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Abstract 

Yeasts are complex organisms which are both easy to genetically manipulate and are able to 

secrete and properly fold human proteins, reaching the same complexity as higher eukaryotic systems. 

Expressing genes in Saccharomyces cerevisiae offers several advantages, such as its rapid cellular 

growth, microbial safety and its successful use in industries, such as in human insulin production. These 

cells possess complex protein folding system and exocytic ability to ensure the proper functionality and 

purity. However, yeasts have several bottlenecks in the secretory pathway that might limit yield of 

heterologous proteins production. So, the main goal of this project was the development and refinement 

of an assay to study a number of modifications which affect human antibody expression in yeast. The 

screening method, which allows the comparison of different genes, promotes the refinement of the 

reporter strain and also the continuous improvement of the screening technique. The assay was based 

on following clearance of the model antibody from the cells and allowed to differentiate localization of 

the IgG between Golgi and ER, a well-known bottleneck in yeasts’ protein secretion. The strains were 

compared by analysis of Western blots and ELISA results at different time points and induction 

temperatures. The tests concluded that the temperature after induction of the production has no 

significance on the antibody produced if it keeps close to a normal temperature for cellular growth. 

Regarding the antibody titers obtained, it is possible to conclude that strain SS328 performed better 

when several mutations were done in its trafficking mechanism.  

Keywords: Heterologous protein production; Protein folding; Antibody; 

Bottleneck; Endoplasmic reticulum 
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Resumo 

As leveduras são organismos complexos de fácil manipulação genética, sendo capazes de não 

só secretar, mas também atribuir conformação tridimensional a proteínas humanas, o que lhes confere 

a complexidade de sistemas eucarióticos. As vantagens de expressar genes em Saccharomyces 

cerevisiae prendem-se com o seu rápido crescimento celular, a sua segurança microbiológica e o seu 

sucesso em indústrias como a de produção de insulina humana. Estas células possuem um sistema 

complexo de folding e uma capacidade de excretar as proteínas funcionais e puras. No entanto, as 

leveduras apresentam diversos bottlenecks na via secretória, limitantes do rendimento de produção 

proteica heteróloga. Portanto, o objetivo principal prende-se com o desenvolvimento e aprimoramento 

de uma técnica para o estudo de modificações que afetam a expressão de anticorpos humanos em 

levedura. O método utilizado possibilita a comparação de diferentes genes, permitindo o refinamento 

da estirpe repórter e o melhoramento da técnica de screening utilizada. Esta técnica seguiu o 

desaparecimento do anticorpo modelo das células, ajudando à diferenciação da sua localização entre 

o complexo de Golgi e o retículo endoplasmático, que constitui um bottleneck da secreção proteica em 

leveduras. As estirpes foram comparadas com base em resultados de Western blot e ELISA, para 

diferentes tempos e temperaturas de indução. Conclui-se que a temperatura após a indução da 

produção não tem um efeito significativo desde que se mantenha próxima da temperatura de 

crescimento celular. Tento em conta as concentrações de anticorpo, a estirpe SS328 teve um melhor 

desempenho perante diversas mutações no seu mecanismo de tráfico celular. 

Palavras-chave: Produção proteica heteróloga; Folding proteico; Anticorpo; 

bottleneck; Retículo endoplasmático 
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1. Introduction 

1.1. Biopharmaceutical production in yeast 

Nowadays, industries are searching for biological platforms to produce biopharmaceuticals with 

low cost, high productivity and proper post-translational modifications. In bacterial cells, like Escherichia 

coli (E. coli), a full-length Immunoglobulin G (IgG) is too large and complex to be correctly assembled, 

thus the production yields are much lower than in higher organisms. Besides, E. coli was not considered 

a proper host for the production of full-length IgGs due to its lack of a glycosylation system (Lee & Jeong 

2015). 

Intensive production of recombinant proteins can lead to a stressful situation for the host cell. 

The extent of the bacterial stress response is dependent on the properties of the recombinant protein. 

This situation might have a negative impact on productivity and probably protein quality, since 

recombinant proteins cannot reach their native conformation inside bacteria (Gasser et al. 2008). 

Moreover, complex protein secretion is best studied in mammalian cells as well as in Saccharomyces 

cerevisiae (S. cerevisiae) which probably indicates that the initial secretion steps are similar in both cell 

types (Delic et al. 2013). In 2014, around 15% of biopharmaceuticals were produced in S. cerevisiae 

(Huang et al. 2014). 

The therapeutic protein production using mammalian cells implies high production costs, 

complex media and concerns of viral contamination. In comparison to mammalian cells, yeasts have 

the ability to be cultivated to much higher cell densities over short cultivation times, meaning that they 

can achieve higher volumetric productivities (Lee & Jeong 2015). Moreover, S. cerevisiae is one of the 

most used microorganisms for this purpose since it has a Generally Recognised as Safe (GRAS) status, 

is free of pyrogens, and it also requires cheaper medium for growing in comparison to mammalian cells 

(Joosten et al. 2003). Yeasts can also grow in chemically defined, serum-free media, implying not only 

lower costs of cultivation but also absent external contaminations by viruses, endotoxins and prions.  

S. cerevisiae offers several advantages, since it combines characteristics from both bacteria 

and eukaryotes. So, not only is it easy to cultivate, due to its fast growth rate and high productivity but it 

can also secrete the product to the extracellular medium, which reduces the costs for downstream 

purification (Huang et al. 2014). In comparison to prokaryotic organisms, such as E. coli, yeasts are a 

eukaryotic organism capable of folding complex proteins, which ensures proper protein functionality due 

to its proper folding and post-translational modifications. 

Besides, yeasts are much more attractive than prokaryotes since they have their own 

glycosylation machinery, although the glycosylation in yeast is different from the one in mammalian cells 

(Lee & Jeong 2015). Potential advantages of using yeasts include the stability of glycosylated IgGs as 

well as their binding functionality (Doerner et al. 2014). Due to its quality control system, yeasts are able 

to secrete only the correctly folded and functional proteins, since the unfolded proteins are retained in 

the endoplasmic reticulum (ER) (Xu & Robinson 2009).  



However, reported disadvantages of yeasts include lower transformation frequencies than E. 

coli, failure to express AT-rich genes due to premature transcriptional termination, inefficient secretion 

of some larger proteins and proteolysis of secreted proteins during high cell density fermentation. Yeasts 

also tend to hyper-glycosylate heterologous proteins even at positions not glycosylated in the native 

host (Schirrmann et al. 2008). 

Although it is still hard to obtain high titers of properly folded proteins using yeast, it is a 

promising organism to study. So, research on the protein secretion system of S. cerevisiae is useful for 

discovering the mechanisms and bottlenecks for protein production. Moreover, the success of IgG 

secretion in yeast facilitates candidate therapeutic characterization, reagent generation, and drug target 

validation. Furthermore, when designing protein expression factories, not only the type of glycan but 

also glycosylation efficiency are crucial factors for success, as it will be discussed. Finally, one of the 

major problems induced by environmental stresses is post-secretory degradation of the recombinant 

gene products by host-specific proteases, especially during high-density fermentation processes (Idiris 

et al. 2010). S. cerevisiae has been explored both in the strong cell-cycle dependence and in the 

metabolic effect of heterologous protein secretion (Andersen & Krummen 2002). 

In general, the choice of the protein expression system is dependent on the final purpose of the 

protein and not on the ease of its production. Proteins intended for use in humans impose the most 

significant challenges and the absence of post-translational processing systems in the host might 

prevent their use (Gerngross 2004). However, since every antibody has its own expression constrains, 

there is no universal production system to ensure high yields and folding efficiencies (Schirrmann et al. 

2008). 

 

1.2. Protein secretion in yeast: ER-Golgi pathway 

Protein secretion by S. cerevisiae is composed by various stages from the conversion of DNA 

sequences to the secretion of mature proteins (Figure 1): transcription, translation, translocation, post 

translational modifications, folding, peptide cleavage, additional glycosylation, sorting, and secretion. 

Both secretion and folding in the ER and Golgi apparatus constitute rate-limiting steps for production of 

antibodies, and other proteins, in yeast. 

Regarding translation, it is known that, on the one hand, some proteins have a coupled domain 

folding, being associated with fast translation while, on the other hand, other proteins have independent 

domain folding, needing a slow translation (Braakman & Bulleid 2011). The initial binding of tRNA 

(transfer Ribonucleic acid) to the ribosome, where the differences between the various aminoacyl-tRNAs 

is small, is a step where mistakes can happen since the probability of an error in polypeptide synthesis 

is high. To prevent this, the aminoacyl-tRNA binds to the ribosome, and undergoes a series of quality 

control steps, initiated by the hydrolysis of guanosine triphosphate (GTP) (Määttänen et al. 2010). 

Translation is an extremely slow process in comparison to diffusion and secondary structure 

formation so, translocation may not always keep pace with translation in fast-growing organisms like the 
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yeast. Besides, disulphide bond formation can be postponed until chain termination and full 

translocation, in most synthesized proteins (Braakman & Bulleid 2011). 

Translocation, the first potential bottleneck of the secretory pathway, consists of the 

transference of the protein through the ER membrane and requires a secretion signal peptide at the 

N-terminus of the nascent polypeptide to guide it. The secretion efficiency is totally dependent on the 

signal peptide whose sequence needs to be optimized to increase the yield. Signal peptides are truly 

important for the secretion’s efficiency, being the signal peptide’s choice significant for the yield of 

antibodies produced (Lee & Jeong 2015). Depending on the hydrophobicity and amino acid composition 

of the signal peptide, the translocation of proteins into the ER occurs either co-translationally (ribosome-

coupled) or post-translationally (ribosome-uncoupled) (Delic et al. 2013; Braakman & Bulleid 2011). 

Co-translational protein translocation into the ER depends on the role of three GTPases: the 

signal recognition particle (SRP) subunit Srp54 and the two subunits of the signal recognition receptor 

(SR). The formation of a GTP-stabilized complex leads to its interaction with the α subunit of the SR 

which results in the targeting of the complex formed by the SRP and the ribosome nascent chain (RNC) 

to the ER membrane. Finally, the signal peptide is transferred through the translocon pore, when 

GTP-bound state is reached for all three GTPases. Only after GTP hydrolysis, is it possible to dissociate 

the SRP-SR complex from RNC (Delic et al. 2013). The α-helix formation occurs both at the ribosomal 

tunnel and at the Sec61 translocon, but ER lumen is the place for conformational freedom. Not only 

does protein folding influence post-translational modification but also post-translational modification 

influences folding (Braakman & Bulleid 2011). Post-translational translocation across the ER membrane 

requires the heptametrical SEC complex (Sec61, Sbh1, Sss1, Sec62, Sec63, Sec71, and Sec72): the 

signal peptide of nascent proteins destined for post-translational translocation binds to Sec62 (Delic et 

al. 2013). 

S. cerevisiae holds two different translocon pores, the complexes Ssh1 and Sec61, which 

consists of three protein subunits (Sec61, Sbh1 and Sss1). Furthermore, the heterotrimeric Ssh1 

Figure 1 Overview of the protein secretion pathway in yeasts, taken from (Delic et al. 2013). 



complex is composed by the nonessential Sec61 homologue Ssh1, the Sbh1 homologue Sbh2 and the 

Sss1 subunit, which is the same in both complexes. Complexes Sec61 and Ssh1 interact with the 

ribosomes through their own cytosolic domains (Delic et al. 2013). Thus, a complex is formed by the 

ribosome, the nascent chain and an SRP and it will bind to the ER membrane in its SRP receptor, 

depending on the hydrophobicity of the N-terminal signal peptide. In fact, when more hydrophobic signal 

sequences are Recognised by the SRP, the proteins are going to suffer post-translational secretion 

through one of the two complexes of the translocon pore. However, the detection of less hydrophobic 

signal peptides, corresponds to the post-translational translocation of the nascent polypeptide through 

the Sec61 translocon (Delic et al. 2014). 

A secretory precursor protein is translocated across the ER membrane in a process divided in 

three stages: first, there is docking of the precursor at the membrane, then, the protein is inserted into 

the translocation pore, and, lastly, the protein exits from the pore into the ER lumen. To control this 

process at the membrane site of the ER, there is a translocon sub complex formed by Sec62p, Sec71p 

and Sec72p (Lyman & Schekman 1997). The process starts by an interaction of the signal sequence 

with Sec61p, through an intercalation into transmembrane domains 2 and 7. Then, Sec62p and Sec71p 

contact with the α-helix of signal sequence, which is still attached to Sec61p (Plath et al. 1998).  

In S. cerevisiae, there are five ER-resident J domain containing proteins: three localised to the 

ER membrane (Sec63p, Hlj1, and Erj5) and two soluble luminal J domain chaperones (Scj1, Jem1). ER 

Hsp70 chaperone Kar2 (whose homologue is BiP in mammalian cells) cooperates with all of them 

(except Hlj1) to coordinate ER ATPase (ATP-Adenosine triphosphate) activity in several processes. For 

instance, protein folding and maturation in the ER occurs in an ATP-driven cycle of substrate binding 

and substrate release: ATP hydrolysis is ensured by co-chaperones Hsp40/DnaJ, stabilizing substrate 

binding, and exchanging happens due to the action of nucleotide exchange factors. 

In the ATP-driven cycle, it is known that Adenosine diphosphate (ADP) leads to ATP, releasing 

the substrate and recycling Hsp70 for new substrate binding. In this way, Hsp70s, along with their co-

chaperones, are responsible to help the translocation into ER and mitochondria and to allow proper 

protein folding, preventing misfolding and aggregation. Besides, they refold aggregated proteins as well 

as they target irreversibly misfolded proteins for degradation (Delic et al. 2013). As a result, when certain 

proteins cannot achieve their native structure, they are kept in the ER, so that they can be retro-

translocated back into the cytosol, becoming ubiquitinated to be degraded by the proteasome 

(Braakman & Bulleid 2011). 

 

1.3. Protein quality control (QC) in the ER 

In eukaryotic organisms, the protein secretion pathway is named the ER–Golgi pathway. The 

ER serves not only for protein folding and glycosylation, but also for protein quality control (QC), after 

translocation into the ER and before transport to the Golgi for further processing. The ER is a large, 

continuous membrane system, being responsible for the folding of all proteins that enter the secretory 

pathway and is the main site of lipid biosynthesis (Delic et al. 2013). The ER is responsible for certain 
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covalent modifications, including not only signal sequence processing, but also disulphide bond 

formation, N-glycosylation, glycosyl-phosphatidyl-inositol addition, degradation and sorting (Schuck et 

al. 2009). So, during folding assisted by chaperones, the secreted proteins undergo three kinds of 

modifications: glycosylation, disulphide bond formation and specific proteolytic cleavage (Martinez 

Benitez et al. 2011). 

Protein folding might be the most rate-limiting bottleneck in heterologous protein secretion due 

to strict QC systems in the ER (Idiris et al. 2010). These systems accumulate misfolded or aggregated 

proteins, probably due to saturation of the machinery involved in proper protein folding and assembly 

(Valkonen et al. 2003). In these systems, there must be an intracellular signalling pathway from the ER 

to the nucleus, since the nucleus can use transcriptional activation to synthesise foldases, such as Kar2 

and protein disulphide isomerase (PDI), and chaperones, when there is accumulation of proteins in the 

ER (Gasser et al. 2008). 

Considering that there is competition between folding, aggregation and degradation, a protein 

can be secreted efficiently only when folding occurs more rapidly than the other processes (Braakman 

& Bulleid 2011). According to Figure 2, in case the protein stays for too long in the ER, it will be 

translocated to the cytosol for degradation, after the mannose has been removed from the glycoprotein 

(Hou et al. 2012). As a conclusion, protein might be degraded instead of being secreted if a cell is 

producing high titers of protein in a slow rate. To solve this issue, the IgG’s ER residence time might be 

increased by removal of components for the generation and recognition of the glycan signal needed for 

protein degradation (de Ruijter & Frey 2015). 

 

Figure 2 Overview of the secretory machinery, taken from (Hou et al. 2012): SRP, signal recognition particle; SPC, 
signal peptidase complex; PMT, protein O-mannosyl transferase; OST, Oligosaccharyltransferase; Ubiq, ubiquitin; 
Lect, Lectin; ALP, arginine transporter pathway; CPY, carboxypeptidase Y pathway. 



When the folding capacity of the ER is filled by expression of high amounts of heterologous 

proteins, ER homeostasis is disrupted, resulting in up-regulation of the yeast ER QC machinery. ER 

homeostasis is controlled by the unfolded protein response (UPR), a signalling pathway with basic 

features which are conserved from yeast to humans (Schuck et al. 2009). When the amount of unfolded 

proteins in the ER increases, the cells cannot fold proteins correctly (Kauffman et al. 2002). So, 

inefficient secretion can occur when multiple proteins occupy the ER resulting in high occupancy in the 

translation/translocation machinery, which might be too stressful for the cell (de Ruijter et al. 2016). To 

control the protein load, the ER may increase the rate in which proteins reach native folding state, or it 

can proceed to their degradation, leaving the ER (de Ruijter & Frey 2015). The degradation of proteins 

takes place in the cytosol, so targeted polypeptides must be translocated out of the ER. However, 

aggregated misfolded proteins may become degraded by autophagy (Braakman & Bulleid 2011). 

The protein control in the ER is most probably based on an N-glycan code of different glycans. 

The action of glucosidases and mannosidases along with the recognition of the modified N-glycans by 

specific lectins guides glycoproteins through the initial stages of the secretory pathway. The other lectins 

recognise and modify substrate proteins by association with molecular chaperones and foldases 

(Määttänen et al. 2010). 

The ER-resident protein folding and QC system mainly involves five components: molecular 

chaperones to help in protein folding (like calreticulin), enzymes (such as PDIs and cis–trans peptidyl 

prolyl isomerases (PPIs)), degradation machinery connected with ER-associated degradation (ERAD), 

signal transduction pathways associated with the unfolded protein response (UPR), and post-

translational modification enzymes responsible for glycosylation (Idiris et al. 2010). 

ERAD has several outcomes, depending on variations in the spatial organization of organelles 

and it might alter selective protein concentrations and intracellular localization (Young et al. 2011). 

ERAD is in control of the retro-translocation of critically misfolded proteins from the ER into the 

cytoplasm to be degraded by the ubiquitin–proteasome machinery (Schuck et al. 2009). In fact, during 

ERAD, misfolded proteins are delivered to the proteasome for degradation after becoming poly-

ubiquitinated and retro-translocated to the cytoplasmic side of the ER (Delic et al. 2013). So, ERAD 

requires retrograde transport of unfolded proteins from the ER back to the cytosol via the translocon for 

degradation by the ubiquitin-proteasome system (Kaneko & Nomura 2003). 

In yeast, three different ERAD pathways have been described: ERAD-L (lumen), ERAD-M 

(membrane) and ERAD-C (cytosol). So, the Doa10 complex (ERAD-C) degrades transmembrane 

proteins with defects in the cytosolic domain while the Hrd1 complex (ERAD-L and ERAD-M) are 

responsible for degrading proteins with lesions in the luminal or transmembrane domains (Delic et al. 

2013). The retro-translocation of ERAD-L substrates from the ER membrane to the cytosol is made by 

E3 ligase complex. In this case, the poly-ubiquitinated substrates become attached to the co-factors 

Rad23 and Dsk2, responsible for guiding them from the ER membrane to their receptors Rpn10 and 

Rpn13 in the 19S proteosomal subunit. The poly-ubiquitin chain is removed from the substrates by 

deubiquitinating enzymes Rpn11 and Ubp6 (Delic et al. 2013). 
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In order to have ERAD, an intact UPR is essential, since UPR regulates protein degradation 

returning the ER back to normal conditions (Kauffman et al. 2002). So, when there is inactivation of the 

UPR, cells cannot adjust their levels of ER chaperones according to their needs and are unable to 

maintain ER homeostasis. An important part of an effective UPR is to alleviate the ER stress by ER 

membrane expansion. Since increasing ER volume lowers the concentration of folding intermediates, 

aggregate formation is avoided and proteins have more time to fold (Schuck et al. 2009). As a result, it 

is consensual that immunoglobulin aggregation has less probability to occur in a diluted ER environment 

which is less sensitive to the effects of chaperone overexpression (de Ruijter et al. 2016). 

The UPR is defined as a global cytoprotective signalling cascade since it transcriptionally 

up-regulates genes encoding ERAD components, chaperones and oxidoreductases (Young et al. 2011). 

As a result, QC is achieved by mechanisms that include up-regulation of ER chaperones and 

down-regulation of protein translation (Määttänen et al. 2010). Not only does the UPR increases the 

secretory pathway’s capacity, but it also clears unwanted proteins. UPR also prevents damages in the 

cell by activation of oxidative stress response genes due to the reactive oxygen species formed by 

increased disulphide bond formation activity. Since glycosylation is essential for proper folding of many 

proteins, glycosylation processing elements of the ER and Golgi are also upregulated. Finally, both 

trafficking components used in COPI, COPII or post-Golgi vesicles and metabolic pathways for lipid and 

inositol are upregulated (Hou et al. 2012). 

Interestingly, the unfolded protein response can be quickly triggered by disruption of disulphide 

bonding with a reducing agent such as Dithiothreitol (DTT) (Määttänen et al. 2010). Contradictory, for 

antibodies, the unfolded protein response may be reduced by disrupting the hydrophobic areas at the 

border of variable and constant domains, contributing to a better antibody folding as well as antibody 

secretion (Xu & Robinson 2009). To improve protein production yields, the recombinant protein folding 

capacity of the yeast endoplasmic reticulum becomes an interesting cell engineering target (Idiris et al. 

2010; Hou et al. 2012). So, it is important to focus on improving the trafficking between different 

organelles inside the yeast so that it will result in the enhancement of protein secretion. Improved protein 

secretion might be achieved by controlling protein folding in the ER, which controls the flux in the 

secretion pathway, and, for this reason, there is the need to manage over-expression of chaperones 

(Hou et al. 2012). 

Additionally, the protein folding might be promoted of protein degradation either by using small 

molecules (co-factors) to stabilize the protein structure or by using higher concentrations of folding 

factors in the ER. The intermediate might be protected from ERAD as well as it can avoid secretion by 

binding of folding intermediates to the ER-resident proteins (calnexin, calreticulin, Kar2 or PDI) 

(Braakman & Bulleid 2011). For efficient IgG assembly, more than containing folding factors from all 

these classes in the ER, it is important to evaluate if their levels and stoichiometry are adequate (de 

Ruijter et al. 2016). 

The post-translational folding might be increased when folding factors intervene since they delay 

folding, preventing co-translational undesired interactions. Thus, the co-expression of chaperones and 

the desired protein as well as the increase in the ER size both contribute to improve protein folding. As 



stated before, a protein is sensitive to conformational changes when it is influenced by chaperones and 

folding enzymes (Braakman & Bulleid 2011). The Pmt1/Pmt2 complex, apart from its 

mannosyltranferase activity, functions as a chaperone, targeting misfolded proteins to ERAD. In 

particular, S. cerevisiae possesses the Pmt proteins subdivided in three subfamilies: the PMT1 family 

(Pmt1 and Pmt5), the PMT2 subfamily (Pmt2 and Pmt3), and subfamily PMT4 (Pmt4 only) (Delic et al. 

2013). 

Regarding Kar2, it regulates the unfolded protein response and also contributes to ER calcium 

storage since it is responsible for certain functions of the ER: gating the translocon, folding nascent 

proteins, targeting misfolded proteins for degradation (Idiris et al. 2010). Besides, Kar2 prevents protein 

secretion when it binds to proteins for too long, since this retains the substrate in the ER and triggers 

ERAD. Most importantly, Kar2 might also have a role in preventing aggregation of unfolded proteins 

(Delic et al. 2014). Kar2 is also associated with the solubilisation of folding precursors, stabilization of 

unassembled protein subunits and, lastly, it helps redirecting misfolded polypeptide chains to the cytosol 

for ubiquitin-labelling (Gasser et al. 2008). As a result, the overexpression of this chaperone alone can 

influence negatively expression levels, and so, prevents higher levels of secreted foreign proteins 

(Gasser et al. 2008). 

One of the major bottlenecks during protein folding is the formation of disulphide bonds. PDI, a 

multifunctional protein from the ER lumen, is responsible for catalysing disulphide bond formation, during 

oxidative folding, and isomerization of incorrectly folded disulphides in all non-native proteins and 

peptides (Delic et al. 2014; Gasser et al. 2008). PDI binds directly to the peptide and is responsible to 

oxidize, reduce and isomerize disulphide bonds, being the primary oxidant of cysteine thiols in the ER. 

Since it is known to be at an equilibrium between both oxidized and reduced states, in vivo, PDI is able 

to work not only in the oxidation of nascent chains but also in the reduction of terminally misfolded 

proteins for ERAD (Määttänen et al. 2010). 

Before the folded protein leaves the ER for the Golgi, there is a QC sensing system to evaluate 

the structures which have been formed. This system relies on protein chaperones to ensure the correct 

folding of polypeptides along the pathway, although these also help to remove terminally misfolded 

proteins from the ER. For instance, this happens when a Kar2 protein binds exposed hydrophobic 

stretches of amino acids (Hou et al. 2012). The first requirement for exiting the ER is the release of the 

protein from resident ER chaperones and folding enzymes. In the ER, all the small molecules stay, 

including folding intermediates, misfolded aggregated proteins, assembly-competent oligomer subunits 

and orphan subunits of hetero-oligomers (Delic et al. 2013). 

 

1.4. Post-ER protein pathway 

In post-ER compartments of the secretory pathway, there are different bottlenecks where 

engineering can be used to enhance recombinant protein production yields. First, ER stress might be 

reduced by emptying the ER due to increased vesicular transport towards its exit. Then, another target 

for post-ER secretion engineering is Pmr1, which is a transmembrane Ca2+-ATPase located in the Golgi. 



9 
 

Not only does Pmr1 maintain the high Ca2+ concentration of the Golgi apparatus, but it is also essential 

for ion homeostasis in the ER of yeast. Another bottleneck, in the later secretory pathway, occurs when 

certain proteins are directed from the Golgi apparatus to the vacuole/lysosome for proteolytic 

degradation (Doerner et al. 2014). 

The correctly folded proteins approved by the ER’s QC systems are concentrated into 

membrane enclosed vesicles to move from ER to the Golgi apparatus. For delivering the correctly folded 

proteins to the ER-to-Golgi intermediate compartment and the Golgi apparatus, cargo receptors 

concentrate at ER exit sites and form COPII-coated transport vesicles (Braakman & Bulleid 2011). COPII 

vesicles transport correctly folded proteins to the Golgi and COPI vesicles allow retro-transporting to 

cis-Golgi and ER (Delic et al. 2013). 

Golgi quality control in yeast relies on cargo sorting, due to post-ER QC and lysosomal 

degradation (Määttänen et al. 2010). The vesicles might keep their coat until they reach the Golgi in a 

process of vesicle docking. Another class of proteins named Rabs, which regulate membrane trafficking 

through the interaction with defined effectors, controls vesicle docking (Delic et al. 2013). 

In ER exit sites or transitional ER sites (tER), localised in the ER membrane, takes place the 

process of sorting and concentration of cargo proteins in COPII-coated vesicles. This compartment sorts 

cargo not only to Golgi or back to the ER but also to an endosomal compartment that allows secretion 

of proteins while avoiding the Golgi (Braakman & Bulleid 2011). In fact, the COPII coat binds only 

proteins with a correctly remodelled Glycosylphosphatidylinositol anchor through the p24 complex and 

the same complex transports back proteins which escaped the ER (Delic et al. 2013). 

SNAREs are proteins necessary for the fusion of the vesicle at the target membrane. 

Considering the position of the protein, SNARE proteins are separated into v- (vesicle membrane) and 

t- (target membrane) SNAREs, although sometimes one protein can act in a “v” and other times in a “t” 

position. In S. cerevisiae, proteins leave the ER membrane from many small tERs which are distributed 

on the overall ER, since it lacks discrete tER sites and cargo. According to the structural differences at 

tER sites pointed out by (Delic et al. 2013), if there is a reduction in the number of tER sites and an 

increase in tER dimension, by the growth of S. cerevisiae cells under glucose depletion, it is possible to 

inhibit the secretion pathway . This fact is especially important to understand the reason for using 

glucose as a repression agent of IgG production in yeast. 

Finally, the exocyst, which is localised at defined plasma membrane regions, sends post-Golgi 

secretory vesicles to the plasma membrane. This process is termed exocytosis and consists of using 

the exocyst to direct secretory vesicles to the appropriate membrane. Through an interaction of 

v-SNAREs (Snc1/2 proteins) and t-SNAREs (Sso1/2p and Sec9p), it is possible to fuse the secretory 

vesicle with the plasma membrane, releasing the cargo proteins to the extracellular space (Gasser et 

al. 2008). As a result, Sec1/Munc18 family proteins help in membrane fusion mediated by SNARE 

proteins (Delic et al. 2014). In S. cerevisiae, the exocyst is localised at the tip of the growing bud and at 

the mother bud neck, during cytokinesis. The transport of secretory vesicles from the trans-Golgi 



network to the plasma membrane occurs along actin filaments using the type V myosin motor, Myo2 

(Delic et al. 2013). 

 

1.5. The grounds for targeting the protein pathway 

The targeted proteins for secretion might suffer accumulation or intracellular retention if there is 

inefficient traffic or missorting. This is the reason why the genetic optimization of the protein secretion 

pathway is needed (Idiris et al. 2010). For instance, due to formation of large aggregates in the ER and 

vacuolar-like organelles, S. cerevisiae was previously seen as an inadequate host for scFv production 

(Frenken et al. 1994). 

In order to target the protein flow from the cytosol to the Golgi apparatus, after leaving the ER, 

it is important to consider the cleavage sites in the signal sequence. In fact, it is known that the signal 

peptides contain both a pre-cleavage site, which is eliminated in the ER, and a pro-cleavage site, which 

is processed in the Golgi apparatus, during protein trafficking (Idiris et al. 2010). The trafficking of a 

secreted protein is dependent on the prepro leader sequence of the signal sequence. 

On the one hand, the pre-sequence is responsible for entrance into the ER, determining if there 

will be co-translational translocation or post-translational translocation. On the other hand, the pro-

sequence controls the sorting mechanisms in the trans-Golgi. Since it is impossible to predict 

beforehand the best leader sequence for efficient secretion of a certain protein, it is often required to 

experiment different leaders and their effects on protein secretion (Hou et al. 2012). 

One leader sequence currently studied for directing recombinant proteins for secretion is the S. 

cerevisiae α-mating factor prepro leader. This signal sequence is translocated post-translationally and 

depends on cytosolic chaperones to keep the nascent polypeptide soluble. Afterwards, it is necessary 

to bring the nascent polypeptides through the pore Sec61 translocon into the ER, by using chaperones 

like Kar2 and the co-chaperones Lhs1, Sil1 and Sec63 (Delic et al. 2014). 

In the case of transformed yeast to produce IgGs, the alpha-factor prepro peptide leader 

sequence must be fused to both antibody chains. The alpha mating factor 1-prepro signal (mat alpha), 

which precedes a Kex2p recognition site for cleavage, is a secretory leader composed by the “pre” 

region and the “pro” region (prepro-α-factor). The “pre” region is made of its first 19 residues, which 

have the role of targeting the nascent polypeptide to the ER. Supposedly, proteins are translocated 

post-translationally when under the direction of the mat alpha. The “pre” sequence is cleaved by signal 

peptidase and the protein becomes attached solely to a small molecular weight pro-protein, when it is 

extruded into the ER. Then, the “pro” sequence suffers N-linked glycosylation in three asparagine 

residues (Rakestraw et al. 2009). 

The “pro” region, which is a sixty-six-residue following the signal sequence, is removed in the 

late Golgi by the Kex2 endoprotease, before bringing the mature protein to the cell surface (Fitzgerald 

& Glick 2014). As a result, scientists observed that the production of a mature protein might be increased 

by the overexpression of the Golgi associated endopeptidase Kex2p, which cleaves the pro-peptide 
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from the protein (Huang et al. 2014). Interestingly, the late secretory processing is facilitated by the “pro” 

region, including the process of COPII vesicle sorting and vacuolar targeting (Rakestraw et al. 2009). 

Previous works have been using the App8 signal sequence, with and without mutated A22V, 

which corresponds to a change in the residue alanine 22 to valine, of the early “pro” region. When 

compared to wild type (WT) cells, the App8 leader is responsible for bringing the total protein from the 

intracellular forms to the supernatant. The App8 leader achieves enhanced activity only through the 

A22V mutation, although this improvement requires other mutations. In comparison to the non-mutated 

App8 leader, an App8 mutation has relatively less pre-Kex2 intermediate, revealing a secretory 

bottleneck. In mutated A22V, when the “pro” region is cleaved, Kex2 cleavage efficiency reduces, 

leading to the trafficking of the proteins to the surface (Rakestraw et al. 2009). 

 

1.6. The importance of glycosylation in protein folding 

Glycosylation is a major step for most of all secreted proteins. The biosynthesis of glycoproteins 

begins in the ER but only ends at the Golgi apparatus. On the one hand, the ER as well as the cytosol 

are both responsible for the first three steps that lead to the proper folding and oligomerization of 

glycoproteins: synthesis of the polypeptide and the core oligosaccharides, glycan and polypeptide 

covalent coupling and initial modification of the glycans. On the other hand, the Golgi complex is in 

charge of further modification of the N-linked glycans (Helenius & Aebi 2004). 

N-glycosylation begins when the lipid carrier dolichyl pyrophosphate assembles the 

oligosaccharide precursor N-acetylglucosamine (Glc3Man9GlcNAc2), not only at the cytosolic but also at 

the luminal side of the ER membrane (Figure 3). The glycosylation process starts during translocation 

by folding the protein in order to protect it from proteases, contributing to QC (Hou et al. 2012). Mammals 

and yeasts have a common initial processing of the N-glycan (Figure 3), which is divided into several 

steps: the assembly of the core oligosaccharide, its transfer onto the protein and an α-1,2-mannosidase 

activity (mannosylation) from the endoplasmic reticulum (Gerngross 2004). 

N-linked glycans are added to proteins en bloc in the lumen of the ER as presynthesized 

oligosaccharides. By the action of monosaccharyltransferases, monosaccharides are added to a lipid 

carrier (dolichol pyrophosphate) in the ER membrane, leading to the core glycan. After the addition of 

Figure 3 Overview of yeast and mammalian N-linked glycosylation pathways, taken from (Piirainen et al. 2014). 



seven sugars on the cytosolic surface, the sugar moiety is translocated into the luminal side, by a 

bi-directional flippase, and an α-1,2 linked glucose residue is added (Helenius & Aebi 2004). Then, 

oligosaccharyltransferase (OST) complex transfers the precursor to the asparagine residue of the 

N-glycosylation recognition sequence (Figure 3). The OST complex recognizes the substrate taking into 

account its terminal α-1,2 linked glucose residue, enabling Glc3Man9GlcNAc2 transference (Delic et al. 

2013). Afterwards, yeast performs mannosylation of the N-glycan in the Golgi (Piirainen et al. 2014). 

As stated previously, the dolichol lipid-linked oligosaccharide (LLO) biosynthesis pathway is 

common to mammals and yeasts. This pathway generates a Glc3Man9GlcNAc2 structure which can be 

transferred onto the protein by the OST complex. As a result, scientists developed modified pathways 

in yeast by changing the LLO biosynthesis pathway, by using the activity of an α-1,2-mannosidase in 

the ER lumen or by combining both of them (Piirainen et al. 2014). 

For instance, to create the substrate for GnTI and GnTII, Man3GlcNAc2, Nasab et al. 

reengineered the LLO biosynthesis pathway. In this way, they used a S. cerevisiae strain to produce a 

monoclonal antibody that contained a human-like N-glycan structure. With this work, they detected 

substantial amounts of non-modified Man3GlcNAc2, reaching the conclusion that the activities of GnTI 

and GnTII are rate limiting when overexpressing a glycoprotein. However, the manipulation of LLO 

biosynthesis reduces the efficiency of glycosylation (Nasab et al. 2013). Furthermore, a deficient LLO 

assembly leads to accumulation of intermediate structures as well as hypoglycosylation. 

Besides, it is possible to improve the site occupancy in the ER, either by improving flipping of 

the lipid-linked oligosaccharide into the ER lumen through the overexpression of an artificial flippase or 

by the expression of protozoan oligosaccharyltransferases (POTs). POTs have been successful used 

in the glycoengineering of S. cerevisiae, since they possess distinct specificities for the LLO and the 

glycosylation site which increase N-glycosylation efficiency (Piirainen et al. 2014). 

Although, in the Golgi of both yeasts and mammals, exactly the same glycan structure arrives 

there, the protein will be directed to significantly different subsequent pathways (Piirainen et al. 2014). 

The yeast mannosylation forms two different glycan structures: hypermannosylated glycans and 

smaller, core-type N-glycans. In S. cerevisiae, Golgi glycosylation depends on mannosyl tranferases 

and, so, when proteins enter the Golgi, N-glycans obtain a single α-1,6 mannose in the α-1,3 mannose 

of the trimannosyl core by Och1 (Delic et al. 2013). In hypermannosylated glycans, M-Pol I and M-Pol 

II are two mannan polymerase complexes used to further elongate the outer chain with α-1,6 mannoses. 

The branching of the α-1,6 chain occurs after addition of α-1,2 mannoses by Mnn2p and Mnn5p. Then, 

Mnn1p adds α-1,3 linked mannose residues to terminate the branches (Piirainen et al. 2016). 

Yeasts produce hyper-mannosylated glycans, which implies that they do not continue to trim 

the Man8GlcNAc2 glycan in the Golgi. Consequently, it is crucial to prevent hypermannosylation in yeast 

which means that this first mannose cannot be added to initiate the outer-chain (Hamilton & Gerngross 

2007). Besides, mammalian cells produce more complex N-glycan structures, which depend on rare 

monosaccharides for yeast N-glycans, like fucose, galactose and sialic acid. As a result, the 
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humanization of yeast glycosylation also relies in the transfer of sialic acid onto terminal β-1,4 galactose 

sugars of complex glycoproteins (Hamilton & Gerngross 2007). 

Considering the fucose residue attached to the core of the N-glycan on the binding of the 

antibody to the fragment crystallizable region (Fc) receptor, it has an important role in the activation of 

the antibody-dependent cellular toxicity (Piirainen et al. 2014). Without glycosylation, there are no 

efficient interactions with Fc receptors or effector functions mediated by them (Sethuraman & Stadheim 

2006). So, the therapeutic performance of human proteins depends not only on the structures of 

individual glycans but also on the number of N-glycans (Piirainen et al. 2014). 

To conduct glycoengineering, yeasts have N-linked mannose-rich glycosylation systems, 

different from systems existent in the mammalian cells, which implies that they might not be quite 

adequate for production of therapeutic human antibody (Lee & Jeong 2015). This might be an obstacle 

in the production of complex glycoproteins in yeast, since their systems rely on both N- and O-linked 

high-mannose-type glycans, which are immunogenic in humans. Additionally, in higher eukaryotes and 

in mammals, occurs tyrosine O-sulphation, which cannot be done by yeasts (Durocher & Butler 2009). 

Nevertheless, it is possible to use yeasts to produce antibody fragments that do not need to be 

glycosylated and do not have Fc. Besides, the current advances on glycoengineering of yeasts allowed 

production of human-like glycosylated IgG in yeasts (Lee & Jeong 2015). 

Although N-glycosylation is very different from species to species, it is crucial for protein folding, 

solubility and stability. As a result, both the proper folding of a protein and its glycosylation will have an 

impact on its functions, namely in vivo activity, serum half-life and immunogenicity (Helenius & Aebi 

2004). As a result, since glycosylation is determinant for the function of many therapeutic proteins, the 

control of glycosylation helps to improve therapeutic function (Gerngross 2004). Thus, antibodies will 

only have functions when glycosylated, and so, the functions of an antibody will influence the choice of 

the best host. For this reason, the development of new cell factories, with even more potential, needs 

to be continued in order to achieve better production yields (Lee & Jeong 2015). 

As it was previously stated, the attachment of glycans to the peptide affects its conformation, so 

the final protein might not be the correct one, if there is inadequate glycosylation. For instance, proteins 

suffer misfolding of the polypeptide and intracellular retention, when scientists use mutagenesis to 

remove potential glycosylation sites (Braakman & Bulleid 2011). Thus, the optimization of the 

biosynthetic pathway is crucial to avoid incomplete N-glycosylation, so it is necessary to manipulate not 

only the flow of lipid-linked oligosaccharide but also the process in which the oligosaccharide is 

transferred from the donor lipid onto the protein. This manipulation might include the enhancement of 

the glycan quality by overexpression of appropriate glycosyltransferases which affect the 

oligosaccharide structures. Additionally, one can increase the homogeneity of native structures or 

introduce non-host cell residues specialized in glycan quality and function (Andersen & Krummen 2002). 

The glycoengineered yeast strains will definitely impact the biopharmaceutical production of 

human glycoproteins (Idiris et al. 2010). In fact, glycan uniformity can be achieved in engineered yeast 

cells so that they can secrete glycoproteins in a way that mammalian cell culture cannot produce. By 



using glycoengineered yeasts, scientists control the glycosylation of the final product and as a result 

they may improve therapeutically relevant characteristics (Gerngross 2004). Success was achieved in 

a recent work since a strain forming complex-type glycans with a significantly improved homogeneity 

was obtained, after combining the expression of a UDP-N-acetylglucosamine transporter with the MNN1 

deletion (Piirainen et al. 2016). 

 

1.7. Strain selection, genetic engineering and growth conditions 

The selection of a yeast strain to be the host for human antibody production depends on its 

suitability for the process being studied, namely its efficiency of transformation and productivity. Thus, 

the aspects that should be considered include the expression level of a recombinant protein, the cellular 

growth rate and even the proteases in activity. It matters not only the choice of an appropriate host strain 

as well as its mutations, but also the choice of the appropriate expression plasmid or even the induction 

media to be used. 

1.7.1. Selecting the background strain and the working conditions 

Over the years, scientists tried to overcome bottlenecks in the yeast secretion system as new 

approaches have been developed, allowing to gather systematic information in a genome-wide level. 

Currently, the strategy for yeast secretion engineering is the systematic modification of secretion 

pathways by the optimization of both the clones’ genetic information and the fermentation conditions 

(Idiris et al. 2010). Several cellular engineering strategies can be considered, for the enhanced 

production in yeast, namely: the use of strong promoters, signal peptides, and codons preferred by the 

host for efficient gene expression, and the improvement of folding/assembly of antibodies by assistant 

systems, such as foldases, molecular chaperones, among others (Jeong et al. 2011). 

In order to obtain comparable results, it is usually recommendable to choose a specific parental 

background strain which has been used either in previous studies or in industrial applications. The 

selection of the appropriate background strain (BJ3500, W303, SS328, etc.) to be used as a host for 

recombinant protein production must consider not only its susceptibility to be transformed by the most 

used methods but also its growth rate as well as the special media required for protein secretion in the 

desired folding state and purity, which means that it is crucial to control pH and ionic forces. 

The expression of cloned genes in the yeast can depend on one of two vectors: episomal 

vectors, which proliferate extrachromosomally, and integrating vectors, whose chromosomal integration 

depends on homologueous recombination. In order to separate the growth from the induction phase, 

the promoter must be carefully regulated, especially when expressing toxic proteins which might kill the 

host. In addition, this regulation contributes to a reduction on the cells’ metabolic load and avoids 

selection of low expressing plasmids. The design of the plasmids to be transferred to the yeast should 

eliminate all non-coding sequences in the 5’ end, since the high G contents in the 5’ untranslated region 

as well as certain secondary structures may inhibit the initiation of translation (Verma et al. 1998). 
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Another approach to regulate the recombinant protein secretion is related to the messenger 

Ribonucleic acids (mRNAs) encoding secreted proteins, which are rapidly down-regulated if there is ER 

stress, in a mechanism which is called repression under secretion stress. This possibly works at the 

transcription level, since it depends on the promoters of the genes encoding the desired proteins 

(Gasser et al. 2008). 

In the expression of heavy and light chains (HC and LC, respectively) using prokaryotic 

organisms such as E. coli, scientists employed the PhoA promoter, which functions during long-term 

cultivation although it is inducible by phosphate starvation, and examined several translation initiation 

regions in addition to different polycistronic expression systems. It is possible to affect antibody secretion 

by fusion of a protein related to one of three pathways: the SEC-dependent pathway, the SRP pathway 

and the twin-arginine translocation (TAT) pathway (Jeong et al. 2011). 

In yeasts, such as Pichia pastoris (P. pastoris), promoter AOX1 is the most frequently used as 

well as the strongest, being its induction controlled by alcohols like methanol. Yet, the production of 

slowly folding antibodies might require another weaker promoter such as GAP, and so, these are not 

secreted under the strong AOX1 promoter. Thus, antibodies might be misfolded when under strong 

promoters’ overexpression influence, leading to lower production yields due to cell stress responses. In 

order to improve protein folding, one could co-overexpress folding assistants, such as chaperons or 

foldases, or a combination of two different foldases and chaperones (Jeong et al. 2011). 

For rapid induction, the antibody production in S. cerevisiae depends on galactose-inducible 

promoters (GAL1), which are induced by the addition of soluble galactose, after the cells have been 

grown overnight using raffinose as a non-repressing carbon source (Young et al. 2011). These 

promoters are also repressed by the presence of glucose which shifts the cellular metabolism leading 

to the end of antibody expression. So, that raffinose was the carbon source used, since glucose inhibits 

antibody expression and, therefore, its production. Since raffinose is a poorly fermentable carbon 

source, mitochondrial respiration is in charge of the energy production (Guaragnella et al. 2013). 

 

1.7.2. Genetic engineering and its effects in protein secretion 

The strain engineering for protein secretion is currently focused on four main topics: engineering 

of protein folding related to the QC system in the ER, engineering of the intracellular pathway for protein 

trafficking, engineering of the post-secretory mechanism to minimize proteolytic degradation, and 

engineering of post-translational glycosylation (Idiris et al. 2010). In order to improve the secretion’s 

yield and efficiency, it is crucial to explore the secretion pathway and choose the best combination of 

molecular techniques, namely: engineering signal sequences, optimizing the ER folding environment, 

interfering with vesicle transport and reducing protease activities (Hou et al. 2012). 

The transcriptional analysis of S. cerevisiae revealed that Hac1 regulates up to 330 genes, 

which belong to the functional groups of secretion or the biogenesis of secretory organelles (ER-resident 

chaperones, foldases, components of the translocon, etc.). Interestingly, Hac1 induces genes encoding 

proteins involved in protein degradation, vesicular trafficking, lipid biogenesis and vacuolar sorting 



(Gasser et al. 2008). Overexpression of Hac1, a transcription factor of the general UPR, might facilitate 

the expression of PDI in a cell, increasing the levels of antibodies’ production (Jeong et al. 2011).  

In previous studies of Hac1 expression in S. cerevisiae, an increase was noticed in the secretion 

of α-amylase as well as slight increases in invertase and total protein production. At early cultivation 

time points, the known UPR target gene BiP increased expression due to Hac1 overexpression. So, 

UPR improves secretion since it not only enhances the misfolded proteins’ folding but also activates 

ERAD in order to reduce the level of misfolded proteins (Valkonen et al. 2003). 

In yeast response to ER stress, Ire1p mediates the expression of HRD1, HRD3 and other ER 

stress-induced genes. Both these proteins intervene in the ERAD system, being Hrd1p a ubiquitin ligase 

in the ER membrane, which is induced by the UPR, and Hrd3p interacts with and stabilizes Hrd1p. 

Hrd1p and Hrd3p contribute to the degradation of unfolded proteins accumulated in the ER and, thus, 

when they are up-regulated by the UPR, they protect cells from the ER stress (Kaneko & Nomura 2003). 

The perfect gene selection method should rely on a wide screening approach to choose the 

clone with increased secretion. Because of several mutations introduced in the cells, it is possible to 

assess the effects of certain genes in the protein secretion pathway as well as its titers. The studied 

mutations affect mainly the ER system or the protein transport system in vesicles, moving them towards 

an increased permanence in the ER, to diminish the amount of proteins degraded, or allowing increased 

protein secretion. 

Interestingly, when there is overexpression of the S. cerevisiae syntaxins, Sso1 or Sso2 

proteins, it is possible to increase production of the secreted proteins. In fact, both Sso1 and Sso2 are 

t-SNAREs which can collaborate in the targeting and fusion of the Golgi-derived secretory vesicles to 

the plasma membrane. In addition to Ssop, other key components of the secretory machinery might be 

overexpressed with a similar enhancing effect on protein secretion (Ruohonen et al. 1997). 

In S. cerevisiae, it is also possible to interfere with the protein secretion by the overexpression 

of two other genes involved in vesicular transport: SLY1 and SEC1. Sly1p is involved in both 

anterograde transport from the ER to the Golgi as well as retrograde transport from the Golgi back to 

the ER. So, its overexpression results in increased transport from ER to Golgi by the production of the 

Golgi membrane t-SNARE protein. SEC1 is a protein involved in docking and fusion of exocytic vesicles, 

binding to assembled SNARE complexes at the membrane and stimulating membrane fusion. Upon 

overexpression of this protein, protein secretion increases due to the production of the plasma 

membrane t-SNARE protein. 

Another mutation currently studied in S. cerevisiae is the deletion of yos9 gene, which encodes 

for Yos9 protein, an intervenient protein in the ERAD response of cells. When a misfolded protein has 

a lesion, it binds to Hrd3, in the ER lumen, and the Hrd/Der ligase complex is recruited. Yos9, which 

belongs to Hrd/Der complex, is a lectin responsible for the recognition of the N-glycan signal of misfolded 

proteins, functioning as a gatekeeper for their degradation in the cytoplasm. So, Yos9 accelerates 

degradation of the glycosylated and non-glycosylated proteins by the ERAD, meaning that its deletion 

will imply less degradation of the (“mis”)folded proteins (Martinez Benitez et al. 2011). 
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In yeast, there might be a vacuolar accumulation of secretory proteins, when there is a 

missorting pathway of a Vps10p-mediated Golgi-to-vacuole protein. The positive effects of the vps10 

deletion on heterologous protein secretion have been reported in S. cerevisiae. For this reason, when 

targeting proteins inside the cells, this is a mutation that is worth to study and compare. However, due 

to the alkaline phosphatase pathway, another vacuolar sorting pathway, it is hard to block completely 

the vacuolar missorting pathway by simply deleting vps10 (Idiris et al. 2010). 

Moreover, a gene being homologous does not necessarily mean that it controls the same 

biochemical process in two different species (Delic et al. 2013). Regarding random mutations, one 

should consider the existence of silent substitutions of rare codons, related to a shortage of amino acyl 

tRNA and its subsequent substitution for an abundant codon or vice versa. Although these mutations 

maintain the protein sequence, they may affect its functional structure (Braakman & Bulleid 2011). 

Nevertheless, gene deletion should never be the only optimized factor when a yeast is being 

engineered to increase secretion, since the growth state of the culture may also have an impact on 

recombinant protein production. A few studies have shown that different systems might have both 

growth-associated and inverse growth-associated production (Andersen & Krummen 2002). Gene 

regulation varies substantially among yeast species, therefore it is important to know the exact 

machinery of a cell to control in order to achieve both its needs and the desired heterologous protein 

secretion (Delic et al. 2013). In the bottlenecks of the secretion pathway, misfolded proteins accumulate 

due to the high-level expression. So, the secretion pathway has to be engineered in order to obtain 

higher yields of recombinant proteins without accumulation of misfolded proteins (Hou et al. 2012). 

 

1.8. State of the art in antibody application and production 

Since antibodies are extremely specific for targeting certain molecules, they constitute attractive 

therapeutic and diagnostic reagents (Verma et al. 1998). In the case of monoclonal antibodies, these 

can be used either for diagnosing certain conditions or as a medicine for various diseases, including 

cancer. In fact, the treatment of cancer using antibodies includes haematological malignancies and solid 

tumours, becoming increasingly important over the past 20 years. Their therapeutic properties depend 

on the regulation of antigen or receptor function, on the modulation of the immune system or on the 

delivery of a specific drug attached to an antibody, which binds to a specific antigen (Scott et al. 2012). 

When compared to surgeries, these therapies might be less invasive and can target more accurately 

the cancer cells. 

Antibodies are complex structures whose specific regions are responsible for certain functions. 

Immunoglobulins G, whose structure is represented on Figure 4, are antibodies composed by two 

identical HC polypeptides and two similar LC polypeptides (Joosten et al. 2003). At the N-terminal part 

of the antibody molecule, there are the variable domains of the HCs and LCs (VH and VL) which possess 

variable amino acid sequences. Regarding the constant domain, Fc, which is the non-antigen binding 

part of an antibody, is responsible for several immunological functions, including binding to receptors 

and complement fixation. 



The existence of disulphide bridges and non-covalent bonds keep the β-barrels of the HC and 

LC together (Joosten et al. 2003). To correctly fold the full IgG molecule, the HC needs the LC, whereas 

the LC can be secreted separately (Feige et al. 2010). Thus, efficient secretion of fully folded IgG 

molecules is improved when a constant availability of LC is ensured in the cells. The whole IgG tetramer 

must fold before secretion from cells and after assembling its two LCs, which consist of two structurally 

similar IgG domains, together with its two HCs, which are composed by four similar parts (Braakman & 

Bulleid 2011).  

Due to the interaction of HCs with Kar2, they might get trapped in the ER and, for this reason, 

the folding of the HC is critical to allow secretion. For the correct folding and secretion of the CH1 domain 

of the variable part of the HC, it is necessary to have disulphide bond formation, CL assembly, proline 

isomerization and interaction with Kar2 (Braakman & Bulleid 2011). In the folding of full-length 

antibodies, the rate-limiting step is the isomerization of certain proline residues by PPIases (Feige et al. 

2010). In general terms, ATP hydrolysis offers stability to chaperones like Kar2, since this protein binds 

through low-affinity interactions to the hydrophobic regions of future proteins, in an ATP-bound state 

(Braakman & Bulleid 2011). The regulatory activity of Kar2 depends on its prolonged association with 

misfolded mutant proteins, while it also connects to nascent chains immediately and transiently upon 

synthesis (Määttänen et al. 2010). 

The large-scale production of antibody fragments and antibody fusion proteins can rely not only 

on E. coli but also on several eukaryotic systems, namely mammalian cells, insect cells, plants, 

transgenic animals and lower eukaryotes such as yeast (Joosten et al. 2003). Probably the simplest 

antibodies that can be produced are the monoclonal antibodies, whose production is ensured by 

recombinant mammalian cell lines, the most traditional cell line to produce human antibodies. In 2006, 

monoclonal antibodies achieved concentrations higher than 5 g/L, in mammalian cells (O’Callaghan et 

al. 2010). Normally, in comparison to yeast cells, the mammalian cells take longer (a few weeks or even 

months instead of a few days) to reach high titers. 

In E. coli, there is a limited capability in generating functional antibody fragments, as the ones 

presented in Table 1. As a result, only when there is co-expression of chaperones and isomerases, is it 

possible to secrete functional antibody fragments into the bacterial periplasm (Doerner et al. 2014). For 

this reason, and since antibodies are complex multimeric proteins, E. coli is not their ideal expression 

Figure 4 Immunoglobulin G structure, taken from (Nelson & Cox 2005); C is a constant domain; V is a variable 
domain; H and L are heavy and LCs, respectively. 
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system. In fact, these prokaryotic cells are unable to fold properly the HCs and LCs, which must be 

exported into the periplasm. 

Table 1 Antibody production by fermentation of E. coli, according to information provided by (Jeong et al. 2011). 

Antibody Strain and specificity Promoter 
Volume 
(L) 

Yield 
(g/L) 

Reference 

F(ab’)2 25F2 PhoA 10 1-2 (Carter et al. 1992) 

scFv (Dimer)  RV308 Lac 10 4.1 (Horn et al. 1996) 

Fab UL635, and engineering of HC Trc 5 0.7 (Forsberg et al. 1997) 

F(ab’)2 W3110, a periplasmic protease mutant PhoA 10 2.45 (Chen et al. 2004) 

scFv RV308, higher plasmid copy number Pm-xylS 0.85 2.1 (Sletta et al. 2004) 

F(ab’)2 59A7, and PspA co-expression PhoA 10 1.1 (Aldor et al. 2005) 

scFv BL21(DE3) pLysS, and rare codon T7 1.0 2 (Kumada et al. 2009) 

Nevertheless, E. coli strain 33D3 was successfully used to produce full length IgG antibodies 

with titers of 150 mg/L in a 10L culture fermentation, under the influence of promoter PhoA (Simmons 

et al. 2002). In a later work, Escherichia coli strain HB2151 was used in the production of full IgG, though 

with a reduction of translation rates. This study used small scale shake cultures containing different 

concentrations of inducer, induction at different optical densities (OD600) and it was dependant on high 

or low copy expression vector (Chan et al. 2010).  

In comparison to mammalian derived IgG, the purified IgG did not lose significantly its functional 

affinity and it reached acceptable useful values. However, since E. coli derived antibodies are 

non-glycosylated, they do not present all their effector functions (Chan et al. 2010). Currently, there is 

no solution for this since it is extremely difficult to identify the glycosylation enzyme needed in each step. 

In E. coli, it is possible to secrete non-glycosylated full antibodies to the periplasm of the bacterium, with 

concentrations exceeding 100 mg/L (Birch & Racher 2006). So, in applications where glycosylation is 

not needed for biological activity, these cells might be useful. 

 Yeasts and filamentous fungi, such as Aspergillus, have also been used to produce antibodies. 

Fungi can glycosylate proteins, but the resultant structures are different from the ones existent in human 

proteins (Birch & Racher 2006). In contrast to mammalian cells, P. pastoris can produce uniform N-

glycosylation in the recombinant IgG (Lee & Jeong 2015). This is the reason why genetic engineering is 

being used to humanize the glycosylation of the yeast P. pastoris in the production of human antibodies 

(Table 2). 

Table 2 Antibody production by fermentation of P. pastoris, according to information provided by (Jeong et al. 2011) 

Antibody Promoter 
Volume 
(L) 

Yield 
(g/L) 

Specificities Authors 

scFv AOX1 2.5 4.88 Control of methanol concentration/ pH (Damasceno et al. 2004) 

scFv AOX1 6.0 3.5 Control of specific methanol uptake (Khatri & Hoffmann 2006) 

scFv AOX1 2.5 >8.0 Co-expression of BiP (Damasceno et al. 2007) 

scFv AOX1 1.0 0.81 Continuous culture (Yamawaki et al. 2007) 

Fab GAP 1.75 0.41 Co-expression of PDI (Gasser et al. 2006) 

Aspergillus niger (A. niger) can express correctly assembled full-length IgGs, with the capacity 

of binding to antigen, achieving titers around 1 g/L. P. pastoris produced the same intact and functional 

antibody but its titers were below 40 mg/l. Both A. niger and P. pastoris added high-mannose type 

structures to the glycans of the antibodies. However, human N-glycosylation is of the complex type, with 



a tri-mannose core extended with GlcNAc, galactose and sialic acid. So, upon long-term administration, 

there is fear that these nonhuman sugar structures can trigger immunogenicity in humans (Gerngross 

2004). In a later work, using glycoengineered P. pastoris, it was possible to reach improved antibody 

yield (1.4 g/L) by control of the methanol feed rate (Potgieter et al. 2010). 

In 1988, a functional mouse-human chimeric antibody and Fab protein were secreted into the 

culture medium by engineered S. cerevisiae for first time. In this case, there was co-expression of the 

mature LC gene and the HC gene or a truncated HC gene bound to the yeast invertase signal sequence 

(Horwitz et al. 1988). Single chain (Sc) antibody fragments achieved up to 20 mg/L, in one of the first 

published works in Sc antibody production in S. cerevisiae. Moreover, due to the overexpression of Kar2 

and PDI, cells could increase secretion of Sc antibody variable fragments (scFv). Not only did the 

scientists use two ER resident chaperones, but they also modified the vector system, by reducing the 

expression temperature (Shusta et al. 1998). So, the cellular response to accumulation of unfolded scFv 

protein chains depends on various changes in the ER (Kauffman et al. 2002).  

In a later work, it was noticed that the growth rate of yeast cells decreased with expression of 

scFv either using single-copy plasmids or integrating them into the chromosome. So, there is cellular 

stress when overexpressing scFv in S. cerevisiae resulting in induction of the UPR. However, at longer 

expression times, the growth rates recovered, especially for high-copy integration strains (Kauffman et 

al. 2002).  

In one of the first attempts, the full-length IgG has been secreted from S. cerevisiae in titers of 

only 50 ng/L (Horwitz et al. 1988). So, S. cerevisiae has not secreted the full-length IgG in titers sufficient 

for use as an expression host. Expressing full-length antibodies differs from the common use of Sc 

antibodies as the client protein, so for this case it is expected to display lower yields due to increased 

complexity (de Ruijter et al. 2016). 

Later, Rakestraw et al. made S. cerevisiae a productive host for the expression of full-length 

IgG. In this project, a secretory sequence was used for enhanced IgG-secretion and this sequence 

consisted of a mating factor alpha signal peptide discovered after screening a mutagenic library. 

Furthermore, these antibodies kept their binding capacity and specificities, even when expressed with 

an array of variable domains (Rakestraw et al. 2009). 

Recent developments in the production of full IgG have led to the secretion of antibody specific 

titers of 0.3 µg/mL/OD600, which is one of the higher values observed in S. cerevisiae. In this case, IgG 

production was increased by ER expansion due to opi1 deletion. Besides, the antibody secretion was 

enhanced by the PPIase Cpr5p, allowing an even higher yield in opi1 deletion strains, in comparison to 

the wild type (de Ruijter et al. 2016). 

So far, scientists have been unable to develop strains with improved secretion regardless of the 

desired recombinant protein, and so, there are not general hyper-productive strains for secretion. Due 

to prolonged residence times in the yeast ER, where the heterologous mammalian proteins stay up to 

5h, there is unwanted elimination of parts of the slow folding proteins. To overcome this bottleneck, 

there is the need to manipulate the UPR in order to improve protein production (de Ruijter & Frey 2015). 
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In fact, persistent ER stress conditions are caused by overloading or failure of the ERAD components, 

causing ultimately cell death in both yeasts and higher eukaryotic cells (Gasser et al. 2008). 

Although there have been several great advances in antibody production in yeast, there is still 

room for improvement, since the viability of the hosts needs to be investigated in a larger scale. In fact, 

cells may suffer stress reactions as well as direct loss of product when intracellular concentrations of 

misfolded heterologous proteins accumulate. This might be explained by high transcription and 

translation rates of heterologous genes which overload the secretory capacity. In addition, the use of 

multiple folding factors do not always mean higher antibody titers, since cellular growth and protein 

production might be competing for cellular resources (de Ruijter et al. 2016). To sum up, the efficiency 

of the folding, processing and secretion machinery of the host is determinant for the full IgG production 

in yeast (Gasser & Mattanovich 2007).  



2. Aim of Studies 

Antibodies are currently used in numerous therapies with an impressive impact in the human 

health. The therapeutic properties of antibodies are important for their use in the treatment of 

immunological diseases and cancer, such as breast cancer. Several recombinant hosts have been used 

to develop convenient and rentable platforms for antibody production, namely mammalian cells, E. coli 

and S. cerevisiae. This project will focus on the S. cerevisiae production of IgG cloned with the alpha 

mating factor 1-prepro signal sequence peptide, which precedes a Kex2p recognition site for cleavage. 

S. cerevisiae is an established expression system for recombinant protein production. However, 

it is recalcitrant to expression of high levels of antibodies. Taking this information into account, this work 

focused on the development of an assay to target antibody expression and secretion in yeast. With the 

developed protocol, it was possible to assess the effect of genetic engineering of the yeast. This 

comparison of strains obtained in different working conditions depended not only on the Western blot 

analysis of cell extracts but also on the quantification of intracellular and extracellular IgG antibody 

concentration by an enzyme-linked immunosorbent assay (ELISA). 

The work described was based on the background strains and techniques already existent in 

the laboratory where it was developed. The first goal was to develop and test the technique for different 

cells containing different plasmids for antibody production. These tests were important to obtain a 

protocol that could be used with consistency in S. cerevisiae strains producing different antibodies. In 

these tests, the research focused on different growth conditions (temperature and length of chase after 

addition of glucose) and different strain background strains, containing different antibodies and different 

signal sequences. 

To accomplish the objectives of the project it was also necessary to compare the effect of 

different gene mutations which affect antibody expression in yeast. It was crucial to test the same 

protocol for a specific antibody production using different background strains of S. cerevisiae containing 

several mutations and helper plasmids. For these reasons, the last experiments were developed to work 

as a targeted screen for the method validation. Using a targeted screening method which allows the 

comparison of different genes, it should be possible to enable the refinement of the ideal reporter strain 

and the continuous improvement of the screening technique.  
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3. Materials and Methods 

3.1. Generation of plasmids and strains: Yeast Transformation 

The plasmid DNA was obtained from E. coli, using the method for isolation of high-copy plasmid 

DNA from (Macherey-Nagel 2015), which relies on a NucleoSpin® Plasmid Column. 

S. cerevisiae strains used in this study were derived from parental strains SS328, BJ3500 and 

W303. SS328 was normally easier to transform, as it is a common genetic strain, whereas BJ3500 is a 

production strain and, for this reason, it was more difficult to transform. All strains were transformed with 

an antibody expression vector. The shuttle vector (pRS416-GAL) used was a low copy galactose 

inducible vector with selection markers for ampicillin and uracil, and in some cases leucine, which means 

that it can be produced in E. coli and, then, transferred to S. cerevisiae. 

The strains with plasmids pAX533, pAX534 and pAX535 had three different signal sequences 

and the same happened with strains with plasmids pAX536, pAX537 and pAX538. The HyHel (pAX536, 

pAX537 and pAX538) antibody is currently used in studies, whereas the Herceptin (pAX533, pAX534 

and pAX535) antibody is currently used in the treatment of breast cancer. Herceptin has antitumour 

activity against HER2-overexpressing human breast tumour cells as Herceptin induces HER2 receptor 

down-modulation and, as a result, inhibits critical signalling and blocks cell cycle progression by inducing 

the formation of p27/Cdk2 complexes (Albanell et al. 2003). 

The lithium acetate (LiAc) method was used for transformation of yeast cells, since it did not 

require the destruction of the cell wall. In this method, after the desired yeast has been grown overnight 

in 5mL of YPD, it was diluted to an OD600 of 0.5, in 5mL per transformation of YPD. When the cells 

reached an OD600 of at most 2.0, they were harvested, in a falcon tube, by centrifugation at 3900rpm for 

5 minutes, in an Eppendorf centrifuge 5810R. The pellet was then suspended in 30mL of sterile water 

to repeat the same centrifugation. The resulting pellet was suspended in 500µL of solution A (1xTE, 

Tris-EDTA buffer; 0.1% LiAc) and the cells were spun down for 3 minutes at 3600rpm in an Eppendorf 

centrifuge 5418. Since each transformation required 100µL of cellular suspension, the pellet was 

suspended in the desired amount of solution A. Then, 500ng of plasmid DNA, 5µL of heat denatured 

salmon sperm (10µg/mL) and 1 mL of solution B (1xTE buffer; 0.1% LiAc; 40% PEG, polyethylene 

glycol) were added to each 100µL of suspension. After inversion of the tube to mix the solutions, the 

tube was incubated at 30°C for 1 hour. Afterwards, the cells suffered a heat shock in a water bath at 

42°C for 10 minutes, being immediately cooled down on ice for 3 minutes. After spinning down the cells 

for 5 minutes at 3000rpm, they were suspended in 100µL of double distilled water (ddH2O) and plated 

on a selective medium, which was incubated at 30°C until the first transformed cells appeared. 

 

3.2. Growth and expression 

The strains were grown using raffinose as the carbon source to test the expression of the 

plasmid without any addition of glucose which would repress its expression. Precultures were inoculated 



and grown in 5mL of medium (1xSD-URA/1xSD-URA-LEU, 2%Raffinose) at 30°C, 230rpm for 17h, to 

ensure they were in the exponential phase of the growth curve. The precultures were then diluted in 

20mL of the same medium to obtain an OD600 of 0.2. Then, they were grown for at least 6h so that 

exponentially growing cells could be induced with 2% galactose and then kept at 30°C, 230rpm, for 24h. 

In one of the studies, the temperature during induction of antibody production was tested at 20°C, 25°C 

and 30°C, maintaining the remaining conditions. 

The cell extract preparation was done by a physical disruption method which used acid washed 

glass beads. The cells were spun down for 5 minutes at 5000g at 4°C, in an Eppendorf centrifuge 5810R, 

and the pellet was suspended to a concentration of 50 OD600/mL ddH2O. It should be noted that for all 

the ELISA samples it was necessary to obtain a concentration of 60 OD600/mL, to improve the efficiency 

of the method, and so the SDS-PAGE samples, collected when ELISA samples were collected, had the 

same OD600 concentration. Then, 500µL of suspension were transferred to an Eppendorf tube and spun 

down for 5 minutes at 5000rcf, in an Eppendorf centrifuge 5418. At this point, the pellets were flash 

frozen in liquid nitrogen and stored at -80°C until the following day. The resulting pellet was suspended 

in 200µL sample buffer with 1x protease inhibitor and 1 mM phenylmethylsulfonyl fluoride (PMSF). The 

solution was then transferred to an Eppendorf containing 100µL of acid washed glass beads and the 

samples were vortexed for 10 minutes at full speed in the cold room. The foam was then removed by 

spinning down the samples at full speed for 5 minutes. The supernatant was taken out to a new 

Eppendorf and the samples were boiled for 5 minutes at 65°C. 

The cell extracts were separated using SDS-PAGE, in a Bio-Rad Power Pac 200/300 

equipment, and transferred to nitrocellulose membranes from Bio-Rad, using a Bio-Rad Trans-Blot 

Turbo Transfer system. Twenty-five microliters of sample were loaded onto 12.5% and 10% Sodium 

dodecyl sulphate (SDS) polyacrylamide gel, respectively for the LC and the HC detection, and the 

electrophoresis was run in SDS-tris-glycine buffer. The recipe used to prepare the SDS-PAGE gels (both 

running and stacking gels) is attached (Attachment I). The presence of IgG was visualized using an anti-

IgG Western blot. After the addition of loading buffer and the run of proteins in the gradient gel, they 

were transferred to a nitrocellulose membrane, and then incubated overnight in 5% milk/PBT, being 

PBT a solution of Phosphate-buffered saline (PBS) containing 0.1% Tween-20. On the following day, 

the membrane was incubated with 1:4000 anti-FLAG horseradish peroxidase in 1% milk/ PBT either for 

the LC detection (α-kappa) or for the HC detection (α-IgG). Relative concentrations of the intracellular 

IgG amounts were determined by measuring signal intensities of IgG on Western blots. However, with 

these results, it was impossible to reach a comparable quantitative conclusion since there is no control 

protein loaded on the gels, that would have been always expressed in the same amount. 

 

3.3. ER clearance assay 

This ER clearance assay was based on a protocol previously developed by (de Ruijter & Frey 

2015). Precultures of the cells studied were inoculated and grown in 5mL of medium (1xSD-URA, 

2%Raffinose, 20mM NaPO4, 50µg/mL BSA) at 30°C, 230rpm for 17h (overnight), to ensure they were 
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in the same exponential phase of the growth curve. Considering that the extracellular medium was also 

analysed by ELISA, it was important to add both BSA (50µg/mL) and NaPO4 buffer (20mM, pH 6.5), 

since BSA blocked the walls of the flask preventing antibody attachment to it and the buffer maintained 

the pH constant. The precultures were then diluted in 20mL of the same medium to obtain an OD600 of 

0.2 and were grown for at least 6h to be diluted again in 50mL to a final OD600 of 0.05 and finally they 

were grown overnight. This was crucial to guarantee that the cells were all in the same phase of the 

growth curve. Exponentially growing cells were induced with 2% galactose in the following morning, 

when they reached an OD600 of 0.8-1, although sometimes the OD600 was slightly lower or higher. After 

4h of expression and cellular growth, 2% glucose was added to repress IgG production or the same 

volume of water for control samples, and then, the cells were kept in the same growth conditions. The 

cells were collected 0, 3, 6 and 18/24h after addition of inhibitor or water. The cell extract preparation 

as well as its analysis were performed in the same way as described before. 

 

3.4. Antibody titer determination 

To determine antibody titers, an ELISA was performed. ELISAs combine the specificity of 

antibodies with the sensitivity of simple enzyme assays, by using antibodies coupled to an enzyme. For 

this antibody titer determination, the cell extracts were prepared following the protocol described by 

(Gerace & Moazed 2015) in step 1 for the preparation of whole cell lysates. However, a few conditions 

were changed in this protocol, since only 100µL of glass beads were added, which corresponded to half 

of the amount of cellular suspension, and the Eppendorf tubes were always pulsed for 10 minutes in the 

cold room. 

The coating of ninety-six-well plates was done with 100μL/well of 2,1μg/mL of goat anti-human 

IgG antibody in PBS, allowing it to shake overnight at 4°C. The plates were washed five times with 

200μL of PBT and blocked for 45 minutes in PBT at 22°C with occasional shaking. PBT was used to 

prepare serial dilutions of standard antibody. Duplicates of 200µL of samples or standard antibody were 

added to the wells, and the plates were incubated for 90 minutes at room temperature while shaking. 

After incubation, wells were washed five times with 200μL of PBT. After another washing step, 100µL 

per well of goat anti-human IgG peroxidase-labelled antibody was added in a dilution corresponding to 

1:4000. Then, the plate was shaken to allow binding for 1 hour at room temperature. After incubation, 

wells were washed five times with 200μL of PBT. For detection, 80μL/well substrate solution (0.2 mg/mL 

o-phenylenediamine, 3 μL of 30% H2O2 in each 10-mL solution at a 0.05M concentration of phosphate 

citrate buffer) were added. After 8 min, the reaction was quenched by addition of 80μL/well of 3M H2SO4. 

The colorimetric reaction was detected by measuring the absorbance at 405nm using a BioTek 

Synergy2 spectrophotometer. The spectrophotometer results were analysed with Gen5 software, which 

builds a standard curve correlating the absorbance with the antibody concentration. In certain cases, a 

Hamilton Robot was used to diminish the time needed. The robot consisted of a liquid handling device 

attached to a plate mixing device as well as a spectrophotometer to measure the absorbance.  



4. Results and Discussion 

When a foreign antibody is being processed in the secretory pathway of yeast there is 

intracellular coexistence of two forms: a glycosylated pre-Kex2-pro-protein, with higher molecular 

weight, in addition to a full-length mature form. Based on this observation, it is possible to track proteins 

inside the different organelles of S. cerevisiae, since the strains were cloned with a mat alpha secretion 

signal in the promoter (Rakestraw et al. 2009). The results analysis considers the size of the fragments 

visualized in the Western blot. The immunoblot allows the targeted detection of the proteins and provides 

their approximate molecular weight (Nelson & Cox 2005). The proteins were examined under reducing 

conditions, by addition of DTT, and they were incubated with an antibody for either the LC or HC 

detection. So, when these proteins are attached to the mat alpha sequence and the antibody is detected 

by the LC, they will have a molecular weight around 35kDa, since the mat alpha sequence weighs 

around 10kDa and the LC weights 25kDa itself. The same reasoning can be assumed for the HC 

detection, considering that its own size is around 50kDa, which results in a protein with an approximate 

molecular weight of 60kDa. In parallel to the immunoblotting analysis, it is possible to perform a 

quantification of the presence of an antibody, using ELISA, which measures antibody concentration by 

a colorimetric reaction of a substrate attached to a secondary antibody that binds to the target protein. 

4.1. Preliminary studies throughout time on strain SS328 

To test the protocol of “ER clearance essay” developed, two strains obtained from strain SS328 

were tested: one transformed with pAX512 and another with pAX538. For both strains, when the glucose 

was added, a reduction in productivity was observed. In Figure 5, it is possible to observe the Western 

blot results for both strains. 
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Figure 5 Analysis of IgG expression, with (+) and without (-) addition of glucose, 4h after induction, to repress 
expression. Yeast strains expressing an antibody molecule were grown in minimal media and antibody expression 
was induced with galactose for 6 hours. Cell extracts of strain SS328 yeasts with plasmid pAX512 (A) and pAX538 
(B, C) grown at 30°C were prepared. Equal volumes (20µL) of samples were loaded to the SDS-PAGE gels. After 
separation of proteins on the gels, samples were transferred to nitrocellulose membranes and membranes were 
probed with an HRP-labelled antibody specific for the HC (A, B) and for the LC (C) of the produced antibody. Lane 
1: 0h-; Lane 2: 3h-; Lane 3: 6h-; Lane 4: Molecular weight marker; Lane 5: 0h+; Lane 6: 3h+; Lane 7: 6h+. The 
expected size of the HC and of the LC is 50kDa and 25kDa, respectively. 
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For the strain with pAX512, which contains a scFvFc fusion, faint bands can be seen which 

correspond to the unprocessed form of the protein. The results from the experiment were not completely 

expected since it was impossible to visualize the processed form of the HC and the bands observed had 

an increased molecular weight in comparison to the expected for the unprocessed form of the HC 

(60kDa). The strain with pAX512 produces a fusion protein of the variable parts of the HC and LC and 

the constant region of the HC, thus, the detected proteins must have a higher molecular weight. The 

antibody used for the detection of the LC detects only the constant region of this chain, and so, the only 

way to detect this protein is by using an antibody for the detection of the HC. 

For the strain with pAX538, it was impossible to distinguish between two different bands around 

the molecular weight corresponding to the HC. This might be justified by either the low amount of protein 

loaded on the gel which resulted in too low amount of the processed form of the protein or the resolution 

of the gel was not enough to separate both bands, since in this exceptional case proteins were solely 

separated on 12.5% SDS-PAGE gels. Besides, for the same strain, it is observed that the ER clearance 

progression is higher for the HC detection when compared to the LC 

The strain with pAX538 showed two detectable bands after the LC detection, being one more 

intense at 35kDa, corresponding to LC attached to the mat alpha signal, and the other one corresponds 

to the LC (25kDa). This observation is important to conclude that most of the proteins detected were in 

the ER, which means that the ER processing might be a real bottleneck of antibody production in S. 

cerevisiae. Since the cell extract is being focused on, it should be normal to look to a lower amount of 

protein without the mat alpha signal attached to it as it means that it is outside the ER and the Golgi. As 

the proteins completely folded and without the mat alpha sequence are secreted to the exterior of the 

cells, they should be in higher amounts in the supernatant. 

 

4.2. Studies of productivity on strain BJ3500 

The transformation of background strain BJ3500 resulted on several clones which could grow 

on SD-URA medium (Table 3). The difficulties found in transforming these cells might mean that their 

use in industrial applications is only viable if these cells can produce higher antibody titers or if their 

growth is easier, when compared with the other background strain. 

Table 3 Description of all the plasmids transformed on the background strains SS328 and BJ3500, with indication 
of the name attributed to the new clones produced 

Name Strain Plasmid Signal sequence Phenotype 

- SS328 pAX512 Mat alpha ScFvFc fusion 

- SS328 pAX538 Mat alpha 2HC+2LC (HyHel) 

YMA1 BJ3500 pAX533 App8 2HC+2LC (Herceptin) 

YMA2 BJ3500 pAX534 App8_A22V 2HC+2LC (Herceptin) 

YMA3 BJ3500 pAX535 Mat alpha 2HC+2LC (Herceptin) 

YMA4 BJ3500 pAX536 App8 2HC+2LC (HyHel) 

YMA5 BJ3500 pAX537 App8_A22V 2HC+2LC (HyHel) 

YMA6 BJ3500 pAX538 Mat alpha 2HC+2LC (HyHel) 



On the first experiments with background strain BJ3500, not all the clones were able to grow in 

sufficient amount to be diluted for the first time, according to the protocol for the “ER clearance essay”. 

The first strains tested (YMA1, YMA2, YMA4, YMA5) were analysed considering the Western blots. The 

first experiment was done with 24h of induction just to test the expression of protein, without any 

repression by glucose (Figure 6). 
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Figure 6 Analysis of IgG expression. Yeast strains expressing an antibody molecule were grown in minimal media 
and antibody expression was induced with galactose for 24 hours. Cell extracts of several strain BJ3500 yeasts 
grown at 30°C were prepared. Equal volumes (25µL) of samples were loaded to the SDS-PAGE gels. After 
separation of proteins on the gels, samples were transferred to nitrocellulose membranes and membranes were 
probed with an HRP-labelled antibody specific for the HC (A) and for the LC (B) of the produced antibody. Lane 
1/6: YMA1; Lane 2/7: YMA2; Lane 3/8: YMA4; Lane 4/9: YMA5; Lane 5: Molecular weight marker. The expected 
size of the HC and of the LC is 50kDa and 25kDa, respectively. 

The Western blots obtained, after the incubation with the α-IgG antibody for the detection of the 

HC (Figure 6) are the expected for the strains with the plasmid pAX533. In fact, two intense bands can 

be distinguished, being one around 50kDa and the other one lower than 75kDa. For the remaining cells, 

it was practically impossible to distinguish only two bands, but instead it is possible to observe several 

bands with sizes between 50kDa and 75kDa. This situation may be caused by the existence of 

degradation products of the proteins produced in addition to the fact that none of the strains tested had 

the wild type mat alpha sequence in the genome.  

The Western blots obtained after the incubation with the α-kappa antibody for the detection of 

the LC (Figure 6) agree with what was expected. In fact, we can distinguish more than two strong bands, 

being one around 25kDa and the other one around 35kDa and the remaining bands correspond to some 

degradation products. Since none of the strains tested had the wild type mat alpha sequence in the 

genome, it was also possible to observe at least three distinct bands after the detection of the LC. 

Finally, as it can be observed in Figure 6, there is a varying banding pattern for mat alpha-LC 

and mat alpha-HC proteins, since the proteins were expressed fused to different signal sequences, 

which are mutant versions of mat alpha. Thus, each mutated signal sequence presents a different band 

proportion on the blot, especially when focusing on the HC detection. 

According to the ELISA protocol described, it was possible to obtain the concentration of 

antibody (data not shown) either on the exterior (supernatant) or on the lysate (cell extract), using an 

automatized Hamilton robot. In this case, the robot was used just to confirm the possibility of using the 

ELISA method in further experiments. 
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4.3. Studies of the best induction temperature on strain BJ3500 

After some studies of “Growth and expression” performed with cells YMA6 (Attachment II), the 

experiment of “Growth and Expression” was performed for all the strains (from YMA1 to YMA6) to get 

comparable Western blot results of the antibody production after induction at three different 

temperatures (20°C, 25°C and 30°C) folllowing induction of antibody production with 2% galactose, 

obtaining the Western blots in Figure 7.  
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Figure 7 Effects of signal sequence and induction temperature on the IgG expression. Yeast strains expressing an 
antibody molecule were grown in minimal media and antibody expression was induced with galactose for 24 hours. 
Cell extracts of several strain BJ3500 yeasts grown at 20, 25 and 30°C were prepared. Equal volumes (25 µL) of 
samples were loaded to the SDS-PAGE gels. After separation of proteins on the gels, samples were transferred to 
nitrocellulose membranes and membranes were probed with an HRP-labelled antibody specific for the HC (A) and 
for the LC (B) of the produced antibody. On the left of the marker, left blot with samples at 25°C and right blot with 
samples at 20°C; on the right side of the marker, blot with samples at 30°C. The strains used were wild type 
Saccharomyces cerevisiae strains expressing IgG fused to wild type or mutated Mat alpha signal sequence: Lane 
1/8: YMA1; Lane 2/9: YMA2; Lane 3: YMA3; Lane 4/10: YMA4; Lane 5/11: YMA5; Lane 6/12: YMA6; Lane 7: 
Molecular weight marker. The expected size of the HC and of the LC is 50kDa and 25kDa, respectively. 

In this experiment, the precultures were grown for 18h. The cells were then grown for 6h until 

the induction by 2% galactose and then were grown for 24h without the addition of fresh media or 

glucose. It should be noted that the cellular growth of YMA3 preculture was too slow and, for this reason, 

the number of cells contained in 5 mL was only enough to dilute the precultures in two 20 mL flasks to 

test the production of antibody at 20°C and 25°C. However, there is clearly not enough sample to detect 

the protein produced by strain YMA3, at both temperatures. 

Regarding Figure 7 for the HC detection, it was impossible to visualize the two predicted bands 

since there was probably not enough processed protein to be detected. In what concerns to the LC, it 

was possible to visualize two distinct bands (one at 25kDa and the other one around 35kDa), being the 

strain YMA6 the only one which has only two clear bands. The other cells possess different signal 

sequences which lead to three clear and intense bands in the blots correspondent to the LC detection. 

So, strain YMA6 has a lower molecular weight protein after the HC and LC detection which is explained 

by the fact that it is the wild type mat alpha sequence, meaning that it does not have so many mutations 

in the secretion signal that could increase the molecular weight of this signal protein. 

Moreover, the unprocessed form of the LC, which has a higher molecular weight, is the one 

more abundant. This fact is in accordance to what was expected since the samples loaded were cell 

extracts and these should contain less amount of processed protein which is ready to be secreted from 

the Golgi to the exterior of the cells. Besides, as it is possible to observe, the different signal sequences 



lead to differences in the amount of secreted IgG and retained IgG. These mutations affect the 

distribution of protein between unprocessed and mature forms of the HC within the cell, since the A22V 

mutation leads to a lower amount of unprocessed protein when compared to the non-mutated App8 

signal sequence, pointing to a secretory bottleneck. The cells with A22V mutation also showed a higher 

amount of processed protein, after the LC detection, in comparison with the non-mutated App8 signal 

sequence. 

For most of the stains, it was noticed that when the temperature after induction increased (from 

20°C until 30°C), the production seems to be lower, since the bands on the right side of the marker were 

slightly less intense. To confirm the results observed on the blots, the antibody concentration was 

determined using ELISA (Figure 8), as described previously, being the data collected summarised in 

Attachment III. It should be noted that there were not enough samples to collect cells to be used in 

ELISA for the samples which cannot be seen. 

 

Figure 8 Effects of temperature after induction on the IgG expression for different signal sequences. IgG 
concentration in medium (or cell extracts) was quantified with ELISA and normalized using OD600. Strains were 
grown into the exponential phase and the IgG production was induced with 2% galactose at 20, 25 and 30°C, for 
24 hours. The strains used were wild type Saccharomyces cerevisiae strains expressing IgG fused to wild type or 
mutated Mat alpha signal sequence: YMA1 (orange), YMA2 (blue), YMA3 (yellow), YMA4 (green), YMA5 (grey) 
and YMA6 (red). Light colours and yellow correspond to the extracellular IgG concentration and dark colours 
correspond to the IgG concentration in the lysate, being its units in the secondary axis.  

According to Figure 8, it is possible to conclude that there was not a consistent trend in terms 

of antibody concentration. In fact, the concentration, in the lysate, gets higher with a temperature of 

25°C for all strains except YMA1. For the extracellular samples, there is a different trend: the amount of 

protein produced decreased with the increase in the temperature after induction. So, it is safe to assume 

that there is no clear correlation between the type of antibody being produced (Herceptin or Hy-Hel) and 

the best induction temperature.  

The results were quite variable in different strains but there was a common fact that the 

concentration per amount of cell (OD600) inside the cells (in the lysate) was always higher than outside 
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the cells (in the supernatant). Besides, in general, when the temperature decreases, this proportion 

increases. Since the goal is to secrete the produced proteins, this finding means that the cells grown at 

lower temperatures might be slightly more productive. 

 

4.3.1. Comparison of different signal sequences on the same background strain 

To compare the three different signal sequences two sets of cells were chosen taking into 

consideration that they correspond to two different antibodies (Herceptin and HyHel): YMA1, YMA2, 

YMA3 and YMA4, YMA5, YMA6. This comparison should focus not only on the antibody titers obtained 

but also on the Western blot results since the last one helps to differentiate the molecular weight of the 

proteins obtained. 

Regarding the Western blot results, it is clear strains YMA3 and YMA6, both with the wild type 

mat alpha sequence, have a distinct profile, meaning that the molecular weight of the unprocessed band 

of these strains is slightly lower than the other unprocessed forms corresponding to two different signal 

sequences. This might be explained by the fact that the mutations introduced in the mat alpha sequence 

increased its size. Besides, for the LC detection, the unprocessed bands of the mutated mat alpha 

sequences are normally two whereas the wild type mat alpha sequence has only one unprocessed form, 

suggesting that the wild type mat alpha sequence has a distinct profile in the Western blot. These 

differences are visible regardless of the antibody being produced on background strain BJ3500. 

Considering the antibody titer in both the supernatant and the lysate, for strains YMA4, YMA5 

and YMA6, it is possible to conclude that strain YMA6, the one containing the wild type mat alpha 

sequence, resulted in higher values. So, the other mutations used might not be significant in terms 

antibody titers, which implies that the reason to be applied cannot be the higher productivity. This is the 

reason why it was chosen to test strains containing only the wild type mat alpha sequence on BJ3500. 

 

4.4. Studies of ER clearance on strain BJ3500 

Taking into account the results of the “ER clearance essay” with strain YMA6 (Attachment II), 

another experiment was planned to test the antibody production with the “ER clearance essay”. 

However, this time, the scale was increased and so the amount of cultures grown after the dilution to 

0.05 OD600 was 100mL. Besides, the cells were always grown at 30°C since there was no great 

difference in the amount of protein produced when the temperature was tested. In fact, there is not a 

massive difference in production when the temperature is changed after the induction that would justify 

to switch to a lower temperature. This time, the last sample was collected 18 hours after the addition of 

glucose, ensuring that the samples were collected with close time lapses and that the repression of 

production by glucose was still felt. More importantly, when the samples were transferred from the 

500mL flasks into smaller 250mL flasks, these were washed with BSA in sterile water. This would 

prevent unspecific binding of the antibody produced to the walls of the shake flask as it was noted that 

there was a decrease in the antibody quantity outside the cells after the first sample was taken. 



The Western blots’ results are presented in Figure 9, showing the last sample collected on the 

left and the first sample collected on the right. It is possible to observe that, although the grow rate was 

higher when glucose was added (+), the protein production was stopped, leading to decreasing amounts 

in both bands. Besides, the ER had finally time to process the unprocessed protein that was kept inside 

it and so it can be clearly seen that the upper band is decreasing its intensity along time, in the (+) 

samples. Another interesting observation is that, after 18h, the second band, corresponding to the 

processed protein, decreases its amount to values that are undetectable by the Western blot, especially 

in the HC detection. Besides, the ratio between the processed and the unprocessed band for the HC is 

very different from the same ratio for the LC. In fact, the amount of processed protein is always lower 

than the processed one for the HC, whereas the same ratio is almost the same for both forms at the 

same instant, in the case of the LC. 

A: 1     2    3     4    5      6      7    8     9  
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Figure 9 Analysis of the ER clearance on IgG expression along time, with (+) and without (-) the addition of glucose 
to repress expression. Yeast strains expressing an antibody molecule were grown in minimal media and antibody 
expression was induced with galactose for 4 hours. Cell extracts of strain YMA6 grown at 30°C, and collected after 
glucose/water addition, were prepared. Equal volumes (25µL) of samples were loaded to the SDS-PAGE gels. After 
separation of proteins on the gels, samples were transferred to nitrocellulose membranes and membranes were 
probed with an HRP-labelled antibody specific for the HC (A) or LC (B) of the produced antibody. Lane 1: 18h-; 
Lane 2: 18h+; Lane 3: 6h-; Lane 4: 6h+; Lane 5: Molecular weight marker; Lane 6: 3h-; Lane 7: 3h+; Lane 8: 0h-; 
Lane 9: 0h+. The expected size of the HC and LC are 50kDa and 25kDa, respectively. 

Samples from the extracellular medium and the cell lysate were also collected to analyse 

antibody concentration by ELISA, being the graph designed for antibody concentration in Figure 10. 

 

Figure 10 Effects of glucose repression on the IgG expression. IgG concentration in medium (or cell extracts) was 
quantified with ELISA and normalized using OD600. Strains were grown into the exponential phase and the IgG 
production was induced with 2% galactose at 30°C for 4 hours, after which glucose (+) was added, or the same 
amount of water for control samples (-), to follow disappearance of IgG from the cells along time for 18h. The strains 
used (YMA6) were wild type Saccharomyces cerevisiae strains expressing IgG fused to wild type Mat alpha signal 
sequence. Blue and grey correspond to the extracellular IgG concentration with and without glucose, respectively, 
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while orange and yellow correspond to the IgG concentration in the lysate with and without glucose, respectively, 
being its units in the secondary axis. 

Through Figure 10, one can conclude that the results were consistent to the ones expected, 

since the amount of protein produced was lower when the glucose was added to repress production. 

However, there is an exception for the samples collected at time point zero, since the amount of protein 

is higher in the cells that contained glucose in the medium. Additionally, it is possible to observe that the 

highest amount of antibody produced is inside the cells, probably in the unprocessed form, as detected 

by the Western blot result. Besides, there is a strange decrease in the amount of protein produced and 

retained in the lysate, from the first samples until the end of the experiment. Probably, this can be 

explained by the fact that the proteins had no longer the best conditions to secrete new proteins. 

Moreover, although the medium contained BSA to prevent the attachment of the proteins produced to 

the wells of the flasks, it might not have been enough.  

 

4.5. Studies for targeted screen for method validation: effects of deletions in W303 and SS328 

In order to obtain different clones, whose phenotype should be known, a few strains were 

transformed by introducing the plasmid containing the information for producing the full HyHel antibody 

(pAX538), using the strains described in Table 4. 

Table 4 List of strains used in the transformations, with their mutations and their respective phenotype. 

Name Strain Mutation Phenotype 

 W303 Δvps30 The deleted protein localises to membranes and is involved in 
endosome to Golgi retrograde transport as well as late endosome to 
vacuole transport. This mutation results in a blocking of VPS30 which 
is related to VPS10, diminishing proteins targeted to the vacuole. 

YJR10 SS328 Δpep1 This mutation represents a blocking in the production of VPS10 which 
results in the lack of proteins targeted to the vacuole: pep1 null mutants 
are defective in sorting and processing of vacuolar proteins. 

YJR12 SS328 Δalg3 This deletion increases secretion levels but the actual reason for that 
is still unknown, since alg3 mutant cells do not have a known 
selectable phenotype (Aebi et al. 1996). 

YJR14 SS328 Δyos9 YOS9 recognizes the N-glycan signal of misfolded proteins and acts 
as gatekeeper for the delivery of these substrates to the cytoplasm for 
degradation (Martinez Benitez et al. 2011). So, this deletion prevents 
retro-translocation and degradation of the recombinant proteins. 

YJR56 SS328 SSO1, 
pJR6 

SSO1 codes a protein which is a t-SNARE working at the 
targeting/fusion of the secretory vesicles, derived from the Golgi, to the 
plasma membrane (Ruohonen et al. 1997), resulting in increased 
protein secretion. 

YJR56 SS328 SLY1, 
pJR10 

SLY1 codes a protein involved in both anterograde transport from the 
ER to the Golgi as well as retrograde transport from the Golgi back to 
the ER. So, it increases the production of the Golgi membrane 
t-SNARE protein which results in increased transport from ER to Golgi. 

YJR56 SS328 SEC1, 
pJR14 

SEC1 codes a protein involved in docking and fusion of exocytic 
vesicles; it binds to assembled SNARE complexes at the membrane 
and stimulates membrane fusion. So, it increases the production of the 
plasma membrane t-SNARE protein, resulting in increased secretion. 

 



It should be noted that all the information contained in Table 4 was taken from 

http://www.yeastgenome.org/, Saccharomyces Genome Database. When using cellular engineering to 

improve heterologous protein production, it is also useful to understand the changes in strains with 

interesting secretion phenotypes (de Ruijter et al. 2016). It is known that vacuolar protein sorting (VPS) 

mutants have resulted in the increased secretion of luminal recombinant proteins and membrane 

proteins (Young et al. 2011). So, these are among the mutations studied. 

In this chapter, the idea was to validate the “ER clearance essay” with the changes described 

in the previous chapter. This set of experiments selects a wide range of different targets to evaluate 

whether the assay can be used to study any type of modification of the secretory pathway in yeast. 

Thus, it should be possible to compare not only the effect of these mutations in production but also the 

applicability of the developed method in different S. cerevisiae strains. 

The transformations resulted in several clones which could grow in SD-URA-LEU medium. The 

new clones obtained were sequentially named, according to the information presented on Table 5. 

Table 5 Names and description of all the strains produced by LiAc transformation of yeast from liquid culture. 

Name strain plasmid (s) 

YMA7 W303 pAX538 + pEK7 

YMA8 W303/ΔVPS30 pAX538 + pEK7 

YMA9 YJR10 pAX538 

YMA10 YJR12 pAX538 

YMA11 YJR14 pAX538 

YMA12 YJR56 pAX538 + pJR6 

YMA13 YJR56 pAX538 + pJR10 

YMA14 YJR56 pAX538 + pJR14 

YMA15 YJR56 pAX538 + pEK7 (ΔLEU2) 

 

To compare the effect of different mutations on the same background strain (W303 or SS328) 

three sets of clones were created: “YMA7 and YMA8”, “YMA9, YMA 10 and YMA11” and “YMA12, 

YMA13, YMA14 and YMA15”. This division relies either on the background strain used (W303 or SS328) 

or on the existence of mutations (deletion/amplification) for the same background strain (SS328). 

On the blots of this section, it is possible to observe several bands with a lower molecular weight 

than the predicted one, which will be associated with degradation products. However, the experiments 

were not repeated to ensure that these bands were not due to insufficient washing steps. In fact, if there 

was an ordinary degradation, it would be proteolytic, resulting in the presence of amino acids. On the 

other hand, these bands might be correlated to a translation of proteins with different initiation sites. 

 

4.5.1. Strains YMA7 and YMA8 

Strains YMA7 and YMA8 both have the background strain W303. These were the first strains 

tested, making sure that there were enough samples at the end by doubling the amounts in each step, 

except in the inoculation of precultures, as described in the previous chapter. Generally, with 

background strain W303 there was a slight increase in growth in comparison to strain BJ3500. So, in 

this essay, the OD600 was around 1.4 when, by the addition of 2% galactose, the production was induced. 
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The results of the Western blots after the detection of both the light and the HCs for cell extract samples 

of strains YMA7 and YMA8 can be seen in Figure 11. 
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Figure 11 Analysis of the ER clearance on IgG expression along time, with (+) and without (-) the addition of glucose 
to repress expression for 18h. Yeast strains expressing an antibody molecule were grown in minimal media and 
antibody expression was induced with galactose for 4 hours. Cell extracts of strain YMA7 (up) and YMA8 (bottom) 
grown at 30°C, and collected after glucose/water addition, were prepared. Equal volumes (25µL) of samples were 
loaded to the SDS-PAGE gels. After separation of proteins on the gels, samples were transferred to nitrocellulose 
membranes and membranes were probed with an HRP-labelled antibody specific for the HC (A) or LC (B) of the 
produced antibody. Lane 1: 0h+; Lane 2: 3h+; Lane 3: 6h+; Lane 4: 18h+; Lane 5: Molecular weight marker; Lane 
6: 0h-; Lane 7: 3h-; Lane 8: 6h-; Lane 9: 18h-. The expected size of the HC and LC are 50kDa and 25kDa, 
respectively.  

In Figure 11, it is observed that the addition of glucose resulted in a decrease of antibody 

production for both strains, either for the HC or for the LC. In fact, the ER had finally time to process the 

unprocessed protein that was kept inside it and so it can clearly be seen that the upper band is 

decreasing its intensity along time, in the (+) samples. Besides, the ratio between the processed and 

the unprocessed band for the HC is very similar to the same ratio for the LC, when comparing the same 

strain. 

Another interesting observation, in the lastly collected samples to which glucose was added, is 

that the second band, corresponding to the processed protein, decreases its amount until values that 

are almost undetectable in the Western blot. In the case of strain YMA8, the last sample collected after 

the addition of glucose is completely undetectable, for the case of the HC detection. 

In contrast to what was previously observed for strain YMA6, it is possible to detect more than 

two distinct bands, which can be associated with degradation products that were not taken to the 

vacuole. In fact, this makes total sense since strain YMA8 lacks the system responsible to transport the 

proteins to the vacuole for targeted degradation. This situation might also explain why the amount of 

protein produced seems to be higher in stain YMA8 when compared to strain YMA7, which contains no 

mutation. To sum up, for strains YMA7 and YMA8, there is not a massive difference between the 

Western blots obtained, although there is an increased disappearance of the unprocessed band when 

glucose is added to strain YMA8. 

The results of the ELISA samples (Attachment III) of strains YMA7 and YMA8 are presented in 

Figure 12, where a difference in productivity can be clearly denoted. Through Figure 12, one can 

conclude that the results were consistent to the ones previously observed since the amount of protein 



produced was lower when the glucose was added to repress production, for the same time point. 

However, there is an exception for the samples collected at time point zero, since the amount of protein 

is higher for cells that contained glucose in the medium. This result is not meaningful because it might 

just mean that these cells were better adapted to the medium conditions. Due to this fact, it is observed 

that the first time point samples had the highest antibody titers. 

 

Figure 12 Effect of glucose repression on the IgG expression. IgG concentration in medium was quantified with 
ELISA and normalized using OD600. Strains were grown into the exponential phase and the IgG production was 
induced with 2% galactose at 30°C for 4 hours after which glucose (light blue, orange, red and green) was added, 
or the same amount of water for control samples (grey, yellow, dark blue and brown), to follow disappearance of 
IgG from the cells along time for 18h. The strains used (YMA7/YMA8) were wild type Saccharomyces cerevisiae 
strains expressing IgG fused to wild type Mat alpha signal sequence. Respectively for YMA7 and YMA8, light 
blue/grey or red/dark blue, correspond to the extracellular IgG concentration and orange/yellow or green/brown 
correspond to the IgG concentration in the lysate, being its units in the secondary axis. 

In general, there is a decrease in the amount of protein produced from the first samples until the 

end of the experiment. In particular for the extracellular concentrations, the amounts should not 

decrease since no other reaction is taking place to explain the antibody disappearance. It would be 

expected that the antibody concentration in the extracellular medium would remain constant or 

eventually increase slightly due to the progression of the ER clearance. Probably this can be explained 

by the fact that the proteins produced were attached to the wells of the flasks. Although the medium 

contained BSA to prevent this situation, it might not have been enough. Once again, it is observable 

that the highest amount of antibody produced is inside the cells, probably in the unprocessed form, as 

detected by the Western blot result.  

To summarise the ELISA results for YMA7 and YMA8, the antibody titers for both strains had a 

similar behaviour, reaching practically the same maximum and minimum values for the same conditions. 

Perhaps, the only significant difference between the two strains tested is that the antibody titers in YMA8 

were almost constant in the cellular lysate, regardless the addition of glucose to stop production. This 

situation might be explained by the inexistence of the mechanisms related to the normal protein sorting 

and elimination of unfolded proteins due to a lack of proteins targeted to the vacuole. In fact, YMA8 is 
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mutated in a protein that is involved in endosome to Golgi retrograde transport and late endosome to 

vacuole transport. 

 

4.5.2. Strains YMA9, YMA10 and YMA11 

Focusing on background strain SS328, it was possible to compare strains YMA9, YMA10 and 

YMA11, all having deletions on different domains of its genome. YMA9 lacks pep1, leading to defective 

sorting and processing of vacuolar proteins; YMA10 lacks alg3, which has an unknown phenotype; 

YMA11 lacks yos9, resulting in the prevention of retro-translocation and degradation of the proteins. So, 

a new experiment was developed to test strains YMA9, YMA10 and YMA11. 

At first, the Western blotting did not work for samples from strain YMA10. This can be explained 

by one of two reasons: either there was some problem handling the samples during the cell extract 

preparation or there was a problem with the blotting itself. To exclude the second possibility, the blotting 

was performed two times and the result was always the same. So, the alternative solution was to repeat 

the experiment for this strain and collect new samples for analysis. Finally, the blots resulted in the 

expected result, which leads to the conclusion that there were some troubles handling the samples. 

Probably, during the cell extract preparation for the SDS-PAGE gel, the samples were not kept on ice 

all the time and so there was some protein degradation associated. 

The results of the Western blots after the detection of both HC the and the LC for cell extract 

samples of strain YMA9, YMA10 and YMA11 can be seen in Figure 13. 
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Figure 13 Analysis of the ER clearance on IgG expression along time, with (+) and without (-) the addition of glucose 
to repress expression for 18h. Yeast strains expressing an antibody molecule were grown in minimal media and 
antibody expression was induced with galactose for 4 hours. Cell extracts of strain YMA9 (up), YMA10 (middle) and 
YMA11 (bottom) grown at 30°C, and collected after glucose/water addition, were prepared. Equal volumes (25µL) 
of samples were loaded to the SDS-PAGE gels. After separation of proteins on the gels, samples were transferred 
to nitrocellulose membranes and membranes were probed with an HRP-labelled antibody specific for the HC (A) or 
LC (B) of the produced antibody. Lane 1: 0h+; Lane 2: 3h+; Lane 3: 6h+; Lane 4: 18h+; Lane 5: Molecular weight 



marker; Lane 6: 0h-; Lane 7: 3h-; Lane 8: 6h-; Lane 9: 18h-. The expected size of the HC and LC are 50kDa and 
25kDa, respectively. 

The results for strain YMA9 with the detection of the HC were unexpected, since only one of the 

bands is visible, the one corresponding to the unprocessed form of the HC. However, regarding the 

results for the LC detection of strain YMA9, they seem to be consistent to what was expected, since the 

band corresponding to the processed form is clearly diminishing along time, only when glucose is added. 

This is explained by the fact that the cells do not need to keep the antibody production and so they can 

process the unprocessed forms retained in the ER. 

Both for YMA10 and YMA11, it is interesting to notice that there are more than two distinct and 

intense bands on the blot for the HC detection. These bands are all smaller than the one corresponding 

to the completely processed HC, and so, they are supposedly degradation products which still have the 

constant region of the HC attached to it. Some of the bands are around the molecular weight of the LC, 

which might mean that the LC is being secreted already attached to the HC. However, for the detection 

of the LC, there are only two blurry intense bands which correspond to the unprocessed and to the 

processed forms of the antibody. Until glucose is added to change the metabolism, it makes sense that 

degradation products cannot be properly eliminated by YMA10/YMA11 since the cells have mutations 

on the degradation system. 

Regarding the comparison of all the Western blots, only YMA9 has significant differences since 

there are not several bands besides the two expected (the unprocessed and the processed form of the 

desired protein). This means that the two other strains have significant degradation products inside the 

cells, which appear to be ligated to fragments of the constant region of the antibody chain, since they 

are not immediately secreted to the vacuole for degradation due to the mutations introduced. 

The results of the ELISA samples (Attachment III) of strains YMA9, YMA10, YMA11 are 

presented in Figure 14, where it is possible to denote certain similarities. 

For YMA9, there is a defective sorting and processing of vacuolar proteins which results in the 

lack of proteins targeted to the vacuole. YMA10 corresponds to alg3 null mutant which shows reductions 

in competitive fitness and respiratory growth. YMA11 has a deletion on yos9, which recognizes the 

N-glycan signal of misfolded proteins and acts as a gatekeeper for the delivery of these substrates to 

the cytoplasm for degradation. Comparing the respective values presented on the graph of Figure 14, 

there are clearly similar antibody titers, which means that the three deletions lead to similar results. 

Since the amount of protein produced was lower when the glucose was added to repress production, 

these results are in accordance to what was expected.  

Additionally, both for extracellular and lysate samples, there is a decreasing amount of protein 

produced from the first samples until the end of the experiment, probably since the proteins produced 

were attached to the walls of the flasks. For the same time point, the highest amount of antibody 

produced is inside the cells, probably in the unprocessed form, as detected by the Western blot result. 
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Figure 14 Effect of glucose repression on the IgG expression. IgG concentration in medium was quantified with 
ELISA and normalized using OD600. Strains were grown into the exponential phase and the IgG production was 
induced with 2% galactose at 30°C for 4 hours after which glucose (red, brown, purple, dark green, black and 
yellow) or the same amount of water for control samples (grey, dark yellow, light blue, orange, dark blue, light green) 
was added, to follow disappearance of IgG from the cells along time for 18h. The strains used 
(YMA9/YMA10/YMA11) were wild type Saccharomyces cerevisiae strains expressing IgG fused to wild type Mat 
alpha signal sequence. Respectively for YMA9, YMA10 and YMA11: red/grey, purple/light blue or black/dark blue 
correspond to the extracellular IgG concentration; and brown/dark yellow, dark green/orange, yellow/light green 
correspond to the IgG concentration in the lysate, being its units in the secondary axis. 

Comparing the ELISA results for YMA9, YMA10 and YMA11, the focus goes to strain YMA11, 

as it is the one able to reach antibody titers in the lysate similar at the beginning and at the end of the 

experiment. Thus, the deletion of certain genes related to the degradation of proteins is an interesting 

mutation to investigate the improvement of antibody titers as well as its resolution in Western blot. 

 

4.5.3. Strains YMA12, YMA13, YMA14 and YMA15 

Finally, using again background strain SS328, certain genes were introduced to produce clones 

YMA12, YMA13, YMA14 and YMA15. YMA12 was mutated to contain increased production of SSO1 

protein, which is a t-SNARE protein of Golgi-derived secretory vesicles, allowing a better protein 

secretion. YMA13 improves production of SLY1 protein, which is involved in anterograde transport from 

the ER to the Golgi, resulting in increased protein secretion. YMA14 is related to increased production 

of SEC1 protein, which is involved in docking and fusion of exocytic vesicles, resulting also in improved 

antibody secretion. YMA15 serves as a control for all the clones with background strain SS328, since it 

only contains a plasmid for growth on a selective medium lacking leucine. As it has been previously 

stated, all the strains with background strain SS328 have a slower growth rate and, for this reason, also 

strains YMA12 to YMA15 were grown for longer than overnight after both dilutions. 

In the case of strain YMA12, the cultures were diluted, for the second time, to an OD600 of 0.06, 

which implied waiting 8h after the first dilution instead of 6h. However, this was not enough to reach an 

OD600 close to 0.8 in the following morning. For this reason, they were grown for a total of 18h hours 

after the dilution to 0.06, until they have reached an OD600 of 0.5. When strains YMA13 and YMA14 
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were grown, they took 21h, after the dilution to 0.05 OD600, to reach an OD600 of 0.4, which was 

considered enough to add the 2% galactose. When testing strain YMA15, the cells were growing quite 

slowly after the first dilution to 0.2, reaching an OD600 of only 0.5, after 6h. So, the second dilution was 

done to obtain a final OD600 of 0.08. Surprisingly, on the following morning, the cells had grown more 

than what was expected, reaching and OD600 higher that 0.8 and so it was necessary to dilute the 

cultures to reach an OD600 of 1.2 before adding the 2% galactose. 

Due to reasons that are still unknown, strain YMA13 only grew in one of the flasks, the one that 

had no addition of glucose. Probably, the cells used in the dilution were mainly dead cells. This 

experiment was a clue to understand that background strain SS328 has normally a slow growth rate 

and, for this reason, every time it is tested, the OD600 of the second dilution should be increased until a 

maximum of 0.08 and it is needed to wait longer before the addition of 2% galactose for the induction of 

the expression. Taking this information into account, it was necessary to repeat this experiment. 

The results of the Western blots after the detection of both the light and the HC for cell extract 

samples of strains YMA12 to YMA15 can be seen in Figure 15. 

When glucose was added, it was always visible a decreasing thickness of the bands throughout 

time until values undetectable by the Western blot. At the same time, it is noted that the lower molecular 

weight band also tended to disappear until the end of the experiment. This is explained by the fact that 

the cells do not need to keep the antibody production and so they can focus on the processing of the 

unprocessed forms retained in the ER as well as they can eliminate the incorrectly produced proteins. 
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Figure 15 Analysis of the ER clearance on IgG expression along time, with (+) and without (-) the addition of glucose 
to repress expression for 18h. Yeast strains expressing an antibody molecule were grown in minimal media and 
antibody expression was induced with galactose for 4 hours. Cell extracts of strain YMA12 (12), YMA13 (13), 
YMA14 (14) and YMA15 (15) grown at 30°C, and collected after glucose/water addition, were prepared. Equal 
volumes (25µL) of samples were loaded to the SDS-PAGE gels. After separation of proteins on the gels, samples 
were transferred to nitrocellulose membranes and membranes were probed with an HRP-labelled antibody specific 
for the HC (A) or LC (B) of the produced antibody. Lane 1: 0h+; Lane 2: 3h+; Lane 3: 6h+; Lane 4: 18h+; Lane 5: 
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Molecular weight marker; Lane 6: 0h-; Lane 7: 3h-; Lane 8: 6h-; Lane 9: 18h-. The expected size of the HC and LC 
are 50kDa and 25kDa, respectively. 

According to Figure 15, the results for the HC detection in strains YMA12 to YMA15 were 

unexpected, since more than two bands, corresponding to the processed (50kDa) and the unprocessed 

form (60kDa), were visible. Besides, some of the lower molecular weight bands, that were detected 

when the HC was detected, are close to the weight of the LC. This might mean that some parts of the 

LC were already attached to the HC and, for this reason, were easily detected. As the molecular weight 

of the unexpected bands is lower than the molecular weight of the desired protein they should 

correspond to degradation products. This is probably the confirmation that the production of antibodies 

is not as simple as it might seem. In fact, with these results, there is a strong possibility that the LC is 

being formed along with the HC. 

Interestingly, observing the blot for strain YMA14 with the detection of the HC only the band 

corresponding to the unprocessed form of the HC is visible, for the strains which were not exposed to 

the addition of glucose. 

Regarding the results for the LC detection in Figure 15, they seem to be consistent to what was 

expected. In fact, two distinct bands we can be clearly observed, one corresponding to the processed 

form (25kDa) and the other one corresponding to the unprocessed form (30kDa). For strains YMA12 

and YMA15, there are also other smaller molecular weight bands that can be observed, probably 

corresponding to some degradation products, including the mat alpha signal sequence alone. 

The appearance of degradation products in the blots of strain YMA12 might be explained by the 

problems found in the degradation of improperly secreted proteins. In fact, these mutants have an 

improved secretory system, targeting the Golgi-derived secretory vesicles to the plasma membrane, 

and so they do not have enough time to degrade them unless glucose is added to the medium. Sly1p is 

involved in both anterograde transport from the ER to the Golgi as well as retrograde transport from the 

Golgi back to the ER. So, until glucose is added to the medium and the metabolism changes, it makes 

sense that degradation products cannot be properly eliminated by YMA13 since the cells have mutations 

on the transportation system. YMA14 might also have problems eliminating the improperly secreted 

proteins. In fact, these mutants have an improved secretory system, using SEC1 that binds to 

assembled SNARE complexes at the membrane and stimulates membrane fusion, and so they do not 

have enough time to degrade them unless glucose is added to the medium. 

Considering the Western blot results for the four last strains, YMA13 is the only different result 

in terms of the dispersion of the bands, especially regarding the LC detection, meaning that the number 

of visible bands is diminished for this strain. This might be explained by an increased traffic of vesicles 

between the ER and the Golgi, decreasing the amount of degradation products kept inside the ER. 

The results of the ELISA samples (Attachment III) of strains YMA12/13 and YMA14/15 are 

presented in Figure 16 and in Figure 17, where slight differences in productivity can be denoted. 

Comparing Figure 16 and Figure 17, there are clear similarities in antibody titers, and so all the 

mutations lead to similar results. As it was expected, the amount of protein produced was lower when 



glucose was added to repress production. However, the exact opposite result was verified for strain 

YMA14 during the first 6h, which might mean that the strain took too long to change its metabolism. 

Besides, this trend upon glucose addition was not verified for samples of the first time point, which might 

just mean that the cells to which glucose was added were better adapted to the medium. 

 

Figure 16 Effect of glucose repression on the IgG expression. IgG concentration in medium was quantified with 
ELISA and normalized using OD600. Strains were grown into the exponential phase and the IgG production was 
induced with 2% galactose at 30°C for 4 hours after which glucose (light blue, orange, red and green) or the same 
amount of water for control samples (grey, yellow, dark blue, brown) was added, to follow disappearance of IgG 
from the cells along time for 18h. The strains used were wild type Saccharomyces cerevisiae strains expressing 
IgG fused to wild type Mat alpha signal sequence (YMA12/ YMA13). Respectively for YMA12 and YMA13: light 
blue/grey or red/dark blue correspond to the extracellular IgG concentration and orange/yellow or green/brown 
correspond to the IgG concentration in the lysate, being its units in the secondary axis. 

 

Figure 17 Effect of glucose repression on the IgG expression. IgG concentration in medium was quantified with 
ELISA and normalized using OD600. Strains were grown into the exponential phase and the IgG production was 
induced with 2% galactose at 30°C for 4 hours after which glucose (light blue, orange, red and green), or the same 
amount of water for control samples (grey, yellow, dark blue and brown) was added to follow disappearance of IgG 
from the cells along time for 18h. The strains used were wild type Saccharomyces cerevisiae strains expressing 
IgG fused to wild type Mat alpha signal sequence (YMA14/ YMA15). Respectively for YMA14 and YMA15: light 
blue/grey or red/dark blue correspond to the extracellular IgG concentration and orange/yellow or green/brown 
correspond to the IgG concentration in the lysate, being its units in the secondary axis. 
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In general, there is a decrease in the amount of protein produced between the first sample and 

the second one, probably since the proteins produced were attached to the wells of the flasks. However, 

from the second sample until the end of the experiment, the antibody titers in the medium without the 

addition of glucose tend to increase, reaching values close to the initial ones. By then, there is an 

increase in antibody titer for the flask without glucose, revealing a better adaptation of the mutant to the 

medium conditions. For the same time point, the highest amount of antibody produced is inside the cells, 

probably in the unprocessed form, as detected by the Western blot result. For instance, in the case of 

YMA14, there is a decrease in the amount of protein produced from the first sample until time point 3h, 

probably since the proteins produced were attached to the wells of the flasks. At the end of the 

experiment for strain YMA14, there is an increase in antibody titer for the flask without glucose, revealing 

a better adaptation of the mutant to the medium conditions. 

Considering the ELISA results for the four last strains, it is possible to conclude that these 

presented totally different graphs’ shapes. On the one hand, both strains YMA12 and YMA14 seem to 

decrease the antibody titers produced until they reach the last time point, when they reach values close 

to the ones at the first time point, in the lysate without any addition of glucose. Probably, this situation is 

explained by the common fact that both strains contain an improved secretion system, due to an 

increased traffic of exocytic vesicles. Thus, the cells do not need to be busy secreting the properly folded 

proteins because they do not accumulate them inside. On the other hand, both strains YMA13 and 

YMA15 decrease the antibody titers in the extracellular medium, from the beginning until the end of the 

experiment, being YMA13 the one with the sharpest decrease. This means that increasing the 

anterograde transport from the ER to the Golgi is not sufficient to improve antibody secretion, and 

transference to the extracellular medium, in comparison to a strain where no mutation occurred. 

 

4.5.4. Studies supported by a “high-throughput” technique relying on sandwich ELISA 

The strains from the previous chapter were tested in solely a month and, for this reason, it was 

necessary to diminish the time needed for each sandwich ELISA essay. To solve this problem, all the 

samples of strains YMA9 to YMA15 were analysed using a Hamilton robot (Hamilton n.d.). Finally, all 

the data was collected in a computer containing the software needed (Gen 5). The only step to be aware 

of is the addition of the substrate, since it is easily degradable and therefore it is recommended to add 

it just before it is needed. 

With this tool, only the blocking and the sample loading steps were done by hand. This may now 

be the first attempt to reach a “high-throughput” technique since there is the possibility of analysing four 

plates at the same time without any need of human assistance, reducing the time spent by the 

researcher. Besides, since there is almost no human intervention, the probability of human error is 

reduced which implies that the results are much more reliable. 

  



5. Conclusions 

This project was important to test the production of antibody using producing yeast strains as it 

was possible to analyse different conditions. The research focused on different growth conditions 

(temperature and length of chase after addition of glucose), different strain backgrounds, different 

antibodies and different signal sequences. The results were not only concerned with the antibody titer 

determination but were also focused on the targeting of the bottlenecks inside the cells with a Western 

blot technique. Since all experiments were only conducted once, the reproducibility of the obtained 

results must still be checked. 

When BJ3500 was used to test the temperature after induction for optimization of the growth 

assay, there was not a massive difference in antibody production and, for this reason, it is possible to 

keep the temperature at 30°C, which is clearly the best one in terms of cellular growth. Perhaps, the 

best temperature can only be defined for each specific background strain and so there is no clear proof 

that 30°C is the more suitable temperature for all yeast background strains studied in antibody 

production. Besides, when studying the length of chase after stopping the production by addition of 

glucose, it was verified that its effect was no longer felt after 24h, and so, the ideal duration of the 

experiment should be 18h.  

The complementary results obtained through both techniques led to the conclusion that the ER 

is surely a crucial bottleneck since a lot of protein is retained inside it still in the unprocessed form, which 

means that is still attached to the signal sequence. Considering the Western blot results, it is possible 

to conclude that intracellular IgG levels decreased during the assay, when IgG expression was 

repressed by addition of glucose. In the last samples, although it was not possible to detect the 

processed form of either the HC or the LC, most of the unprocessed forms of both chains had still 

residual signals. So, as it was expected, when comparing the samples to which glucose was added to 

their control samples, there were some changes in the ratio of Mat alpha-HC to HC or in the ratio of Mat 

alpha-LC to LC. 

Every cell has its own behaviour, even though the protocols used were always the same and 

the conditions used did not change at all. Clearly, the cells from background strain SS328 were the ones 

that took longer to reach the desired OD600 after the second dilution. However, these cells were the ones 

easier to transform by LiAc method, even when more than one plasmid was introduced inside them. 

Additionally, regarding strain BJ3500, no difficulties in the cellular growth were observed although this 

strain was the most difficult to transform. To compare the different background strains containing the 

same plasmid (pAX538) one should focus on strains YMA6 (BJ3500), YMA7 (W303) and YMA15 

(SS328). 

On one hand, strain YMA6 (BJ3500) was the most difficult to obtain since the transformation of 

strain BJ3500 did not work for the first times, appearing to result in contaminated plates. On the other 

hand, this strain showed an increased cellular growth in comparison to the other strains. Thus, the 
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antibody titers were higher with this strain which is in accordance to what was expected since BJ3500 

is considered a production strain. 

Considering strain YMA7 (W303), this was the easiest to obtain by LiAc transformation, which 

is in accordance to the fact that this is a commonly used strain for genetic studies. However, YMA7 

presents not only a slow cellular growth but also low antibody titers, throughout time. For this reason, 

this is a strain that only works as a study model for this work, meaning that its use in industrial 

applications should be irrelevant. 

Considering strain YMA15 (SS328), it was possible to transform it by the LiAc method without 

any difficulties, although the first transformation appeared to have contaminations. Besides, this strain 

had an initial slow growth rate but it recovered the growth rate when the cells were adapted to the 

medium. The antibody titers with this strain were constant, revealing values higher than strain YMA7 but 

not as high as strain YMA6. For these reasons, this is probably the most interesting background strain 

to continue the studies as it is both easy to transform and it can produce considerable antibody titers. 

From all the strains tested using SS328 (YMA7 to YMA15), the one which had a better 

performance in terms of overall antibody titer was strain YMA11, since it kept its production in the lysate 

almost constant, throughout time, and close to 0.05 µg/mL/OD600. So, if it was possible to extract the 

antibody contained inside the cells while they were secreting it, the global antibody titer would be higher 

for this specific strain. Clearly, YMA11 has an intense accumulation of degradation products inside the 

ER, which might be justified by the lack of YOS9 protein, resulting in the prevention of retro-translocation 

and degradation of the proteins. Thus, these cells are more prone to repair the defective proteins when 

they stop the production of new proteins, ensuring that most of the produced proteins are secreted in 

their right conformation. 

On another approach to this work, the IgG might have been treated with the N-glycosidase 

EndoH, resulting in lower molecular weight of the two major forms of the HC. Besides, in the fully 

processed form of the molecule, the Fc site is the only N-linked glycosylation site (Rakestraw et al. 

2009). Thus, the endo H will cleave the sugar moiety in the protein that is being formed and so it is 

possible to observe two bands in the Western blot. These bands correspond to the proteins without the 

“pre” sequence that are still in the ER and the other glycosylated ones that are already in the Golgi. So, 

a protein has not yet left the early secretory pathway when it is non-reduced and Endo H sensitive, 

associated with high mannose N-glycans (O’Callaghan et al. 2010). 

The superproduction of heterologous proteins in S. cerevisiae represents a burden to the cellular 

machinery. As a result, several systematic results cannot be fully explained since they have no plausible 

explanation yet. In addition to this, the experiments were not repeated which means that it is impossible 

to ensure that they were not the result of an accident, preventing scientifically valid conclusions. 

However, this work was extremely interesting from the perspective of a young scientist since it permitted 

the testing of a sophisticated protocol in different clones of S. cerevisiae. 

  



6. Future Work 

For the simple reason of lack of time, it was not possible to test more strains or even to obtain 

a mathematical correlation which would confirm the applicability of the developed method. Besides, all 

the blots obtained should contain a control protein loaded, such as tubulin, to allow the quantification. If 

this work were to be continued, it would be imperative to screen a wide library of S. cerevisiae clones 

so that the validity of the method could be proved in different strains. In this case, S. cerevisiae would 

be the perfect model since it is possible to have complete library of clones available. Surely this project 

should be further developed since it might lead to new methods and clones to be used for antibody 

production in large scale. The final goal should be to reach a multiplexed high-throughput screening, 

meaning that a broad variety of background strains should be tested using several different screening 

methods.  

The major goal of producing high antibodies titers in yeast was still not achieved which means 

that further investigation is required to discover the best conditions for recovering immediately the 

antibodies produced so that the antibody titers become higher in the extracellular medium instead of in 

the lysate. An interesting approach for this investigation could rely on testing different protocols, with 

different combinations of conditions, reaching the more suitable conditions in which the methods should 

be applied. Thus, and due to process optimization, the final antibody concentration could reach 

economically feasible levels in the future. 

In order to be able to use the new clones produced to obtain antibodies in large scale for 

industrial applications, the antibody titers had to be improved. So, it should be interesting to investigate 

and optimize the fermentative conditions of yeast growth and antibody production using bioreactors. 

Besides, some studies of antibody purification should also be conducted to discover the exact and 

adequate method for its isolation and purification. Lastly, further research is needed to access the 

antibody’s activity and safety since it is a protein for applications in human health treatment. 

Through further investigation on this project, it would be possible to reach not only the ideal 

strain engineering but also the perfect process optimization to develop S. cerevisiae systems into a 

viable alternative for current antibody producing platforms. The development of high-throughput 

screening methods contributes to the effective engineering of multiunit protein folding systems, which in 

the future may result in the ability to produce proteins at large scale in a conformation suited for human 

use at a low cost, in S. cerevisiae or similar organisms. 
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8. Attachments 

Attachment I 

SDS-PAGE gel recipe and marker 

An SDS-PAGE gel can be used to separate proteins because all proteins have a global electric 

charge when they are in a medium with a pH different from their pI. So, a protein will go under an electric 

field to migrate according to its size and charge so that it can become trapped on the gel containing 

different crosslinks. The recipe of the SDS-PAGE gel considers the amounts shown on Table 6 and 

Table 7 and it also requires saturated butanol/ isopropanol to even out the separating gel. After pipetting 

the separating gel, it is necessary to wait around 45 min for it to solidify before adding the stacking gel. 

Table 6 Amounts of reagents needed to prepare two separating gels 

Acrylamide end 
concentration 
(%) 

4x separating 
buffer (mL) 

H2O (mL) 40% 
Acrylamide 
(mL) 

10 (%) APS 
(µL) 

TEMED 
(µL) 

10 2.5 5 2.5 60 12.5 

12.5 2.5 4.375 3.125 60 12.5 

 

Table 7 Amounts of reagents needed to prepare four stacking gels 

Acrylamide end 
concentration (%) 

2x Stacking 
buffer (mL) 

H2O (mL) 40% 
Acrylamide 
(mL) 

10% APS 
(µL) 

TEMED 
(µL) 

3 3,8 3.2 0,6 60 12.5 

 

It is important to use a standard marker protein to run an SDS-PAGE gel. The molecular weight 

of the studied protein may be determined by comparison of its electrophoretic mobility with the standard. 

In Figure 18 it is possible to see the bands obtained on the well of the gel after it had been running. 

 

Figure 18 Separation according to the molecular weight of the proteins contained on the standard marker protein, 
after the run of the SDS-PAGE gel  
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Attachment II 

Additional studies of the best induction temperature on strain BJ3500 

In order to test the protocol of “Growth and Expression” at different temperatures, preliminary 

studies were performed using YMA6 cells (Figure 19). 

            1      2        3      4  
 
 

Matalpha+HC/LC 
 

HC LC 

          1        2       3       4 

  
Figure 19 Analysis of the effect of temperature on IgG expression. Yeast strains expressing an antibody molecule 
were grown in minimal media and antibody expression was induced with galactose for 24 hours. Cell extracts of 
strain YMA6 grown at 20, 25 and 30°C were prepared. Equal volumes (or amount of proteins) of samples were 
loaded to the SDS-PAGE gels. After separation of proteins on the gels, samples were transferred to nitrocellulose 
membranes and membranes were probed with an HRP-labelled antibody specific for the HC (A) or LC (B) of the 
produced antibody. Lane 1: Molecular weight marker; Lane 2: 30°C, Lane 3: 25°C, Lane 4: 20°C. The expected 
size of the HC and LC are 50kDa and 25kDa, respectively. 

The final blots’ analysis leads to the conclusion that the antibody production was clearly higher 

at 20°C, both for the HC and the LC (Figure 19). In both cases, it is possible to identify two bands, being 

the upper one thicker as it is still attached to the signal sequence, which means that it is still unprocessed 

by the ER and not ready to be secreted by the cell. In the LC detection, it is also possible to observe 

some bands above the ticker upper band that most likely correspond to degradation products of the HC. 

Later, the experiment described as “ER clearance assay” was performed for the strain YMA6, 

with the purpose of testing also the effect of three different temperatures (20°C, 25°C and 30°C) during 

the induction of the production. This time, exponentially growing cells were induced with 2 % galactose 

when they reached an OD600 of 0.2. Besides, there were only 5 h of expression before 2 % glucose was 

added to repress the IgG production or water in the control samples, just to make sure that the dilution 

would be the same. 

It is important to notice that there were some deviations from the set point temperature in the 

case of the samples grown at 20°C and 25°C during the first hour of expression. Additionally, it is 

important to mention that every time a sample was taken the temperature varied slightly. Since the 

amount of culture was 10 mL for each time point except for time point 0 which had 20 mL and the growth 

rate was not substantially high, it was not possible to collect cells for the ELISA analysis. So, next time 

this experiment was performed, it would probably be necessary to increase the scale of the experiment, 

namely the volumes. In Figure 20, it is possible to visualize the Western blots results of this experiment. 
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Figure 20. Effects of induction temperature on the IgG expression. Yeast strains expressing an antibody molecule 
were grown in minimal media and antibody expression was induced with galactose for 4 hours. Cell extracts of 
several strain BJ3500 yeasts grown at 20°C (up), 25°C (middle) and 30°C (bottom) were prepared. The samples 
were collected after repression to stop the production of antibody, by addition of 2% glucose (+) or the same volume 
of water (-). Equal volumes (25 µL) of samples were loaded to the SDS-PAGE gels. After separation of proteins on 
the gels, samples were transferred to nitrocellulose membranes and membranes were probed with an HRP-labelled 
antibody specific for the HC (A) and for the LC (B) of the produced antibody. Lane 1: Molecular weight marker; Lane 
2: 0h-; Lane 3: 0h+; Lane 4: 3h-; Lane 5: 3h+; Lane 6: 6h-; Lane 7: 6h+; Lane 8: 24h-; Lane 9: 24h+. The expected 
size of the HC and of the LC is 50kDa and 25kDa, respectively. 

Regarding Figure 20 for the HC detection, it is possible to observe that the unprocessed form 

of the antibody is normally in higher amount than the processed one since the ER accumulates this form 

and it is perfectly normal since the processed form is automatically secreted out of the cell to the 

extracellular medium. At 30°C, it is clearly observed that throughout time the amount of antibody inside 

the cell in the unprocessed form decreases if glucose is available to repress production. This is 

explained by the fact that the production was stopped by the addition of glucose and so, the unprocessed 

antibodies had finally time to be processed and secreted. Therefore, the amount of protein in the 

extracellular medium is increasing throughout time. Normally, it can be observe that the band 

corresponding to the addition of glucose is thinner than the other band which means that the amount of 

protein produced is lower, just as it was supposed since glucose represses production. 

In Figure 20 for the LC detection, it is possible to reach similar conclusions, considering that the 

differentiation between both bands is clearly detected. It can be noted that the shape of the wells in the 

last blot is rather unusual but that just happened because there was a momentary exchange of poles 

during the electrophoresis. Besides, it is possible to conclude that after 24h next to the addition of 

glucose, its repressive effect is no longer felt. In fact, the accumulation of protein produced, 24h after 

the addition of glucose, is higher than it was on the previous sample. So, probably, the addition of solely 

2% glucose might not be enough to have the desired repressive effect for so long. Besides studying the 

temperature after the induction, it might have been interesting to study the induction strength’s effect on 

the IgG secretion. 

Samples from the extracellular medium were also collected to analyse the antibody 

concentration by ELISA, being the graphs designed for antibody concentration at the three different 

temperatures after induction presented in Figure 21. 
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Figure 21 Effects of temperature on the IgG expression. IgG concentration in medium was quantified with ELISA 
and normalized using OD600. Strains were grown into the exponential phase and the IgG production was induced 
with 2% galactose at 20°C (light blue and yellow), 25°C (orange and dark blue) or 30°C (grey and green), for 4 
hours after which glucose (light blue, orange and grey) was added, or the same amount of water for control samples 
(yellow, dark blue and green), to follow disappearance of IgG from the cells for 24h. The strain used (YMA6) was 
wild type Saccharomyces cerevisiae strain expressing IgG fused to wild type Mat alpha signal sequence. 

The results were consistent to what was expected since the amount of protein produced was 

lower when glucose was added to repress production, for samples collected at the same instant. 

Besides, regarding the temperature effect in induction, it was possible to conclude that the lowest values 

for protein concentration per amount of cell were achieved at 20°C, although the value for other 

temperatures was not significantly higher. 

The data collected to build the graph of Figure 21 is presented on the following Table 8. 

Table 8 Effects of temperature on the IgG expression. IgG concentration in medium was quantified with ELISA and 
OD600 was measured by spectrophotometry. YMA6 strains were grown into the exponential phase and the IgG 
production was induced with 2% galactose for 4 hours after which glucose (+) was added, or the same amount of 
water for control samples (-), to follow disappearance of IgG from the cells for 24h. 

  0h 3h 6h 24h 

[IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 

20°C (+) 6.32x10-3 0.498 3.16x10-3 0.84 5.26x10-3 1.54 6.84x10-3 10.09 

20°C (-) 6.32x10-3 0.545 4.21x10-3 0.76 3.16x10-3 0.94 5.79x10-3 3.12 

25°C (+) 5.26x10-3 0.633 2.11x10-3 1.31 2.11x10-3 2.97 4.74x10-3 10.19 

25°C (-) 6.32x10-3 0.579 4.21x10-3 1.07 6.32x10-3 1.50 2.37x10-2 8.73 

30°C (+) 7.37x10-3 0.800 3.68x10-3 2.71 4.21x10-3 6.21 7.37x10-3 13.21 

30°C (-) 7.89x10-3 0.821 5.79x10-3 1.81 8.95x10-3 3.04 3.21x10-2 10.65 
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Attachment III 

Tables of all the numeric data represented in the graphs 

All the data collected by ELISA protocol and used to build the graphs throughout this work is 

presented in Table 9 and in Table 10. 

Table 9 Effects of temperature after induction on the IgG expression for different signal sequences. IgG 
concentration in medium (or cell extracts) was quantified with ELISA and OD600 was measured by a 
spectrophotometer. Strains were grown into the exponential phase and the IgG production was induced with 2% 
galactose at 20, 25 and 30°C for 24h. The strains used (YMA1, YMA2, YMA3, YMA4, YMA5 and YMA6) were wild 
type Saccharomyces cerevisiae strains expressing IgG fused to wild type or mutated Mat alpha sequence. 

 
20°C 25°C 30°C 

[IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 

YMA1, extracellular 2.49x10-2 4.65 5.44x10-2 8.63 5.72x10-2 10.94 

YMA1, lysate 1.39 30.00 1.18 30.00 n.d. 
 

YMA2, extracellular 3.30x10-2 2.29 4.00x10-2 5.36 4.63x10-2 6.71 

YMA2, lysate 9.50x10-1 30.00 1.01 30.00 1.13 30.00 

YMA3, extracellular 1.75x10-3 0.44 2.11x10-3 0.71 n.d. 
 

YMA4, extracellular 8.07x10-3 0.85 1.37x10-2 1.50 2.00x10-2 2.42 

YMA4, lysate n.d. n.d. 1.44 30.00 1.12 30.00 

YMA5, extracellular 1.40x10-2 2.30 2.18x10-2 6.42 1.00 30.00 

YMA5, lysate 1.09 30.00 8.00x10-1 30.00 43.2 9.79 

YMA6, extracellular 3.86x10-3 2.73 1.19x10-2 7.06 1.16x10-2 11.87 

YMA6, lysate 1.11 30.00 1.51 30.00 1.91 30.00 

 

Table 10 Effect of glucose repression on the IgG expression. IgG concentration in medium was quantified with 
ELISA and OD600 measured by spectrophotometry. Strains were grown into the exponential phase and the IgG 
production was induced with 2% galactose at 30°C for 6 hours after which glucose (+) was added, or the same 
amount of water for control samples (-), to follow disappearance of IgG from the cells along time for 18h. The strains 
used were wild type Saccharomyces cerevisiae strains expressing IgG fused to wild type or mutated Mat alpha 
sequence. 

 
0h 3h 6h 18h 

[IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 [IgG] (µg/mL)  OD600 

YMA6 (+), 
Extracellular  

1.89x10-2 2.08 6.67x10-3 4.32 8.42x10-3 7.70 9.12x10-03 11.21 

YMA6 (+), 
Lysate  

4.72 36.00 2.07 36.00 1.99 36.00 1.02 36.00 

YMA6 (-), 
Extracellular  

1.79x10-2 2.19 8.77x10-3 3.41 1.58x10-2 5.38 3.54x10-2 12.77 

YMA6 (-), 
Lysate  

3.45 36.00 3.35 36.00 2.65 36.00 1.68 36.00 

YMA7(+), 
Extracellular 

4.21x10-2 2.63 3.86x10-2 3.78 4.00x10-2 4.44 2.11x10-2 6.47 

YMA7(+), 
Lysate  

4.32 48.00 1.94 48.00 2.19 48.00 1.42 48.00 

YMA7(-), 
Extracellular  

4.00x10-2 2.54 4.70x10-2 3.81 5.68x10-2 5.17 4.35x10-2 6.92 

YMA7(-), 
Lysate  

2.60 48.00 2.80 48.00 2.49 48.00 1.63 48.00 

YMA8(+), 
Extracellular  

6.11x10-2 3.03 3.89x10-2 4.05 4.07x10-2 5.11 2.32x10-2 5.92 

YMA8(+), 
Lysate  

3.17 48.00 1.96 48.00 1.75 48.00 1.01 48.00 
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YMA8(-), 
Extracellular  

4.84x10-2 3.11 4.49x10-2 4.16 5.47x10-2 5.28 3.89x10-2 6.77 

YMA8(-), 
Lysate  

2.74 48.00 2.03 48.00 1.71 48.00 1.27 48.00 

YMA9(+), 
Extracellular 

1.04x10-1 4.17 6.46x10-2 5.04 5.68x10-2 6.56 2.60x10-2 9.03 

YMA9(+), 
Lysate  

4.26 48.00 1.59 48.00 1.52 48.00 1.12 48.00 

YMA9(-), 
Extracellular  

9.12x10-2 3.99 9.23x10-2 4.66 8.77x10-2 5.87 1.21x10-1 8.23 

YMA9(-), 
Lysate  

1.99 48.00 2.04 48.00 1.63 48.00 1.85 48.00 

YMA10(+), 
Extracellular  

3.86x10-2 4.59 2.56x10-2 5.10 2.60x10-2 6.14 1.40x10-2 8.83 

YMA10(+), 
Lysate  

2.47 48.00 1.38 48.00 1.31 48.00 6.75x10-1 48.00 

YMA10(-), 
Extracellular  

3.40x10-2 4.50 3.47x10-2 4.94 5.33x10-2 5.22 6.46x10-2 8.32 

YMA10(-), 
Lysate  

1.66 48.00 1.75 48.00 1.80 48.00 1.57 48.00 

YMA11(+), 
Extracellular 

1.65x10-2 1.51 7.02x10-3 2.35 1.86x10-2 3.73 1.05x10-2 8.12 

YMA11(+), 
Lysate  

3.17 48.00 1.58 48.00 2.07 48.00 1.39 48.00 

YMA11(-), 
Extracellular  

1.89x10-2 1.72 1.37x10-2 2.29 2.84x10-2 3.02 6.28x10-2 6.64 

YMA11(-), 
Lysate  

2.90 48.00 2.14 48.00 2.27 48.00 2.76 48.00 

YMA12(+), 
Extracellular  

1.79x10-2 1.04 8.77x10-3 1.49 1.75x10-2 3.23 1.19x10-2 6.48 

YMA12(+), 
Lysate  

2.30 48.00 8.20x10-1 48.00 1.86 48.00 1.26 48.00 

YMA12(-), 
Extracellular  

1.86x10-2 1.15 1.26x10-2 1.07 1.93x10-2 1.67 7.68x10-2 5.44 

YMA12(-), 
Lysate  

3.14 48.00 9.80x10-1 48.00 1.15 48.00 3.39 48.00 

YMA13(+), 
Extracellular 

6.84x10-3 3.49 1.40x10-3 6.61 n.d. 7.68 n.d. 9.01 

YMA13(+), 
Lysate  

2.97 48.00 1.40 48.00 1.66 48.00 9.25x10-1 48.00 

YMA13(-), 
Extracellular  

4.21x10-3 3.44 3.16x10-3 6.32 4.21x10-3 7.77 6.32x10-3 9.25 

YMA13(-), 
Lysate  

2.29 48.00 1.66 48.00 1.72 48.00 1.51 48.00 

YMA14(+), 
Extracellular  

2.18x10-2 0.98 n.d. 1.66 2.77x10-2 3.05 1.00x10-2 7.58 

YMA14(+), 
Lysate  

3.23 48.00 1.85 48.00 1.82 48.00 1.19 48.00 

YMA14(-), 
Extracellular  

1.63x10-2 1.02 1.26x10-2 1.31 3.19x10-2 1.80 1.12x10-1 6.01 

YMA14(-), 
Lysate  

2.40 48.00 9.75x10-1 48.00 1.05 48.00 2.79 48.00 

YMA15(+), 
Extracellular  

4.88x10-2 3.45 3.05x10-2 3.59 3.68x10-2 4.93 2.04x10-02 6.72 

YMA15(+), 
Lysate  

2.54 48.00 1.72 48.00 1.68 48.00 1.49 48.00 

YMA15(-), 
Extracellular  

4.42x10-2 2.82 3.79x10-2 4.13 4.18x10-2 5.06 4.60x10-2 6.58 

YMA15(-), 
Lysate  

2.32 48.00 1.98 48.00 1.84 48.00 2.09 48.00 

 


