 10 minutes. 1% SDS 

was then added and the samples were flash-frozen and stored at -20°C for following analyses. 

The samples were retrieved and thawed on room temperature. TAMRA (~0,25 nM) and click-

mix (1 mM TBTA, 10 mM CuSo4, 10 mM TCEP) were added to the reaction mixture. The 

samples were then incubated for 30 min at 32˚C for the click-reaction to take place after which 

they were suspended in 1x sample buffer. Samples were immediately run on Tris-Tricine gel 

(12%). The gel was run for 30 min at 100 V after the dye front ran out. The gel was rinsed with 

MQ-water and scanned using Typhoon imager set on Fluorescence reading, TAMRA. Marker 

was scanned with Cy5. 
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3.2. Expression of Sec61 trimeric complex in Sf21 cells 

Purpose of this work was to express the human ER translocation channel Sec61. 

Table 2. Plasmid constructs used in experiments 

Plasmid Subunits Antibiotics Backbone 

pVP-37 FLAG-Sec61α, Sec61γ Kan/Chlor pKL/pUCDM 

pVP-40 S61β Kan pKL 

 

Preparation of the bacmid constructs, listed in Table 4, was done before commencement of my 

work. I was able to prepare the recombinant Baculovirus stocks before start of my theses work.  

3.2.1. Production of V1 viruses from V0 Viruses 

Baculoviruses for insect cell expression were prepared during my summer training, and are 

mentioned in Appendix 2 (Fitzgerald, Berger et al. 2006). The viruses were recovered directly 

from the cell culture with the transfected Sf21 cells and were stored as a cell suspension at             

-80°C. However, the volume obtained for V0 viruses was very small. Therefore, to propagate 

the same virus a V1 stock was necessary.  

For this purpose a total of 50 ml of Sf21 cells at a density of 1*106 cells/ml were maintained in 

Sf-900™ II media (Cat# 10902-096, Gibco) and were transfected with 300 µl of the V0 stock 

virus from v37 and v40. The cells were incubated at 27°C at 90 rpm. The cells with arrested 

growh were collected after 72 hours of transfection to retrieve the recombinant bacmids. They 

were then collected and stored at -80°C after flash freezing.  

3.2.2. Viral Titre determination 

To determine the amount of active virus particles in each of the virus stocks, we perform the 

calculation of multiplicity of infection (MOI) by cell culturing, which is detailed in section 

4.2.1. MOI is the ratio of the infectious entity to the infection target. The cells were transfected 

with known volumes of virus stocks and the cell growth kinetics was monitored for 72 hours 

after infection. Comparing the starting cell density to the final cell density after 72 hours of 

transfection, virus titer was determined for virus stocks from vPV37 and vPV40 respectively.   
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Separate experiments were set up for calculating amount of active vPV37 and vPV40 virus 

particles in their respective stocks. Sf21 cells were retrieved from liquid N2 storage. The seed-

stock was maintained in Sf-900™ II media. For both vPV37 and vPV40 5 ml cells 

(concentration 1 x106 cells/ml) were added to each well following the amounts of viruses in 

Table 3. 

Sf21 cells were cultured under uniform conditions in sterile 24-deep well blocks (Life 

Technologies, Cat#CS15124) and their growth kinetics was determined. The plates were sealed 

with Gas Permeable Adhesive Seals (4titude, Cat#4ti-0515). A volume of 5 ml were used in 

each well with starting concentration of 1x106 cells/ml. Different Amounts of virus were added 

to each well according to the values given in the Table 3. Untransfected Sf21 cells were also 

included in the experiment as a negative control in this experiment.  

Table 3. Amounts (in μl) of each virus added to the wells for determining virus titer.  

Well Id. Virus Amount (in μl) 

A1 vPV37 3,125 

A2 vPV37 6,25 

A3 vPV37 12,5 

A4 vPV37 25 

A5 vPV37 50 

A6 vPV37 100 

A1 vPV40 0,4 

A2 vPV40 0,78 

B1 vPV40 50 

B2 vPV40 25 

B3 vPV40 12,5 

B4 vPV40 6,25 

B5 vPV40 3,13 

B6 vPV40 1,56 

 

The transfected cells were then allowed to grow at 27°C, 250 rpm for 72 hours. Based on the 

cell count, the number of active virus particles was calculated in each of the virus stocks. These 

calculated concentrations were then used in future experiments during expression of the Sec61 

trimeric complex in insect cells.  

Following the incubation, cell were counted for each well and the concentration of infectious 

viral particles was calculated. Subsequently, cells from all the wells were aliquoted into 1 ml 

fractions in sterile 2 ml Eppendorph tubes and were flash-frozen. 
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From B2 well in Table 3, cell samples were retrieved. These samples were pelleted at 10000 x 

g’s for 5 min and resuspended in 200 µl of media. The resuspended samples were sonicated and 

stored at -20°C overnight. For running on the gels, the prepared samples of cells were 

resuspended in 2 x SB buffer, to make a final dilution of 1000 cells/µl. The gel was run the 

following day using standard procedure using 12% Tris-Tricine gel. Lanes of 40000, 20000 and 

10000 cells were run to compare appropriate intensities.  

The gels were transferred to nitrocellulose membrane according to the instructions provided in 

Trans-Blot® Turbo™ instructions manual. The transferred blots were incubated with Sec61α 

antibody and Sec61β antibody, both diluted in AbDil buffer, as mentioned in Table 5. 

Incubation was done overnight at 4°C. After primary incubation, secondary antibody Goat anti-

Rabbit (IRDye® 800CW) was used as outlined in Table 5 to incubate the nitrocellulose 

membrane at 1 hr. at room temperature. The membranes were scanned with Li-Cor Odyssey® 

infrared imager. 

3.2.3. Optimization of Virus Ratios 

The Sf21 cells (LifeTechnologies, Cat# 11497-013) were retrieved from liquid N2 storage. The 

cells were seeded at a cell density of 1 x 106 cells /ml and growth was monitored for the 

following 48 hours. The seed-stock was maintained in Sf-900™ II media. Cell count was done 

using Bio-Rad TC20™ cell counter. Cells were diluted to 1 x106 cells/ml for the experiment.  

Table 4. Amounts (in µl) added to different wells for optimization of virus ratios 

expressing Sec61 subunits is equal correct stoichiometric ratios. 

Well Id. vPV40 (µl) vPV37 (µl) MOI Ratios  

B1 12,5 30 1:1 

B2 25 30 2:1 

B3 50 30 4:1 

B4 75 30 6:1 

B5 100 30 8:1 

B6 125 30 10:1 

 

Master Mix of Sf21 cells (40 ml, 1 x106 cells/ml) was prepared with 240 μl of the virus (vPV40) 

added to it. It was gently mixed in a 250 ml sterilized flask in the laminar flow hood. 5 ml of 

cells were put transferred to 6 wells of a 24-deep well block (LifeTechnologies) with varying 
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amounts of viruses as shown in Table 3. Untransfected cells were grown in two of the wells for 

growth control. The cells were grown at 250 rpm at 27°C for 72 hours. 

The cells were retrieved after 72 hours and were counted. They were pelleted at 10000 X g for 

5 min. The supernatant was removed and pellets were saved at -80°C.   

To analyze the amounts of expressed subunits, western blot of the prepared samples was carried 

out. The collected cell pellets were resuspended in 1,1x SB and equivalent of 40000 cells were 

run per lane on 12% Tris-Tricine gels at 120 V (approximately 2 hours). The procedure for 

western blot was same as described section 2.1.1. After transfer, the nitrocellulose membrane 

was blocked using Odyssey® Blocking Buffer. 

The nitrocellulose membrane was cut in two halves to facilitate simultaneous analysis of 

Sec61α and Sec61β and Sec61γ subunits. The nitrocellulose blots were blocked with 

commercial Odyssey® Blocking Buffer (PBS).The first-half of nitrocellulose membrane above 

20 kDa was stained using Sec61α antibody and the lower part of the nitrocellulose membrane 

was stained using Sec61β and Sec61γ antibodies separately.  

The primary antibody incubations were done at 4°C on slow rocking overnight. 
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Table 5. The antibodies used in western blots. 

Antibodies Catalogue 

Number 

Description Dilutions 

Sec61α antibody 

(Novus Biologicals) 

NB120-

15575 

Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

Sec61β antibody 

(Proteintech Europe) 

15087-1-AP Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

Sec61γ (Proteintech 

Europe) 

11147-2-AP 

 

Polyclonal; (Diluted in 2% 

BSA, 0.1% NaN3, 0.1%  

Tween-20 in TBS ) 
 

1:500 

Anti-His (Abcam) Ab18184 Monoclonal (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

IRDye® 800CW Goat 

anti-Mouse IgG (Li-

Cor) 

926-32210 Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

IRDye® 800CW 

Goat anti-rabbit 

IgG (Li-Cor) 

  

 

926-32211 Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

IRDye 680RD Goat 

anti-Rabbit (Li-Cor) 

926-68071 Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

IRDye 680RD Goat 

anti-Mouse (Li-Cor) 

926-68070 Polyclonal; (Diluted in 2% BSA, 0.1% 

NaN3, 0.1%  Tween-20 in TBS ) 

1:10,000 

All the antibodies including both primary and secondary antibodies used were diluted in AbDil 

buffer. Following this primary incubation, an incubation was done with secondary antibodies, 

following the steps indicated previously. The western blots were imaged with Li-Cor Odyssey® 

infrared imager at 680 nm and 800 nm bandwidths. The relative intensities of specific protein 

bands were calculated using Li-Cor Image Studio™ software, to quantify the expressed 

subunits.  

3.2.4. Expression of Sec61 trimeric complex in large expression culture 

3.2.4.1. Microsome Preparation 

For expression of the Sec61 α/β/γ subunits a 500 ml culture of the Sf21 cells (starting density 

1x106cells/ml) was transfected using following amounts of viruses: 

 vPV37------- 3 ml 

 vPV40------- 7,5 ml 
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Cells were harvested after 72 hours. growth and the pellet was collected by centrifugation at 

1000 g's for 5 min. The pellet was flash-frozen in liquid N2 and stored at -80°C. 

Following this, the cells were swollen in 100 ml hypotonic buffer (20 mM HEPES, pH 7,8) at 

0°C for 20 min and then ruptured with a micro fluidizer (EmulsiFlex-C3) at 15,000 psi for 10 

min. They were then immediately adjusted to 100 mM KOAc, 5 mM Mg(OAc)2, 1 mM EDTA, 

and 1 x EDTA-free protease inhibitor cocktail (Roche). Cell debris and impurities were cleared 

with centrifugation at 10 000 x g for 10 min. 

The supernatant was further centrifuged at 32 000 rpm in a Type 70 Ti rotor (Beckman) for 80 

min at 4°C. The resulting microsomal pellet was resuspended with a glass dounce in membrane 

buffer A (50 mM HEPES 250 mM sucrose, pH 7.8).  

3.2.4.2. Western Blot 

To analyze the expression of Sec61 subunits from this scale-up expression culture, western blot 

was performed as described in section 3.2.4.2. Samples were prepared in membrane buffer B 

(50 mM HEPES, 250 mM sucrose, 1 mM CaCl2, 0,5 mM DTT) and run on 12% Tris-Tricine 

gel for 2 hours at 120 V. The proteins were transferred on the Nitrocellulose membrane and 

blocked using Odyssey® Blocking Buffer for 1 hr. at room temperature 

The blot was cut in 2 pieces at ~25 kDa point. Upper part was incubated with Sec61α antibody 

while the lower part was incubated with Sec61β and Sec61γ antibodies. Antibodies were diluted 

in AbDil buffer. The incubation was done overnight at 4°C.  

The following day the blot was incubated with the secondary antibody Goat anti-Rabbit 

(IRDye® 800CW) in 1:10 000 dilution. Blots were incubated for an hour and rinsed with TBS-

T (TBS, Tween-20 0,1%) followed by washes with TBS, following the procedure described in 

section 3.1.1. The blots were scanned Li-Cor Odyssey® infrared imager at 680 nm and 800 nm 

bandwidths. 
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4. Results and Discussion 

4.1. Expression of SecYEβ in E. coli cells 

Protein translocation is a critical step during biogenesis of secretory and membrane proteins. 

Thus inhibitors of protein translocation can be considered potential therapeutics to treatment 

maladies such as ones that include a gain in toxic-function of secretory proteins. Prospects and 

therapeutic value associated with proteostasis inhibitors and protein translocation inhibitors 

have been discussed in Section 1.5.4. 

A known inhibitors of mammalian ER translocation channel is cotransin. It is a synthetic 

cyclodepsipeptide that can inhibit the translocation and secretion of the proteins from the 

mammalian ER translocation channel (Sec61) in a signal sequence discriminatory manner 

(Besemer, Harant et al. 2005, Garrison, Kunkel et al. 2005a).  

The SecYEβ translocation channel is a homologue of the mammalian Sec61 translocation 

channel. The main purpose of this project was to express and test the wild type and various 

humanized mutants of SecYEβ designed via homology modelling by Dr Ville Paavilainen. The 

expressed product would be used in crystallization trials for structural analysis of Cotransin-

Sec61 interactions. The preparation of mutants and expression was done prior to 

commencement of my pro gradu. Specific information about generation of these mutants and 

their expression can be found in the Appendix section.  

4.1.1. Expression of SecYEβ and its mutants 

I was able to express SecYEβ mutants in BL21AI strain of E. coli, and isolate the microsomes 

which were stored at -80°C, during my training period. During my pro gradu, I ran Tris-Tricine 

gel from these preparations to evaluate the protein content and relative concentrations from 

these preparations. The gel was run only to analyse the preparation of the microsomes and to 

get an idea about the contents and relative ratios in microsome preparation.  
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Figure 8. Microsomes preparation run on Tris-Tricine (12%) gels 

The SecYEβ translocation channel and its various mutants can be seen here run on a Tris-

Tricine (12%) gel compared to the control microsomes (isolated from BL21AI cells expressing 

yellow fluorescent protein). Approximate positions of SecYEβ subunits are indicated on this 

gel. 

Lane Contents Volume loaded (µl) 

1 Control microsomes 0,625 

2 SecYEβ M101 wt SecYEβ 1,25 

3 SecYEβ M102,  0,625 

4 SecYEβ M103 0,625 

5 SecYEβ M104 0,625 

6 SecYEβ M105 0,625 

 

Descriptions of the expressed mutants are given in Table B, appendix 1. It can be observed in 

Figure 8 that the amount of expressed protein in all the wells is equivalent, except for M101 

prep, which were loaded in a slightly more volume.  
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4.1.2. Photo-crosslinking Experiments 

To screen the expressed mutants for cotransin binding, the expressed wild-type and the mutants 

of SecYEβ were tested for the ability to compete with CT-09. CT-09 is a potent cotransin 

analogue (Maifeld, MacKinnon et al. 2011a). 

The probe in this experiment was CT-07, which is structurally related to CT-08 (Maifeld, 

MacKinnon et al. 2011d). This photoaffinity probe is incorporated with a photo-leucine which 

reacts with the target upon exposure to 350 nm light. The diazarine on photo-leucine is very 

unstable and is decomposed upon exposure to light (350 nm) to carbine. Carbene is a reactive 

specie with a very short half-life. The small size of photo-leucine and a short half-life of carbine 

both compound to specificity of CT-07 binding to Sec61α. The other important substitution is 

a propargyl group that facilitates Cu(I) catalysed click-reaction with the rhodamine-azide 

reporter (TAMRA in this case) under standard click-reaction conditions, which is used to 

identify the target. (MacKinnon, Garrison et al. 2007b). 

The mutants under inspection were incubated with the CT-09. Following it the molecular probe 

CT-07 was introduced in the samples. Given that CT-09 was already attached to the target then 

CT-07 would be unable to displace the bound molecule and hence no fluorescence would be 

detected at that specific band (~37 kDa for SecY). 

In this experiment, the SecYEβ M103 showed specific crosslinking as observed for the 

fluorescent band observed with CT7, which was competed with excess CT9 (Figure 9 a & b).. 

M103 carried mutations for TMD7 helix in the SecY. Therefore a 1 litre culture was done to 

scale up expression for SecYEβ M103.  

Figure 9 shows crosslinking result for the various SecYEβ microsome mutants with CT-09.  In 

these experiments, canine rough microsomes (CRMs) were used as a source of ER microsomes. 

These microsomes contained Sec61 from a natural mammalian source. As cotransin was 

already known to bind to the mammalian Sec61 channel, these microsomes were used as a 

positive control during the experiments. From the obtained results, a band can be observed at 

~37 kDa for the CRM samples treated with DMSO while it is absent in the following sample 

where the CRMs were treated with CT-09 prior to CT-07 incubation. This suggests the CT-09 

is able to bind to the CRMs, hindering ability of CT-07 to bind with the target. This confirms 

that cotransin CT-09 is able to bind to the mammalian translocation channel Sec61, which is 

employed as a positive control in this and following experiments.  
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(a) 

(b) 

Figure 9.SecYEβ mutants tested with 10 µM CT-09 

Figure-9 shows the microsomes incubated with CT-09 (10 µM) and a negative control DMSO 

(1%) in respective lanes, followed by incubation with a probe molecule CT-07 (100nM). A 

strong band can be observed here for both CRMs and microsomes 103 samples treated with 

DMSO, which is not observable in case of CRM samples treated with CT-09 while a diminished 

band at ~37 kDa can be seem at SecYEβ M103 microsomes treated with CT-09. 
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Gel Lane Contents Volume loaded (µl) 

A 1 CRMs (DMSO) 1,2 

2 CRMs (CT-09 10 µM) 1,2 

3 Control Microsomes (DMSO) 1,2 

4 Control Microsomes (CT-09 10 µM) 1,2 

5 SecYEβ M101 (DMSO) 2,4 

6 SecYEβ M101 (CT-09 10 µM) 2,4 

7 SecYEβ M102 (DMSO) 1,2 

8 SecYEβ M102 (CT-09 10 µM) 1,2 

B 1 SecYEβ M103 (DMSO) 1,2 

2 SecYEβ M103 (CT-09 10 µM) 1,2 

3 SecYEβ M104 (DMSO) 1,2 

4 SecYEβ M104 (CT-09 10 µM) 1,2 

5 SecYEβ M105 (DMSO) 1,2 

6 SecYEβ M105 (CT-09 10 µM) 1,2 

 

Seeing the result in Figure 9, it becomes clear that cotransin is specific only to the mammalian 

Sec61 channel while it fails to crosslink with the archaeal counterpart SecYEβ. This observation 

was made by carefully observing the lanes 3 and 4 in Figure 9(a). No band at ~37 kDa can be 

observed here in these samples, which both consist of SecYEβ wild type microsomes. 

Additionally, a faint band appears just below 37 kDa. However, the intensity of this band 

remains unchanged regardless of the presence or absence of CT-09. This is a particularly 

important observation as it was previously unknown whether cotransin could specifically bind 

to SecYEβ. While the limitations of this study may be taken into account, the observations from 

the above experiment suggest that cotransin might be specific in its inhibition to the mammalian 

translocation channel, and may not inhibit the archaeal SecYEβ, at least in vitro. 

A band at ~37 kDa appears in lane 1 of Figure 9(b). While a slightly diminished band can be 

observed at ~37 kDa in lane 2 of Figure 9(b), the data confirms that SecYEβ M103 mutant can 

bind to cotransin (CT-09). The diminished band at corresponding molecular weight in lane  

means that CT-07 binding is competitively inhibited by CT-09 presence with SecYEβ M103. 

This implies to the gain of function mutation in these microsomes.  
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This was a particularly interesting result. To verify if this mutant also bound to other known 

molecules which target the translocation channel, further experiments were planned sequently. 

Other drugs known to inhibit protein translocation were also observed to bind binding of this 

mutant, as shown in Figures 10 and 13.  

Following the test with cotransin for SecYEβ and its mutants, we decided to analyse if 

Apratoxin A also binds to the translocation channel in a cotransin-based fashion. Apratoxin A 

is a cyanobacterial toxin and is known to possess anti-tumour properties. It is known to block 

translocation and secretion of several proteins (Kalies, Römisch 2015b). Interestingly, specific 

molecular target for Apratoxin A is not yet known. 

To verify whether the SecYEβ mutants also bind apratoxin A, a crosslinking experiment was 

carried out in a similar way comparing the binding of Apratoxin A with all the SecYEβ mutants 

and the CRMs.  

 (a) 

(b) 

Figure 10. SecYEβ mutants tested with 1 µM Apratoxin A 

To evaluate the binding of Apratoxin A to SecYEβ and its mutants, this crosslinking experiment 

was performed. A faint band of Sec61α can be observed in the CRM sample with DMSO (1%). 

Distinct band at the same molecular weight can be observed in the SecYEβ M103 treated with 

both Apratoxin A (1 µM) and DMSO, which indicates that Apratoxin A (1 µM) is unable to 

compete with CT-07 (100 nM) for binding with the SecYEβ M103. 
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Gel Lane Contents Volume loaded (µl) 

A 1 Control Microsomes (DMSO) 20 

2 Control Microsomes (CT-09 10 µM) 20 

3 CRMs (DMSO) 20 

4 CRMs (CT-09 10 µM) 20 

5 SecYEβ M101 (DMSO) 20 

6 SecYEβ M101 (CT-09 10 µM) 20 

7 SecYEβ M102 (DMSO) 20 

8 SecYEβ M102 (CT-09 10 µM) 20 

B 1 SecYEβ M103 (DMSO) 20 

2 SecYEβ M103 (CT-09 10 µM) 20 

3 SecYEβ M104 (DMSO) 20 

4 SecYEβ M104 (CT-09 10 µM) 20 

5 SecYEβ M105 (DMSO) 20 

6 SecYEβ M105 (CT-09 10 µM) 20 

 

In lane 3 of Figure 10(a) a faint band can be observed at 37 kDa, which shows mammalian 

microsomes crosslinked with CT-07 in absence of Apratoxin A, while the band is not visible 

anymore in lane 4, which shows the same contents in presence of Apratoxin A. This is an result 

since means that presence of Apratoxin A (1 µM) was able to impede binding of CT-07 to the 

CRMs in vitro. The observation is consistent with the previous observations (Paatero et al, 

unpublished). While not much can be said about the mode of inhibition by looking at this result, 

it has been speculated earlier that Apratoxin A might be able to competitively bind to Sec61 

channel in a cotransin-like fashion (Kalies, Römisch 2015b). 

Figure 10(b) bands can be observed in both lane 1 and 2 which represent SecYEβ M103 with 

DMSO and treated with Apratoxin A respectively. The results suggest that SecYEβ M103 binds 

to CT-07 irrespective of the other molecule. Hence, it is likely that this particular mutant does 

not bind specifically to the Apratoxin A at this concentration.  
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To verify that the concentration of SecYEβ in each well was the same, a western blot was 

performed for the gels shown in Figure 10(a) and 10(b). The gels were transferred on a 

nitrocellulose membrane and were stained with anti-His antibody.  

(a) 

(b) 

Figure 11. Western Blot  

Figures 10(a) and 10(b) show western blots of SecYEβ subunits and the expressed mutants  

were stained with anti His antibody while the CRM’s were stained with anti-Sec61α antibody.  
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Gel Lane Contents Volume loaded (µl) 

A 1 Control Microsomes (DMSO) 20 

2 Control Microsomes (CT-09 10 µM) 20 

3 CRMs (DMSO) 20 

4 CRMs (CT-09 10 µM) 20 

5 SecYEβ M101 (DMSO) 20 

6 SecYEβ M101 (CT-09 10 µM) 20 

7 SecYEβ M102 (DMSO) 20 

8 SecYEβ M102 (CT-09 10 µM) 20 

B 1 SecYEβ M103 (DMSO) 20 

2 SecYEβ M103 (CT-09 10 µM) 20 

3 SecYEβ M104 (DMSO) 20 

4 SecYEβ M104 (CT-09 10 µM) 20 

5 SecYEβ M105 (DMSO) 20 

6 SecYEβ M105 (CT-09 10 µM) 20 

 

Figure 10(a) and 10(b) depicts that the amount of microsomes loaded in each well is relatively 

similar except for M101. The result verifies that variations in crosslinking intensities were not 

due to varying amounts of the microsomes loaded.  

4.1.3. Expression of the SecYEβ M103 

Results describes in section 4.1.2. and appendix 3 confirmed binding of cotransin to SecYEβ 

M103 in vitro. We therefore decided to scale-up expression of this mutant. The microsomes 

were prepared following the procedure described in materials and methods section 3.1.2.3. An 

expression culture of 1 litre was inoculated with 10 ml of BL21AI transformed cells at 0,6 O.D. 

The protein expression was induced by adding filter sterilized arabinose (0,2%) and the 

expressed microsomes were prepared and store from these cells. 

All SecYEβ M103 expressed subunits were His-tagged. A western blot analyses was performed 

for the fractions retrieved from this microsome preparation, and was stained with anti His-tag 

antibody. In Figure 12 lane 4 represents the separated microsomes from the scaling-up 

expression. An intense band for the His-tagged subunits can conveniently be seen in lanes 1-4 
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of Figure 12 which represent fractions of samples retrieved during various steps of microsome 

preparation. However, accurate quantification of expressed SecY channel cannot be performed 

only by analysing this gel since the bands for microsome preparation both SecE and Secβ 

subunits (both His-tagged) of SecYEβ in overexpressed fractions. This is due to the reason that 

both of these subunits have a similar molecular weight, and thus appear to be merged together 

in Figure 12. 

 

Figure 12. Expression of SecYEβ M103 on larger scale 

Microsomes preparation of SecYEβ M103 is shown here with all the lanes having equivalent 

volumes from the preparation steps. The amount of microsomes is compared to the reference 

protein. 
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Lane Contents Volume loaded 

(µl) 

Amount (ng) 

1 Lysate SecYEβ M103 16 - 

2 Lo-speed (supernatant) SecYEβ M103 16 - 

3 High-speed (supernatant) SecYEβ M103 16 - 

4 SecYEβ M103 (Microsomes) 1,22 - 

5 Reference protein (N-terminal His-tagged) - 100 

6 Reference protein (N-terminal His-tagged) - 50 

7 Reference protein (N-terminal His-tagged) - 25 

8 Reference protein (N-terminal His-tagged) - 12,5 

9 Reference protein (N-terminal His-tagged) - 6,25 

10 Reference protein (N-terminal His-tagged) - 3,125 

 

Figure 12 shows the western blot with respective bands of SecYEβ M103 subunits, stained with 

anti His-tag antibody. SecY at ~37 kDa band appears to be diminished in these microsomes 

compared to SecE and Secβ bands. An explanation might be the possible aggregation of and 

removal of SecY subunit during early steps of microsome preparation. It should also be noticed 

that SecY subunit contains a His-tag at the cytoplasmic face which may be thought to render it 

mostly inaccessible to the anti His-tag antibody. However since the proteins were denatured 

during the microsome prep, this reason is highly unlikely to cause diminished bands for SecY. 

Another, reason for the diminished band observed for SecY in Figure 12 may be due to the 

difference in orientation of the His-tag placed on SecY subunit. This might be caused due to 

presence of the His-tag on different termini of the SecYEβ subunits, as SecE (~9,1 kDa) and 

Secβ (8,2 kDa) had the recombinant His-tag placed on N- termini, while it was placed on C-

terminus for SecY (~54 kDa). Another possible reason might be the antibody itself, which was 

raised against synthetic His-tag (6 X His) and not the recombinant His-tag (6 X His + GS) 

which was present in the microsomes. Of all the above listed reasons, the aggregation of SecY 

subunit and difference in placement of His-tag at different termini seems most plausible. 

In Figure 12, the lower bands which represent SecE and Secβ subunits seem to be merged and 

are not well separated.  



53 

 

 

The bands from the expressed His-tagged subunits can be seen at ~10 kDa marker. However, 

the bands appear to be skewed. Common causes of skewed bands include an uneven rise in 

temperature across the gel or an uneven surface of the resolving gels. High salt concentrations 

are also known to cause skewed bands. It is also known that potassium can cause precipitation 

when mixed with dodecyl sulphate. Thus potassium acetate (100 mM) present in membrane 

buffer A might be another reason for skewed bands. However, the membrane buffer used 

contained only a mild amounts of salt so it is possible, yet an unlikely reason for skewed bands. 

An intense band at ~10 kDa range in low-speed supe and high-speed supe in Figure 12 suggests 

that the expressed subunits SecE and Secβ subunits were lost in significant amounts during 

these steps in microsome preparation. This might be accounted to inefficient cell lysis. Cell 

lysis was performed in performed in EmulsiFlex-C3 cell homogenizer and was continued for 

~10 min at 15 000 psi for a 20 ml sample at a rate of 20 ml/min. This would mean ~10 rounds 

of cell disruption which might not be sufficient to effectively disrupt the cells (Purifying 

Challenging Proteins Principles and Methods. 2007). 

Specific bands can nonetheless be observed in lane 4 of Figure 12, which represent the isolated 

microsomes from SecYEβ M103. This implies that sufficient amounts of target protein were 

isolated in form of microsomes. 

4.1.4. Photo-crosslinking experiments with known mammalian translocon inhibitors 

The SecYEβ M103 was expressed because it showed affinity for cotransin in Figure 9 and in 

appendix 3. We were interested to analyse if other small translocation inhibitors can also bind 

to this mutant. Apratoxin A and Mycolactone, are known natural product inhibitors of 

mammalian translocation, and were used in this study. Apratoxin A is a natural 

cyclodepsipeptide and was identified in anti-tumour screens. It has been reported to disrupt 

translocation and secretion of several proteins, but its molecular target yet remains to be 

identified. Mycolactone is a virulence factor derived from its bacterial source Mycobacterium 

ulcerans. It is a highly hydrophobic molecule and is known to inhibit translocation of several 

inflammatory proteins. Its molecular target(s) have also not yet been identified. It is however 

speculated that its binding target is the Sec61 translocation channel. In recent unpublished work, 

Paavilainen lab has shown that both of these inhibitors bind to Sec61α (Paavilainen et al, 

unpublished work). 
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(a) 

(b) 

Figure 13. Crosslinking results for SecYEβ M103 preparation 

Apratoxin A (10 µM) and Mycolactone (10 µM) were tested, followed by an incubation with 

the photo-crosslinkable cotransin CT-07 (100 nM) to determine whether they bind to the mutant 

SecYEβ M103. Specific bands of SecY subunit at 37 kDa band can be observed in all the lanes 

in Figure 13(b) while Sec61α band can be observed in lane 1 of Figure 13(a), which represents 

CRM samples in presence of DMSO (1%). 

Gel Lane Contents Volume loaded (µl) 

A 1 CRMs (DMSO) 20 

2 CRMs (Apratoxin A- 10 µM) 20 

3 CRMs (Mycolactone- 10 µM) 20 

B 1 SecYEβ M103 (DMSO) 20 

2 SecYEβ M103 (Apratoxin A- 10 µM) 20 

3 SecYEβ M103 (Mycolactone- 10 µM) 20 
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Figure 13 is a crosslinking experiment with small molecules tested against SecYEβ M103 

microsomes. A fluorescent band at ~40 kDa in CRMs (Canine Rough Microsomes) suggests 

that CT-07 can bind to Sec61 (MacKinnon, Garrison et al. 2007b). A band with about an equal 

intensity for the DMSO control samples in SecYEβ M103 hints that CT-07 may bind to both 

SecYEβ M103 and Sec61 from CRMs with a comparable efficiency. Binding affinities for 

ligands cannot be measured here directly from these crosslinking experiments. 

For Figure 13(a) in the following lanes 2 and 3 which represent CRMs incubated with Apratoxin 

A (10µM) and Mycolactone (10µM) respectively, no bands corresponding to SecY molecular 

weight can be observed. This implies that both Apratoxin A and Mycolactone were able to 

impede binding of CT-07 to the CRMs. These results are consistent with previously proposed 

mechanisms of inhibition for both these molecules which state that Sec61 channel might be the 

direct target for Apratoxin A and Mycolactone (Liu, Law et al. 2009, Hall, Hill et al. 2014). 

In Figure 13(b) lane 1, a band at ~37 kDa for SecYEβ M103 incubated with DMSO means that 

the CT-07 was able to bind in SecYEβ M103. In lane 2 of Figure 13(b), a slightly diminished 

band appears at the corresponding molecular weight. As this lane represents the SecYEβ M103 

microsomes incubated with Apratoxin A prior to their incubation with CT-07, this suggests that 

CT-07 binding was partially impeded due to presence of Apratoxin A. This result might hint 

that Apratoxin A and cotransin share an overlapping binding site on Sec61α. However care 

must be taken before making such as assumption since microsomes in this result represent a 

mutant of Archaeal translocation channel SecYEβ, and not Sec61.  

A diminished band in the above result can suggest one of the following possibilities: 

i. Since a concentration dependent inhibition of Apratoxin A can be observed by 

comparing results from Figures 10 and 13, it seems likelier that Apratoxin is competing 

with cotransin. Hence Apratoxin A and cotransin might have same or ones very close 

binding sites to each other. Additionally, the results suggest that Apratoxin A binds with 

a much lower affinity to translocation channel than cotransin.  

ii. A possibility cannot be denied that Apratoxin A might have a binding site different than 

that of cotransin, which might prevent cotransin binding allosterically.   

 

A band with similar intensity to that of DMSO samples for Mycolactone (10 µM) suggest that 

this molecule might not be able to bind with this mutant of SecYEβ.  
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To verify that equivalent amount of microsomes were added to each sample, a western blot of 

these gels was performed.   

(a) (b) 

Figure 14. Western Blot of the CRMs and SecYEβ mutant 103 

This western blot shows the same gels with crosslinked microsomes as shown above. The 

SecYEβ mutant 103 was stained with anti-His antibody while the CRM’s were stained with 

Sec61α antibody. 

 

Gel Lane Contents Volume loaded (µl) 

A 1 CRMs (DMSO) 1,2  

2 CRMs (Apratoxin A- 10 µM) 1,2 

3 CRMs (Mycolactone- 10 µM) 1,2 

B 1 SecYEβ M103 (DMSO) 1,2 

2 SecYEβ M103 (Apratoxin A- 10 µM) 12 

3 SecYEβ M103 (Mycolactone- 10 µM) 1,2 
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Figure 14(a) and Figure 14(b) shows that the amount of microsomes added in each well were 

equal, although the comparison between the different microsomes SecYEβ M103 and the 

CRMs cannot be done since different antibodies were used.  

This study propounds the need to actively investigate the unknown mechanisms of these 

molecules. Apratoxin A and Mycolactone targets in the cell remain unknown but active efforts 

might soon be able to unveil their targets and mechanisms. As this experiment hints, both 

Apratoxin A and Mycolactone might bind to the translocation channel itself. Even tough, more 

functional analyses and structural studies will provide important insights into mechanisms of 

these compounds. Both of these molecules hold a potential therapeutic value as Apratoxin A is 

implicated in antitumor activity and probably inhibits translocation of a different subset of 

proteins than cotransin. Likewise Mycolactone is a virulent agent isolated from bacteria, 

implicated in necrotic ulcers.  

Future research may focus on finding out the mechanism of translocation inhibition of 

molecules like Apratoxin A and Mycolactone. Translocation inhibitors represent an emerging 

class of compounds that offer profound cure for some of the most debilitating diseases 

currently. Selective remodeling of proteome might be a useful approach not only in targeting 

tumor cells but also provide a remedy for viral infections. These topics have been discussed in 

the section 1.6. 

4.2. Expression of Sec61 in Sf21 cells 

The mammalian Sec61 ER translocation channel is the main translocation channel which is 

used to translocate a majority of secretory proteins across the ER membrane or tether the 

membrane proteins in the lipid bilayer as first and the only translocation event during their 

biogenesis. A synthetic inhibitor cotransin is known to bind to Sec61 and inhibit the secretion 

and membrane integration of several proteins (Garrison, Kunkel et al. 2005b). Studies have 

demonstrated that cotransin binds to the luminal side of translocation channel (MacKinnon, 

Paavilainen et al. 2014). However exact binding site is not yet known and thus the mechanism 

of its inhibition is also unclear. Inhibitors like cotransin can be potentially used to modulate the 

proteostasis, inhibiting biogenesis of a subset of therapeutically relevant proteins to cure 

diseases such as some cancers, neurodegenerative diseases and viral infections. These points 

are further elaborated in literature review section 1.5.4.1. 
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Purpose of this project was to express the mammalian Sec61 channel which is a trimeric 

membrane protein complex. Successful expression of this complex in sufficient quantities 

would lead to crystallization trials and attempts to elucidate the mechanism for cotransin 

inhibition. 

4.2.1. MOI determination of viruses 

For expression of Sec61 trimeric complex, Sf21 cells were chosen to be host culture. Sf21 cells 

are commonly used for mammalian protein expression due to resemblance of their post-

translational machinery to the mammalian cells (Unger, Peleg 2012). This causes generation of 

functional protein of mammalian origin, which is often not possible in bacterial cells. 

Constructs for Sec61 channel were made prior to start of my work by Dr Ville Paavilainen. I 

prepared the viral stocks containing the relevant bacmids prior to commencement of my pro 

gradu work. The viral stocks were flash frozen and kept at -80°C for future use.  

To infect cells with these viruses, amounts of active viral particles in each stock were calculated 

by the following experiment. The cells were transfected in 24-deep well plates to calculate the 

amount of active viral particles used. The results shown in the Table 6 compare the amounts of 

the virus added to the percent of viable cells in each well.  The cells used in this experiment 

were counted with Bio-Rad TC20™ cell counter. 

Table 6. Comparison of Viral stock v37 amounts to the viable cells 

Sr. 

No 

Virus added 

(μl) 

Total Count          

(x 106 cells/ml) 

Live Cells          

(x 106cells/ml) 

Percent viable % 

B1 50 1,22 0,802 65,74 

B2 25 2,17 1,25 57,60 

B3 12,5 2,22 2,2 99,10 

B4 6,25 3,45 2,04 59,13 

B5 3,13 2,79 2,65 94,98 

B6 1,6 4,08 3,72 91,18 

 

Table shows amount of the viral stock of v37 (Sec61α+Sec61γ) added to each well (in μl) to 

the total number of cells and the number of viable cells in each well. The initial cell count of 
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1x106 cells/ml was used for this experiment (5 ml in each well). The samples were collected 

after 72 hours of the initial infection with the virus. 

 

 

Table 7. Comparison of Viral stock v40 amounts to the viable cells 

Sr. No Virus 

added 

(μl) 

Cell Count 

( x 106cells/ml) 

Live Cells                    

( x 106cells/ml) 

Percent Alive 

% 

A1 3,125 2,04 1,78 87,25 

A2 6,25 2,13 1,89 88,73 

A3 12,5 1,55 1,33 85,81 

A4 25 1,71 1,33 77,78 

A5 50 1,51 1,02 67,55 

A6 100 1,33 0,636 47,82 

 

Table shows amount of the viral stock of v40 (Sec61β) added to each well (in μl) to the total 

number of cells and the number of viable cells in each well. The initial cell count of 1x106 

cells/ml was used for this experiment (5 ml in each well). The samples were retrieved after 72 

hours of the initial infection with the virus. 

Tables 6 and Table 7 compare the amounts of viral stock added to the total count of Sf21 cells 

and the percent of viable cells in each well. As the virus infects the cells, the cells undergo 

lysis/propagation of the virus. Typical replication time for Baculovirus is 24-36 hours, while 

for the Sf21 cells double is ~24 hours (Evans, C.Furlong 2011). The cells in the wells, which 

had just doubled along 72 hours were the ones which had been appropriately transfected with 

the viruses in a MOI of 1. These cells would stop any future division after the first round of 

replication. Also, comparing the amounts of virus used in this well to the percentage of total 

number of cells, the approximate concentration of infectious viral particles can be determined. 
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(a) 

(b) 

Figure 15. Graph comparing cell-count to amount of virus (in µl) used 

Figure 15(a) compares the total and live cell density at 72 hours of virus incubation to the 

amounts of virus used for v37 virus; Figure 15(b) compares the live and total cell density for 

v40 virus. 

4.2.1.1. Calculation 

4.2.1.1.1. For v37 virus: 

From Figure 15(a) the amount determined to infect 5x106 cells was 30 μl of the virus stock.  

Hence, 1 μl of viral stock is sufficient to infect 1,7x105 insect cells, in which case we assume 

number of viral particles is equal to the number of cells transformed. We can assume that the 

vPV37 stock contains 1,7x105 functional viral particles/μl.  

4.2.1.1.2. For v40 virus: 

The amount determined to infect 5x106 cells was 12,5 μl of the virus stock.  

Hence 1 μl of the virus stock is sufficient to transfect 4x105 cells based on this count. It can 

thus be deduced that the active virus particles in each μl of the virus stock is 4x105 viruses. 
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Table 8. Virus amounts 

Virus Active viruses/μl 

v37 (Sec61α+Sec61γ expressing virus)   1,7x105 

v40 (Sec61β expressing virus) 4x105 

 

Table shows the determined values of active virus particles for both the v37 and v40 viruses 

used for MOI determination. 

Samples were collected from these wells and were flash-frozen for further use. The western 

blot was performed for these samples and respective dilutions were made for these samples. 

The samples were then sonicated and stored at -20°C overnight. The gel was run the following 

day using standard procedure (12% Tris-Tricine gel) as described section 2.1.1. 

 

 

Figure 16. Lysed cells incubated with Sec61α antibody 

Figure 16 shows the western blot run with lysed Sf21 cells with different amounts of cells run 

per well. The blot was stained with Sec61α antibody. The gel compares the expressed amounts 

from different amounts of the insect cells to various CRM microsome prep. A distinct band at 

~40 kDa represents the Sec61α subunit. 
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Lane Contents Amount 

1 Sf21 cells 40 K cells 

2 Sf21 cells 20 K cells 

3 Sf21 cells 10 K cells 

4 CRM prep. - 

5 CRM standard  1,7 pM 

6 CRM standard 0,85 pM 

7 CRM standard 0,42 pM 

8 CRM standard 0,21 pM 

9 CRM standard 0,11 pM 

 

The western blot analysis reveals the Sec61α subunit at ~45 kDa region for the standard 

microsomes while the band for Sec61α for the subunit expressed in insect cells runs slightly 

higher. This is due to the 3xFLAG tag in the recombinant subunit’s N-terminus which adds 

~2,8 kDa to the native protein, and thus is expected to run on a higher molecular weight 

(MacKinnon, Paavilainen et al. 2014). 

A distinct band can also be seen ~15 kDa marker in Figure 16(a). This might be a degradation 

product from Sec61α subunit or a background band from Sf21 cells. The bands at 15 and 75 

kDa are distinct. They might be background bands or might be Sec61 expression products. This 

cannot be verified since there is no control was included in this analysis.  

The western blot shown in Figure 16 and Figure 17 shows the insect cells expressing the Se61 

subunits. Both Sec61α Sec61β can be clearly seen in the microsomes preparation. Intensities of 

bands observed for the insect cells are comparable to the ones observed in CRM standards.  
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Figure 17. Lysed cells incubated with Sec61β antibody 

Figure 17 shows the western blot run with lysed Sf21 cells with expressed Secβ subunit, 

compared to standard CRM dilutions. The blot was incubated with anti-Sec61β antibody. A 

distinct band at ~8 kDa represents the Sec61β subunit. 

Lane Contents Amount 

1 Sf21 cells 40 K cells 

2 Sf21 cells 20 K cells 

3 Sf21 cells 10 K cells 

4 Molecular marker 10 µl 

5 CRM standard  1,7 pM 

6 CRM standard 0,85 pM 

7 CRM standard 0,42 pM 

8 CRM standard 0,21 pM 

9 CRM standard 0,11 pM 

 

The cells used in this experiment were counted with Bio-Rad TC20™ cell counter. Dilution of 

cells were made and different amounts of the cells were run on Tris-Tricine gels. The gel reveals 

the Sec61β at ~8 kDa which is the calculated size for this subunit. 
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4.2.2. Expression optimization in 24-well format 

It has been observed that the Sec61β subunit is expressed in much lower concentrations as 

compared to Sec61α or Sec61γ subunits, when all subunits were expressed from a single virus 

(Dr Ville Paavilainen, unpublished work). Hence, the two different viruses were prepared, one 

expressing Sec61α and Sec61γ subunits (v37), while the other expressing only Sec61β subunit 

(v40). Previous results had also confirmed that the expressed ratios of the Se61 subunits can be 

modulated by co-transfecting the Sf21 cells with varying ratios of the virus. For this reason the 

cells were transfected with different amounts of the v37, gradually increasing the expressed 

ratios of Sec61β while keeping the amount of v37 constant. Based on calculations for active 

viral particles in stock, cell culture was transfected. 

The Sf21 cells were maintained in the seed stock before inoculating them with the virus. The 

cells were grown at 27°C at 250 rpm in 24-deep well blocks. The concentration determined was 

1,22x106 cells/ml. The cell culture was done at a small scale so that batch expression can be 

done and the optimal ratios of the virus may be worked out from it. 5 ml of cells were used in 

each well and the amounts of virus added to each well are shown in table-4. 

Samples from this batch expression were retrieved after 72 hours of virus-infection the cells 

were counted on the Bio-Rad cell counter (TC20™).  After counting, the cells were centrifuged 

at 1x104 g’s for 5 min. The pellet was retrieved and stored at -80°C for further processing. 
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Table 9- After 72 hours of transfection with the viruses, cell-density was determined for 

each well 

 Ratios v37: v40 Cells (x106)/ml Volume for 106 cells 

(in µl) 

B1 1:1 3,53 284 

B2 1:2 3,27 306 

B3 1:4 2,33 429 

B4 1:6 2,05 487 

B5 1:8 2,96 338 

B6 1:10 2,92 342 

C1 (untransfected) - 8,08 124 

C1 (untransfected) - 8,68 115 

 

Amounts of total cells in each of the well transfected with the virus after 72 hours of incubation 

at 27°C and 250 rpm. 

Based on the above cell counts for total cells in each expression well, the 1x106 cells were 

sampled out from each well in and pellet out by centrifugation at 10x104 g’s for 5 min and then 

resuspended in 250 µl SDS sample buffer, used to run in western blot analysis. 

 

Figure 18. Western Blot of MOI optimization with Sec61α antibody 

The Sf21 cells in batch culture were co-transfected with v37 and v40 viruses, varying amounts 

for v40 while keeping the amounts for v37 virus constant. Based on total cell count, 4x104 cells 

were ran on each lane in the Tris-Tricine gel (12%) without prior heating of the sample at 120 

v (2 h). Primary antibody used was anti-Sec61α antibody. 
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The samples pelleted out from the amounts shown in Table 9 were resuspended in 250 µl of 1x 

sample buffer, and subsequently 40x103 cells were and were used for western blot analysis.  

Lane Contents Amount 

Cells mol. 

1 Control cells 40 K cells - 

2 Sf21 cells (MOI ratio 1:1) 40 K cells - 

3 Sf21 cells (MOI ratio 1:2) 40 K cells - 

4 Sf21 cells (MOI ratio 1:4) 40 K cells - 

5 Sf21 cells (MOI ratio 1:6) 40 K cells - 

6 Sf21 cells (MOI ratio 1:8) 40 K cells - 

7 Sf21 cells (MOI ratio 1:10) 40 K cells - 

8 Molecular marker                               10 µl 

9 CRM standard  - 1,7 pM 

10 CRM standard - 0,85 pM 

11 CRM standard - 0,42 pM 

12 CRM standard - 0,21 pM 

13 CRM standard - 0,11 pM 

 

The western blot in Figure 18 shows the bands for Sec61α. Intensities from Sec61α bands can 

be compared to corresponding bands in CRM standards. The expressed Sec61α bands run 

slightly above the Sec61α from CRMs to presence of a 3xFLAG tag. Sec61α expression levels 

are calculated and from this expression test and values depicted in graphical format in Figure 

21. 

Controls were included in this western blot which were essentially Sf21 cells left untransfected. 

Another band can be observed distinctively in the newly prepared insect cell samples that 

appear slightly above Sec61α (at ~ 50 kDa). This band is likely to be a background bands since 

it also appears in the lane 1 of Figure 18, which represents negative control.  

Lastly, a distinct band can be observed adjacent to ~75 kDa marker. This might reflect a dimeric 

form of Sec61α subunit since the molecular weight corresponds to the Sec61α dimer. The 

Sec61α subunit is highly hydrophobic and has a propensity to form aggregates. 
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Figure 19. Western Blot of MOI optimization with Sec61γ antibody 

The Sf21 cells in batch culture were co-transfected with v37 and v40 viruses, varying amounts 

for v40 while keeping the amounts for v37 virus constant. Based on total cell count, 4x104 cells 

were ran on each lane in the Tris-Tricine gel (12%) without prior heating of the sample at 120 

v (2 h). Primary antibody used was anti-Sec61α antibody. 

Lane Contents Amount 

Cells mol. 

1 Control cells 40 K cells - 

2 Sf21 cells (MOI ratio 1:1) 40 K cells - 

3 Sf21 cells (MOI ratio 1:2) 40 K cells - 

4 Sf21 cells (MOI ratio 1:4) 40 K cells - 

5 Sf21 cells (MOI ratio 1:6) 40 K cells - 

6 Sf21 cells (MOI ratio 1:8) 40 K cells - 

7 Sf21 cells (MOI ratio 1:10) 40 K cells - 

8 Molecular marker                               10 µl 

9 CRM standard  - 1,7 pM 

10 CRM standard - 0,85 pM 

11 CRM standard - 0,42 pM 

12 CRM standard - 0,21 pM 

13 CRM standard - 0,11 pM 
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A distinct band at ~7 kDa represents Sec61γ subunit in Figure 19. Intensities of this band in the 

respective lanes of insect cell expression are comparable to the expressed subunits and the CRM 

standard dilution series.  

In lanes 2-7 in Figure 19 which represent Sf21 cells co-transfected with varying amounts of 

viruses, two more distinct bands, one at ~13 kDa and another at ~18 kDa can also be observed. 

Bands at these positions can be observed in lanes 9-13 in Figure 19 which represent standard 

CRM dilutions and also in lane 1- which represent the untransfected insect cells. Hence it is 

likely that these bands are background bands. However, their presence in control well might 

also reflect a slight leakage from adjacent wells and these bands might be dimeric/trimeric states 

of Sec61γ.  

It is observed here that anti-Sec61γ antibody gives more intense bands as compared to the other 

antibodies used. This might explain the faint bands seen in the control samples. Since the 

sample preparation is never boiled and is relatively viscous at the time of loading- it can result 

in some of the sample from side wells to have accidently flown to the control sample well and 

thus result in the faint bands observed in this sample. However, it can also be noticed that the 

band at 7 kDa corresponds to the right molecular weight of the protein and thus is more likely 

to be the desired subunit.   

The following gel was incubated with Sec61β antibody to analyse its expression in the prepared 

samples.  

 

Figure 20. Western blot of MOI optimization with Sec61β antibody 

The Sf21 cells in batch culture were co-transfected with varying amounts of the two viruses 

(v37 and v40) with varying amounts of v40 virus. Based on total cell count, 4x104 cells were 

ran on each lane in the Tris-Tricine gel (12%) without prior heating of the sample at 120 v (2 

h). Primary antibody used was Sec61β antibody. 
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Lane Contents Amount 

Cells mol. 

1 Control cells 40 K cells - 

2 Sf21 cells (MOI ratio 1:1) 40 K cells - 

3 Sf21 cells (MOI ratio 1:2) 40 K cells - 

4 Sf21 cells (MOI ratio 1:4) 40 K cells - 

5 Sf21 cells (MOI ratio 1:6) 40 K cells - 

6 Sf21 cells (MOI ratio 1:8) 40 K cells - 

7 Sf21 cells (MOI ratio 1:10) 40 K cells - 

8 Molecular marker                               10 µl 

9 CRM standard  - 1,7 pM 

10 CRM standard - 0,85 pM 

11 CRM standard - 0,42 pM 

12 CRM standard - 0,21 pM 

13 CRM standard - 0,11 pM 

 

The Sec61β subunit band can be seen at the right position marker-size on the gel and runs at 

~10 kDa marker. Quantification of the subunits on the western blot revealed the stoichiometric 

ratios were almost 1:1:1 in the sample from well B4 which was transfected with the active virus 

particle ratio of v37: v40 ratio of 1:6, as shown in Figure 19. 

It might be noticed that strictly proportional increase in subunit expression was not observed as 

by subsequent increase in the virus amounts, for the samples transfected with higher 

concentrations of virus. In the insect cell protein expression, infection with a low amount of 

active virus particles can lead to asynchronous protein expression and cell lysIs which can cause 

low protein expression. Likewise, excessive amounts of virus particles is also detrimental to 

protein expression as it leads to deprivation of cell metabolites and thus results in a fast cell 

death. It can be observed from thewestern blot image in Figure 20 that the quantity of expressed 

Sec61β subunit remains constant after B4 sample. It is also observed that the expression levels 

of Sec61α slightly decrease after the B4 sample.  
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These observations lead us to believe that the amounts of active virus particles ratio of more 

than 6 might lead to suboptimal expression of the subunits in this experiment. Although an MOI 

of 10 is quite often tolerable to cells, a possible reason for down-modulated protein expression 

at such low MOI values might be the fragile conditions of the cells used (Matters 2008). The 

cells used in this experiment had been acquired a few weeks before beginning of this experiment 

and showed abnormal growth when acclimatized Sfx media (Fisher Scientific, Cat# 11561911) 

which is a serum-free media for insect cells. 

It might also be considered that during co-transfection any insect cell in the culture can be 

transfected by any set of viruses (in this case vPV40 and vPV37). Considering the co-

transfection as a random Poisson process, every individual cell has a possibility of being 

transfected with any possible ratio of viruses (Sokolenko, George et al. 2012). Consequently, 

the possibility of cells being transfected with an optimal ratio of viruses decreases. Since cells 

were transfected with an excess of v40 virus while keeping v37 constant, the probability of cells 

being transfected with only one type of virus to initiate protein expression is significantly 

increased. This can partially explain a gradual decrease in Sec61α expression, as seen in lanes 

5 and 6 in Figure 19. 

The band at 13 kDa and 18 kDa can also be observed as a faint band in seen in Figure 20. 

Interestingly, the band at 13 kDa is relatively more intense as compared to the adjacent bands 

in insect cell microsomes. This enforces the fact that it might be a complexed form of Sec61β 

subunit with another entity. The other band at 18 kDa is also observed in microsome samples. 

This molecular weight corresponds to dimeric Sec61β.  

The samples which expressed Sec61 subunits in the right stoichiometric ratios were retrieved 

and used in this following work. The exact amounts of each of the Sec61 subunits in this sample 

was determined by quantification from western blot, and consecutively the ratios of the Sec61α 

and Sec61β subunits expressed in the insect cells. The samples were run on the Tris-Tricine gel 

(12%) with the microsome standards. The ratios between the two subunits were determined on 

the Odyssey scanner (Li-Cor). Following this work, the western blot was performed in order to 

quantify the expression of the protein subunits from the insect cells. The samples were thawed 

at 37°C for 10 minutes prior to running on the gel.  
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Figure 21. Graphical depiction of the effects of varying ratios of two viruses on Sec61 

subunit expression 

The graph shows the amounts of varied expression of Sec61 subunits based on the varying 

amounts of the virus used. Sf21 cells were co-transfected using Sec61α + Sec61γ expressing 

viruses and Sec61β expressing virus in various expression cultures, gradually increasing 

amounts of Sec61β expressing virus while keeping amounts of Sec61α + Sec61γ expressing 

virus constant. 

Figure 21 depicts the effects of increasing relative virus ratio of v37: v40 in a batch expression 

culture on the amount of the expressed Sec61 subunits. Both viruses’ v37 and v40 express 

different Sec61 subunits as indicated in Table 2. Figure 21 shows that the expressed subunit 

ratios reached the closest 1:1 expression ratios when cells were transfected with a ratio of 1:6 

between viruses v37: v40. It can be seen that the closest expression of both Sec61α and Sec61β 

is compromised in both higher and lower MOI ratios. 
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Table 10. Sec61 subunit expression in co-transfection of viruses 

MOI 

Ratios 

Volume for 106 

cells (in µl) 

Sec61α (pM) 

in 40K cells 

Sec61α 

(pM/ml) 

Sec61β 

(pM) in 

40K cells 

Sec61β 

(pM/ml) 

1:1 284 0,29 + 0,01 40,54 + 1,41 0,11 + 0,01 15,94 + 

1,41 

1:2 306 0,30 + 0,01 39,77 + 1,31 0,13 + 0,01 16,35 + 

1,31 

1:4 429 0,31 + 0,01 29,13 + 0,93 0,15 + 0,01 13,59 + 

0,93 

1:6 487 0,32 + 0,01 26,43 + 0,82 0,26 + 0,01 21,09 + 

0,82 

1:8 338 0,27 + 0,01 31,73 + 1,18 0,15 + 0,01 17,67 + 

1,18 

1:10 342 0,26 + 0,01 30,53 + 1,17 0,16 + 0,01 19,14 + 

1,17 

 

Following this work, the western blot was performed in order to quantify the expression of the 

protein subunits from the insect cells. The samples were thawed at 37°C for 10 minutes prior 

to running on the gel.  

 

Figure 22. Western Blot stained with Sec61α antibody 

4x104 cells were ran on each lane in the Tris-Tricine gel without prior heating of the sample. 

5x SB was added to these samples to run on the gel with 120 v (2 h). Primary antibody used 

was anti-Sec61α (Novus Biologicals) in 1:10000 dilution (0,01% Thimerosal) Secondary anti-

body was IRDye® 800CW (1/10000, Li-Cor). 
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Lane Contents Amount 

Cells Mol. 

1 Sf21 cells (MOI ratio 1:6) 40 K cells - 

2 Sf21 cells (MOI ratio 1:6) 40 K cells - 

3 Sf21 cells (MOI ratio 1:6) 40 K cells - 

4  (empty) - - 

5 CRM standard  - 1,7 pM 

6 CRM standard - 0,85 pM 

7 CRM standard - 0,42 pM 

8 CRM standard - 0,21 pM 

9 CRM standard - 0,11 pM 

 

In Figure 22 it can be notices that an additional band appeared at 37 kDa region after thawing 

the samples. This band was not present in Figure 18. Also a band can be observed ~55 kDa 

region while the band at 75 kDa is intensified. In fact this can all be accounted to the thawing 

of the sample, likely due to proteolysis. The bands at 75 kDa is likely to be a dimer of Sec61α 

as discussed earlier. The bands at ~52 and ~55 kDa might be unfolded forms of Sec61α which 

can consequently bind more SDS micelles. Being more unfolded and less compact such sub-

forms of Sec61α are expected to migrate to a higher molecular weight as compared to the 

original membrane integrated form. The band at ~37 kDa seems to be one of the degradation 

products of Sec61α. 
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Figure 23. Western Blot Stained with Sec61β antibody  

4x104 cells were ran on each lane in the Tris-Tricine gel without prior heating of the sample. 

5x SB was added to these samples to run on the gel with 120 v (2 h). Primary antibody used 

was Sec61β in 1:10000 dilution (MQ) Secondary anti-body was IRDye® 800CW (1/10000). 

Lane Contents Amount 

Cells Mol. 

1 Sf21 cells (MOI ratio 1:6) 40 K cells - 

2 Sf21 cells (MOI ratio 1:6) 40 K cells - 

3 Sf21 cells (MOI ratio 1:6) 40 K cells - 

4  (empty) - - 

5 CRM standard  - 1,7 pM 

6 CRM standard - 0,85 pM 

7 CRM standard - 0,42 pM 

8 CRM standard - 0,21 pM 

9 CRM standard - 0,11 pM 

 

The western blot in Figure 23 shows a distinct band at ~10 kDa for Sec61β subunit. Additionally 

a lot of background can also be observed. A large background in this gel is likely caused by 

thawing the sample at 37°C for 10 minutes. This might have resulted by dimeric form of Sec61β 

and the subunit complexed to other peptides. The Sec61β subunit appears to be present in the 

right concentration here and seems to be less affected than Sec61α.  
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4.2.3. Scaling-up of Sec61 Expression  

The insect cells transfected with active virus ratios of 1:6 from v37: v40 virus expressed the 

Sec61 subunits in stoichiometric ratio of 1:1:1. It was decided to get a bigger scale expression 

from the insect cells infecting them with the determined virus ratios. For this purpose, the insect 

cells were retrieved and transfected with viral particle ratio of 1 to 6. The cells were diluted 

from 5,1x106 to 1x106 cells/ml. 

Table 11. The amounts of virus stocks added to the cell culture is shown here. 

Virus Subunits expressed Volume (ml) 

vPV37 Sec61α+γ 3 

vPV40 Sec61β 7,5 

 

The amount of viruses from the virus stock was added to 500 ml of Sf21 cells at 1x106 cells/ml 

dilution. The microsomes were prepared following the procedure described in section 2.2.4.1. 

The pelleted microsomes were resuspended with a glass dounce and in membrane buffer B. 

4.2.3.1. Western Blot 

Western blot was performed for the new insect microsome preparation and were compared to 

the standard microsome prep to quantify the subunits. 

 

Figure 24. Western Blot of the Sec61α subunit 

Prepared microsomes were compared with CRM standards. This western blot is stained with 

the Sec61α antibody. 
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Lane Contents Amount 

Cells Mol. 

1 Sf21 cells 40 K cells - 

2 Sf21 cells 40 K cells - 

3  (empty) - - 

5 CRM standard  - 1,7 pM 

6 CRM standard - 0,85 pM 

7 CRM standard - 0,42 pM 

8 CRM standard - 0,21 pM 

9 CRM standard - 0,11 pM 

 

In Figure 24 a band for Sec61α can be observed at its relevant marker size, less clearly than 

previous images.  This problem may be accounted to presence of a large amount of membranes.  

Several bands can be seen in this western blot image for the Sec61α in insect cell microsomes. 

The Sec61α subunit appears to be the band at ~40 kDa. Another faint band shows up at ~50 

kDa. This appears to be a background band since it has been shown previously in untransfected 

insect cells controls.  

A band can also be noticed at ~75 kDa. This band is present in both the insect and CRM 

standards, and as previously discussed, can be assumed to be a dimeric Sec61α. 

 

Figure 25. Western Blot of the Sec61β subunit 

Microsomes were prepared in the membrane buffer B and compared with the standard 

microsome preparation of the CRMs. This western blot is stained with the Sec61β monoclonal 

antibody. 
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 Lane Contents Amount 

Cells Mol. 

1 Sf21 cells 40 K cells - 

2 Sf21 cells 40 K cells - 

3  (empty) - - 

5 CRM standard  - 1,7 pM 

6 CRM standard - 0,85 pM 

7 CRM standard - 0,42 pM 

8 CRM standard - 0,21 pM 

9 CRM standard - 0,11 pM 

 

This western blot in Figure 25 was performed to quantify the Sec61β comparing it to the CRM 

standard microsome prep. Specific bands from Sec61β can be observed in the insect microsome 

prep. However the preparation seems too viscous here and the bands from 5 µl sample of 

microsomes cannot be compared to the microsome standards.  

Comparing the 1 µl sample with the CRM standards, it seems clear that Sec61β was expressed 

in high concentrations. The band at ~12 kDa is Sec61β subunit. However, another band also 

shows up at ~7 kDa, running lower than the 10 kDa marker. This is likely a background band 

or a degradation product of the Sec61β. However, the statement will have a definitive proof if 

the appropriate controls are run parallel on the gel to verify it.  

It could be observed in both of the above gels that the samples prepared for microsome 

preparation seem quite viscous. To our knowledge, it is unlikely that DTT or another component 

of the membrane buffer B reacts with the microsome preparation. The insect cells were for a 

short time kept in 33% Sfx media and 67% SF 900 media before shifting back to 100% Sf900 

media and were allowed to grown for another 96 hours before infecting with viruses. A 

transition from one type of media to the other type might be responsible for problems observed 

during this experiment and the insect cells might have been “unfit” for this expression. 

Possible reasons for the problems observed in this experiment might be due to the cells not fully 

adapted to the media. Another possible cause of problem might be a wrong use of virus ratios. 

Since MOI values were determined several weeks earlier than this expression and due insect 
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cells were acquired during this period for expression, baculovirus viability might have dropped 

during this time. However, the most apparent cause of problems seems a high lipid-

content/Sec61 ratio which makes the analysis challenging. 

To circumvent these problems, the expression might be repeated in a new batch of well-

acclimatized cells for Sec61 expression.  
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5. Conclusion 

The archaeal orthologue of Sec61, SecYEβ channel from Pyrococcus furiosus along with its 

humanized mutants were expressed in E. coli. The expressed mutants were tested for binding 

of photo-cotransin CT-07 and ability of a potent cotransin analogue CT-09 to compete with  

CT-07 . SecYEβ M103 was identified as the one binding with cotransin. It was decided to scale 

up its expression. E. coli expressed microsome were prepared and stored for future biochemical 

assays. The expressed mutant was also tested for binding with Mycolactone and Apratoxin A, 

known protein translocation inhibitors whose molecular targets remain obscure. Interestingly, 

binding of Apratoxin A with SecYEβ M103 was observed in vitro which is consistent with the 

hypothesis that Apratoxin A binds to the translocation channel in a cotransin-like fashion.  

Sec61 complex is a heterotrimeric protein complex that is responsible for polypeptide 

translocation and membrane integration. Purpose of the pro gradu was to express the Sec61 

complex in sufficient quantities, which would have led to crystallization trials. During the pro 

gradu work insect cells were used as a host for this expression. The correct virus ratios were 

calculated during the work of pro gradu that led to the right stoichiometric expression of the 

Sec61 subunits. Sufficient expression levels were achieved at the end of pro gradu work that 

could be used in various biochemical analyses. However, the protein expression was not 

sufficient for crystallization trials.  
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7. Appendices 

7.1. Appendix 1 

SecYEβ mutants were prepared before beginning of my pro gradu, by Dr. Ville Paavilainen. 

Structure of the archaeal translocation channel SecYEβ was superimposed with a homology 

model of the human Sec61 structure (prepared using SWISS-MODEL automatic homology 

modelling server (http://swissmodel.expasy.org)). Humanizing mutations were selected based 

in biochemically identified cotransin binding site and included all of the Sec61 residues 

predicted to point towards the lumenal cavity where cotransin binds. A detail of the mutations 

introduced is given in the Table A. 

Table A. Various mutations introduced to humanize the archaeal translocation channel 

Feature Original SecY Sequence  Mammalian Sequence Modified Sequence 

Plug LRVVLA MRVILA MRVILA 

TMD-2b LGIGPIVTAGII LGISPIVTSGLI LGISPIVTSGLI 

TMD-3 MCFFEAAVWILGGA ITIGQSIVYVMTGM ICFIQAAVYILTGM 

TMD-7 LTFALYANIQLWARV LQSALVSNLYVISQM LTFALYSNIYVIAQM 

To express these mutants, BL21-AI (Invitrogen™) cells were chosen. The cells were 

transformed with the constructs shown in Table B. 

Table B. various mutants expressed for purpose of this experiment 

Plasmid Id. Information 

pVP-101 Pyrococcus furiosus SecYEβ WT 

pVP-102 Pyrococcus furiosus SecYEβ humanized plug 

pVP-103 Pyrococcus furiosus SecYEβ humanized TMD-7 

pVP-104 Pyrococcus furiosus SecYEβ humanized TMD-2, TMD-7 

pVP-105 Pyrococcus furiosus SecYEβ humanized Plug, TMD-2 

 

These mutants were expressed and their microsomes prepared during my training period. In the 

current project expression of a selected mutant was scaled-up and microsome preparations were 

made to test their binding with Cotransin derivatives and other known translocation inhibitors. 
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7.2. Appendix 2 

For expression of the Sec61 trimeric complex, Sf21 insect cells were chosen as the suitable 

expression host. MultiBac™ platform was used for protein expression in the Sf21 cells. This 

bacmid carries mutation in protease v-cath and another chitinase expressing gene chiA. For this 

reason the quality of expressed product is better compared to the conventional bacmid vectors 

(Berger, Fitzgerald et al. 2004). It also carried multiplication modules which allow co-

expression of several subunits, which was particularly useful in this case. The constructs had 

been made prior to my work. The bacmids had already been transformed and cloned during my 

summer internship at the lab. The V0 viruses were previously prepared during my training 

period before the start of the work. 

7.3. Appendix 3 

The SecYEβ wild-type translocation channel and the expressed humanized mutants under 

inspection were incubated with the CT-09 (10 µM) at 0°C for 30 min. Following it the photo-

crosslinkable CT-07 (100 nM) was introduced in the samples and incubated for 10 min at room 

temperature. Given that CT-09 was already attached to the target then CT-07 would be unable 

to displace the bound molecule and hence no fluorescence would be detected at that specific 

band (~37 kDa for SecY).  

The images are from 11th July 2014, during my training period. 
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Figure 26- SecYEβ mutants tested with 10 uM CT-09 

This cross-linking experiment was performed to evaluate the binding of CT-09 to SecYEβ and 

its humanized mutants. An intense band of Sec61α can be observed in the CRM sample with 

DMSO which implies that CT-09 competes with CT-07 for binding to mammalian Sec61. 

Distinct band at the same molecular weight can be observed in the SecYEβ M103 treated with 

DMSO, but is diminished in the SecYEβ M103 samples treated with CT-09 prior to CT-07 

incubation. This demonstrates that both CT-07 and CT-07 can bind to SecYEβ M103. Hence 

this mutant was characterized as a gain-of function mutant for cotransin binding. 

 

 

 


