
 

Targeting bottlenecks in the secretory pathway of yeast 

Thesis to obtain the Master of Science Degree in Biological Engineering 

Mariana Nunes Anastácio (no. 72764) October.2016 

Abstract 

Yeasts are complex organisms which are both easy to genetically manipulate and can 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 systems 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 several 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 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 

Introduction 

Biopharmaceutical production in yeast 

The yeast is one of the most studied 
microorganisms for recombinant protein 
production since it is a Generally Recognised as 
Safe (GRAS) microorganism, free of pyrogens, 
and it also requires cheaper medium for 
growing in comparison to mammalian cells. 
Saccharomyces cerevisiae (S. cerevisiae) 
offers several advantages, since it combines 
characteristics from both bacteria and 
eukaryotes. So, not only is it easy to culture, due 
to its fast growth 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). 
Most importantly, the yeast is an eukaryotic 
organism capable of folding and N-glycosylation 
of complex mammalian proteins, which ensures 
proper protein functionality due to its proper 
folding and post-translational modifications. 

Protein secretion in yeast: ER-Golgi pathway 

Protein secretion by S. cerevisiae is composed 
by various stages from the reading of DNA 
sequences to the secretion of the mature 
proteins and includes the following steps: 

transcription, translation, translocation, post 
translational modifications, folding, peptide 
cleavage, additional glycosylation, sorting, and 
secretion (Braakman & Bulleid 2011). In 
eukaryotic organisms, the protein secretion 
pathway is named the endoplasmic reticulum 
(ER)–Golgi pathway. Both secretion and folding 
in the ER and Golgi apparatus constitute 
rate-limiting steps for the production of 
antibodies, and other proteins, in yeast (Lee & 
Jeong 2015). This process begins by the 
translocation of the protein through the ER 
membrane, requiring a secretion signal peptide 
at the N-terminus of the nascent polypeptide to 
guide it (Delic et al. 2013). As a result, a 
complex is formed by the ribosome, the nascent 
chain and a signal recognition particle (SRP), 
which will bind to the ER membrane in its SRP 
receptor (Delic et al. 2014). Hsp70s, along with 
their co-chaperones, help in the translocation 
into ER and mitochondria as well as they allow 
proper protein folding, preventing misfolding 
and aggregation. Besides, they refold 
aggregated proteins and they target the 
irreversibly misfolded for degradation in the 
cytosol (Delic et al. 2013). 

Protein quality control (QC) in the ER 

During folding, the secreted proteins undergo 
three kinds of modifications: glycosylation, 
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disulphide bond formation and specific 
proteolytic cleavage (Martinez Benitez et al. 
2011). The ER serves not only as space for 
protein folding and glycosylation, but also for 
cellular quality control (QC) (Delic et al. 2013). 
The protein QC in the ER is most probably 
based on the 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 (Määttänen et al. 2010). ER 
homeostasis is controlled by the unfolded 
protein response (UPR), a specific signalling 
pathway (Schuck et al. 2009). So, in order to 
control the protein load, the ER may increase 
the rate in which proteins reach native folding 
state, leaving the ER or it can proceed to its 
degradation (de Ruijter & Frey 2015). To sum 
up, the QC system mainly involves five 
components: molecular chaperones, enzymes, 
degradation machinery connected with 
ER-associated degradation (ERAD), signal 
transduction pathways associated with UPR, 
and post-translational modification enzymes 
responsible for glycosylation (Idiris et al. 2010). 
The intermediate might be protected from 
ERAD as well as it can avoid secretion when the 
folding intermediates bind to the ER-resident 
proteins (Braakman & Bulleid 2011). For 
efficient immunoglobulin G (IgG) assembly, 
apart from containing folding factors from all 
these classes in the yeast ER, it is important to 
evaluate if the levels and stoichiometry of the 
proteins are adequate (de Ruijter et al. 2016).  

Post-ER protein pathway 

In post-ER compartments of the secretory 
pathway, there are different bottlenecks where 
engineering can be useful 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 essential for ion 
homeostasis in the ER and Golgi in yeast. 
Another bottleneck occurs when certain 
proteins are directed from the Golgi apparatus 
to the vacuole/lysosome for the proteolytic 
degradation (Doerner et al. 2014). 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). In ER exit 
sites or transitional ER sites, localized 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). Golgi QC in yeast 
relies on cargo sorting, due to post-ER QC and 
lysosomal degradation (Määttänen et al. 2010). 
Finally, the Exocyst, which is localized at 
defined plasma membrane regions, sends 
post-Golgi secretory vesicles to the plasma 
membrane, in a process termed exocytosis 
(Gasser et al. 2008).  

The grounds for targeting the protein pathway 

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- or 
post-translational translocation. On the other 
hand, the pro-sequence controls the sorting 
mechanisms in the trans-Golgi (Hou et al. 
2012). For expression of IgG the alpha-factor 
prepro peptide leader sequence must be fused 
to both antibody chains. 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 (Rakestraw et al. 2009). 

The importance of glycosylation in protein 
folding 

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. To conduct this process, 
yeasts have 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). Yeast glycosylation is of 
hypermannosylation type. In contrast, 
mammalian cells produce more complex 
N-glycan structures, which depend on 
monosaccharides not present in yeast 
N-glycans, like fucose, galactose and sialic 
acid. In order to humanize yeast glycosylation, 
cells need the enzyme to transfer galactose, 
GlcNac and sialic acid (Hamilton & Gerngross 
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2007). The manipulation of the biosynthetic 
pathway 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 specialized in glycan quality and 
function (Andersen & Krummen 2002). 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 (Piirainen et al. 
2014). By using glycoengineered yeast, 
scientists control the glycosylation of the final 
product and as a result they may improve 
therapeutically relevant characteristics 
(Gerngross 2004). 

Strain selection, genetic engineering and growth 
conditions 

The aspects that should be considered in the 
design of a yeast strain to be the host for human 
antibody production include the expression 
level of a recombinant protein, the cells’ growth 
rate and the proteases in activity. The strain 
engineering for protein secretion is currently 
focused on four main topics: engineering of 
protein folding related to the quality control 
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). Another aspect to consider 
when designing the right plasmid is the 
promoter selection, so for rapid induction, the 
experiments depend on galactose-inducible 
promoters, using raffinose as a non-repressing 
carbon source (Young et al. 2011). These 
promoters, which are induced by the addition of 
soluble galactose, are also repressed by the 
presence of glucose which shifts the cellular 
metabolism (Guaragnella et al. 2013). 

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 (Scott et 
al. 2012). As a result, the studies conducted 
intended to produce two antibodies, being one 
of them used in the breast cancer treatment 
(Herceptin). Before secretion from cells, the 

whole IgG tetramer must fold after assembling 
its two light chains (LCs), which consist of two 
structurally similar IgG domains, together with 
its two heavy chains (HCs), which are 
composed by four similar parts (Braakman & 
Bulleid 2011). Antibodies are complex 
structures whose specific regions are 
responsible for certain functions. The 
large-scale production of antibody fragments 
and antibody fusion proteins can rely not only 
on Escherichia coli (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). However, since E. coli derived 
antibodies are non-glycosylated, they do not 
present all its effector functions (Chan et al. 
2010). In one of the first attempts, the full-length 
IgG has been secreted from S. cerevisiae in 
titers of only 50 ng/L. So, S. cerevisiae has not 
been shown to secrete the full-length IgG in 
titers sufficient for use as an expression host 
(Rakestraw et al. 2009). Recent developments 
in the production of full IgG have conducted to 
the secretion of antibody specific titers of 0.3 
µg/mL/OD600, which is one of the higher values 
observed in S. cerevisiae (de Ruijter et al. 
2016). 

Aim of Studies 

This project focused 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. 
The first objective of this project was the 
development of an assay to target antibody 
expression in yeast. With the developed 
protocol it was possible to compare 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 
enzyme-linked immunoassay (ELISA). So, the 
research focused on different growth conditions 
(including temperature and length of chase after 
addition of glucose), different strain 
backgrounds, different antibodies and different 
signal sequences. This data should enable the 
refinement of the reporter strain and the 
continuous improvement of the screening 
technique. 

Materials and Methods 

Generation of strains: Yeast Transformation 

The plasmid DNA was obtained from E. coli, using 
the method for isolation of high-copy plasmid DNA 
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from (Macherey-Nagel 2015), which relies on a 
NucleoSpin® Plasmid Column. S. cerevisiae 
strains used in this study were derived from the 
parental strain SS328, BJ3500 and W303. 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. Lithium acetate 
(LiAc) method was used for transformation of 
yeast cells. 

Growth and expression 

The strains were grown using raffinose as the 
carbon source to test the expression of the 
plasmid without repression. Precultures were 
inoculated and grown in 5mL of medium 
(1xSD-URA/ 1xSD-URA-LEU, 2%Raffinose) at 
30°C, 230rpm for 17h, to ensure that 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. 

The cell extract preparation depended on a 
physical disruption method which used acid 
washed glass beads. The cells were spun down 
for 5 minutes at 5000xg and 4°C, in an Eppendorf 
centrifuge 5810R, and the pellet was suspended 
to a concentration of 60 OD600/mL in water. Then, 
500µL of suspension were transferred to an 
Eppendorf tube and spun down for 5 minutes at 
5000xg, 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 frozen pellet was suspended in 200µL 
sample buffer with 1x protease inhibitor and 1mM 
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 in a Bio-Rad 
Power Pac 200/300 equipment, using SDS-PAGE, 
and transferred to nitrocellulose membranes, 
using a Bio-Rad Trans-Blot Turbo transfer system 
with membranes from Bio-Rad. Twenty-five 
microliters of sample were loaded onto a 12.5% 
and a 10% SDS polyacrylamide gel, respectively 
for the LC and the HC detection, and the 
electrophoresis was run in SDS-Tris-glycine 
buffer. After the blocking with 5% milk/PBT 
solution, the membrane was incubated with 
1:4000 anti-FLAG horseradish peroxidase in 1% 
milk/PBT for either the LC detection (α-kappa) or 
the HC detection (α-IgG). 

ER clearance assay 

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, 230 rpm 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 and were grown 
for at least 6h to be diluted again in 50mL to a final 
OD600 of 0.05, and then, they were grown 
overnight. Exponentially growing cells were 
induced with 2 % galactose after 17h, when they 
reached an OD600 of 0.8-1. 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 the cells were kept 
in the same growth conditions. The cell extract 
preparation as well as its analysis were performed 
in the same way as described before. 

Antibody titer determination 

To determine antibody titers, an ELISA was 
performed. 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. The 
coating of ninety-six well plates was done with 
100μL/well of 2,1μg/mL goat anti-human IgG 
antibody in PBS, allowing it to shake overnight at 
4°C. After several washing steps with 200µL PBT, 
serial dilutions of standard antibody in PBT were 
prepared. 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 another washing 
step, 100µL per well of goat anti-human IgG 
peroxidase-labelled antibody was added in a 
dilution of 1:4000. This 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, 3μL of 
30 % H2O2 per 10mL solution in 0.05 M phosphate 
citrate buffer) was added. After 8 minutes, the 
reaction was quenched by addition of 80μL/well of 
3M H2SO4. The colorimetric reaction was detected 
by measuring the absorbance at 405 nm using a 
BioTek Synergy2 spectrophotometer. Gen5 
software built a standard curve correlating the 
absorbance with the antibody concentration. 

Results and Discussion 

The antibodies produced are attached to the 
mat alpha sequence. So, 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 
(Rakestraw et al. 2009). In immunoblotting, the 
IgG’s LCs, which are attached to the mat alpha 
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sequence, have a molecular weight around 
35kDa, since this sequence weights around 
10kDa and the LC weights 25kDa by itself. The 
same reasoning can be assumed for the HC 
detection, considering that its own size is 
around 50kDa. 

Studies throughout time on strain SS328 

To test the protocol of “ER clearance essay” 
developed, a clone obtained from background 
strain SS328 with pAX538 (2HC+2LC of the full 
HyHel antibody) was tested (Figure 1). 
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LC 

 
Figure 1 Analysis of IgG expression, with (+) and 
without (-) addition of glucose, to repress expression. 
Yeast strains expressing an antibody molecule was 
grown in minimal media and antibody expression was 
induced with galactose for 4 hours. Cell extracts of 
strain SS328 with plasmid pAX538, grown at 30°C 
and collected after glucose addition, were prepared. 
Equal volumes (20µL) of samples were loaded to the 
SDS-PAGE gels. After separation of proteins on the 
gels, they were transferred to nitrocellulose 
membranes and, then, probed with an HRP-labelled 
antibody specific for the HC (A) and for the LC (B) 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. 

For both chains, when the glucose was added, 
a reduction in productivity was observed. The 
results from the experiment were not completely 
expected since there was an increase in the 
molecular weight of the HC’s band and it was 
impossible to distinguish two different bands 
around the molecular weight corresponding to 
the HC. The LC blot presents two detectable 
bands, being one more intense correspondent 
to LC with mat alpha signal and the other one 
corresponds to the LC. This observation is 
important to conclude that the majority of the 
proteins detected were trapped in the ER. 

Studies of productivity on strain BJ3500 

The transformation of background strain 
BJ3500 resulted on several clones (Table 1), in 
which the proteins to be expressed were fused 
to different mutant versions of mat alpha. The 

clones were tested by both the “ER clearance” 
and the “Growth and Expression” essays. 

Table 1 Description of all the plasmids transformed 
on the background strain BJ3500, with indication of 
the name attributed to the new clones produced 

Name Plasmid Signal Sequence 

YMA1 pAX533 App8 

YMA2 pAX534 App8_A22V 

YMA3 pAX535 Mat alpha 

YMA4 pAX536 App8 

YMA5 pAX537 App8_A22V 

YMA6 pAX538 Mat alpha 

Studies of the best induction temperature on 
strain BJ3500 

The effect of three different temperatures (20°C, 
25°C and 30°C) after the induction of antibody 
production by 2% galactose, was tested for 24h. 
The experiment of “Growth and Expression” 
was performed for all strains (from YMA1 to 
YMA6) to get comparable Western blot results 
of the antibody production (Figure 2). 
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Figure 2 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, upper blot at 25°C and 
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lower blot at 20°C. On the right side of the marker 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. 

It should be noted that there is clearly not 
enough sample to detect the protein produced 
by strain YMA3 for both the heavy and light 
chains’ detection. Besides, strain YMA6 has 
lower molecular weight proteins. In fact, this 
strain contains the wild type mat alpha 
sequence, meaning that it does not have so 
many mutations in the secretion signal that 
could increase its molecular weight. 

For the HC detection, it was impossible to 
visualize the two predicted bands since there 
was probably not enough protein. For the 
majority of the stains, it was noticed that when 
the temperature after induction increased (from 
20°C to 30°C), the production seemed to be 
decreasing, since bands 8, 9, 10, 11 and 12 
were less intense in comparison to the others. 

Regarding the LC detection, two distinct bands 
are visualized (at 25kDa and 35kDa), being 
YMA6 the only with solely two clear bands. In 
fact, for the strains tested without the wild type 
mat alpha sequence, it was also possible to 
observe three distinct bands, after the detection 
of the LC. 

The unprocessed from, which has a higher 
molecular weight is more abundant. This fact is 
in accordance to the expected since the 
samples loaded were cell extracts and these 
should not contain 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.In order to obtain quantitative data, 
IgG concentrations were determined by ELISA 
(Figure 3).  

 

Figure 3 Effect 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 3, there was not a 
consistent trend in terms of antibody (Herceptin 
or Hy-Hel) concentration and the best induction 
temperature. In fact, the concentration, in the 
lysate, gets higher with temperature until 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. 
Besides, the concentration per amount of cell 
(OD600) inside the cells was always higher than 
outside the cells. When temperature increased, 
this proportion increased.  

Studies of ER clearance on strain BJ3500 

In order to test the antibody production with the 
“ER clearance essay”, the scale was increased, 
and so, 100mL of culture were grown after the 
dilution to 0.05. Besides, since there was no 
great difference in the amount of protein 
produced when the temperature was changed, 

YMA6 cells were always grown at 30°C. In 

Figure 4, it is possible to observe the 
comparison of the immunoblots obtained. 

A: 1  2  3   4    5   6    7   8   9  

 

 
Matα+HC 
HC 

B: 1  2   3    4   5   6    7    8   9  

 

Matα+LC 
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Figure 4 Analysis of “ER clearance” essay for IgG 
expression along time, with (+) and without (-) the 
addition of glucose after induction, 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 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 these 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 
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9: 0h+. The expected size of the HC and LC are 
50kDa and 25kDa, respectively. 

For the HC detection in YMA6, two intense 
bands can be distinguished, being one around 
50kDa and the other one slightly lower than 
75kDa. For LC detection, two strong bands can 
also be distinguished, being one around 25kDa 
and the other one around 35kDa. These 
observations lead to the conclusion that the 
majority of the proteins detected were trapped 
in the ER. 

In Figure 4, the protein production was stopped 
when glucose was added (+), although the 
growth rate was higher. In fact, the ER had 
finally time to process the unprocessed protein 
that was kept inside it and so the upper band is 
decreasing its intensity along time, in the (+) 
samples. The second band, correspondent to 
the processed protein, after 18h, decreases its 
amount to values that are undetectable by the 
Western blot, especially for the HC’s detection. 

In order to obtain quantitative data, IgG 
concentrations were determined by ELISA 
(Figure 5). 

 

Figure 5 Effects of “ER clearance” essay 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 for 6 hours after which glucose was added 
to follow disappearance of IgG from the cells for 18h. 
The strain used was a wild type Saccharomyces 
cerevisiae strain expressing IgG fused to a Mat alpha 
signal sequence (YMA6). Blue corresponds to the 
extracellular IgG concentration with glucose, orange 
corresponds to the IgG concentration in the lysate 
with glucose, being its units in the secondary axis, 
grey corresponds to the extracellular IgG 
concentration without glucose, yellow corresponds to 
the IgG concentration in the lysate without glucose, 
being its units in the secondary axis. 

These ELISA results were consistent to the 
ones previously observed, since the amount of 
protein produced was lower when glucose was 
added to repress production and the antibody 
concentration was always higher in the lysate, 
for samples at the same time point. 

For samples collected at time point zero, the 
amount of protein is higher when cells were 
grown on a medium containing glucose. 

Besides, there is a decrease in the amount of 
protein produced from the first samples until the 
end of the experiment, regardless the addition 
of glucose. Probably the proteins produced 
were attached to the walls of the flasks. 

Studies of targeted screen for method validation: 
effects of deletions in strains W303 and SS328 

A wide range of different targets has been 
selected to evaluate whether the assay can be 
used to study any type of modification of the 
secretory pathway in yeast. All the clones were 
then used to validate the “ER clearance essay” 
with the changes previously described. 

In order to obtain different clones, whose 
phenotype would be known, the plasmid 
containing the information for producing the full 
HyHel antibody (pAX538) was used to 
transform a few strains, described in Table 2.  

Table 2 List of strains used in the transformations, 
with their mutations. 

Name Strain Mutation 

 W303 Δvps30 

YJR10 SS328 Δpep1 

YJR12 SS328 Δalg3 

YJR14 SS328 Δyos9 

YJR56 SS328 SSO1 (pJR6) 

YJR56 SS328 SLY1 (pJR10) 

YJR56 SS328 SEC1 (pJR14) 

YJR56 SS328 Δleu2 (pEK7) 

The vps30 protein localizes to membranes, 
being involved in endosome to Golgi retrograde 
transport and in late endosome to vacuole 
transport. This mutation blocks vps30, 
diminishing proteins targeted to the vacuole. 

The pep1 deletion represents a blocking in the 
production of vps10 protein which results in the 
lack of proteins targeted to the vacuole. As a 
result, these mutants are defective in sorting 
and processing of vacuolar proteins. 

The alg3 deletion increases secretion levels but 
alg3 mutant cells do not have a known 
selectable phenotype (Aebi et al. 1996). 

Yos9 recognizes the N-glycan signal of 
misfolded proteins and acts as a gatekeeper for 
their delivery to the cytoplasm for degradation 
(Martinez Benitez et al. 2011), so, its deletion 
prevents retro-translocation and degradation. 

SSO1 protein 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). 
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SLY1 protein is involved in both anterograde 
transport from the ER to the Golgi as well as 
retrograde transport from the Golgi to the ER. 

SEC1 protein is involved in docking and fusion 
of exocytic vesicles, binding to assembled 
SNAREs to stimulate membrane fusion. 

The overexpression of the last three proteins 
increases the production of the plasma or Golgi 
membrane t-SNARE proteins, which results in 
increased transport from ER to the Golgi or the 
cell membrane. 

The transformations resulted in several clones 
which were sequentially named, according to 
the information presented on Table 3. 

Table 3 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 

To compare the effect of different mutations on 
the same background strain (W303 and SS328) 
three sets of clones were selected: “YMA7 and 
YMA8”, “YMA9, YMA10 and YMA11” and 
“YMA12, YMA13, YMA14 and YMA15”. In 
Figure 6, it is possible to observe the 
comparison of the immunoblots for three 
different strains: YMA7, YMA9 and YMA15. For 
all the blots, when glucose was added, the 
bands decreased their intensity throughout 
time, as it was expected due to glucose’s 
repressive effect. 

Comparing strains YMA7 and YMA8, both with 
the background strain W303, there is not a 
massive difference between the Western blots 
obtained. 

Focusing on background strain SS328, it was 
possible to obtain strains YMA9, YMA10 and 
YMA11, all having deletions of different genes: 
pep1, alg3 and yos9, respectively. Additionally, 
certain genes were introduced to produce 
clones YMA12, YMA13 and YMA14, increasing 
the production of the proteins coded by the 
respectively following genes: SSO1, SLY1 and 
SEC1. YMA15 serves as a control for all the 
clones with background strain SS328, since it 
only contains a plasmid for growth in a selective 
medium lacking leucine. 

A: 1  2   3    4   5   6    7    8    9 YMA7 

 

 
HC+matα 
HC 

B:1 2   3    4   5    6     7   8   9 YMA7 

 

 
LC+matα 
LC 

A: 1   2   3    4    5   6    7   8   9 YMA9 

 

 
HC+matα 

B: 1   2    3    4    5    6     7    8   9 YMA9 

 

 
LC+matα 
 LC 

A: 1   2    3   4   5    6    7    8    9 YMA15 

 

HC+matα 
HC 

B: 1  2   3    4    5   6    7   8   9 YMA15 

 

LC+matα 
LC 

Figure 6 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 
grown at 30°C, and collected after glucose 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. 

Comparing the Western blots correspondent to 
all the SS328 strains, only YMA9 has significant 
differences since there are only the two 
expected bands: the unprocessed and the 
processed form of the desired protein. This 
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means that the two other strains have a similar 
profile to strain YMA15, with significant 
degradation products inside the cells. These 
seem to be ligated to fragments of the constant 
region of both antibody chains. Comparing the 
LC detection of YMA12 with YMA15, the 
intensity of the two visible bands is higher. This 
might be explained by an increased traffic of 
vesicles between the Golgi and the cellular 
membrane, decreasing the degradation 
products kept inside the cells. 

Regarding the antibody titers determined by 
ELISA, for all strains, the graphs had a similar 
behaviour, reaching practically identical 
shapes, including the localization of maximums 
and minimums for the same conditions. 

Perhaps, the only significant difference between 
YMA7 and YMA8 is that, in the lysate of YMA8, 
the antibody titers were almost constant 
(~0.03(µg/mL)/OD600) regardless the inhibition 
by glucose. The same seems to happen with the 
antibody titers in the lysate of strain YMA9 
(~0.03/0.06(µg/mL)/OD600). 

Considering the ELISA results for 
YMA9/YMA10/YMA11, strain YMA11 is the only 
one different, being able to reach antibody 
titers, in the extracellular medium, similar at the 
beginning and after 6h of beginning of the 
experiment (~0.05-0.06(µg/mL)/OD600). If it was 
possible to extract the antibody trapped in the 
cells while they are producing, the global 
antibody titer would be higher for this strain. 

Considering the ELISA results for the four last 
strains, it is possible to conclude that all strains 
seem to decrease the antibody titers produced 
until they reach the last time point, when they 
reach values similar to the first time point, only 
in the lysate without any addition of glucose. 
The highest value is achieved in the lysate 
samples of YMA15 (~0.15(µg/mL)/OD600). 

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, 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 targeting the 
bottlenecks inside the cells by Western blot. 
The complementary results obtained through 
both techniques led to the conclusion that the 
ER is surely a crucial bottleneck, due to the 
amount of protein which is retained inside ER 
still attached to the signal sequence. 

When testing the temperature after induction on 
BJ3500 for optimization of the growth assay, 
there was not a massive difference in antibody 
production and, for this reason, the temperature 

was kept at 30°C, which is the best for cellular 

growth. Besides, when studying the length of 
chase after stopping the production by addition 
of glucose, its effect was no longer felt after 24h, 
and so, the experiments ended after 18h. 

Taking into account the Western blots, 
intracellular IgG levels decreased during the 
assay, due to addition of glucose. Although no 
HC was detected in the last samples, most of 
the LC samples had residual signals. When 
comparing the samples to which glucose was 
added to their control, 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 protocol and conditions used were the 
same. Regarding strain YMA6 (BJ3500), there 
were no difficulties in the cellular growth or 
antibody production, although it was the most 
difficult to transform. In spite of being easily 
transformed, strain YMA7 (W303) presented 
not only a slow cellular growth but also low 
antibody titers. Strain YMA15 (SS328) took 
longer to reach the desired OD600, but it was the 
easiest to transform, even with more than one 
plasmid.  

From all the strains tested using SS328, YMA11 
had a better performance in terms of overall 
antibody titer, since it kept its production in the 
lysate almost constant (0,05(µg/mL)/OD600). 

If this work were to be continued, it would be 
imperative to screen a wider library of clones so 
that the validity of the method could be proved 
in different strains. On another approach, the 
IgG might be treated with the N-glycosidase 
EndoH, resulting in a lower molecular weight of 
the HC’s two major forms. 

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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