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INTRODUCTION

Saccharomyces cerevisiae is one of the most frequently used organisms
for heterologous protein biosynthesis, as it is one of the most well studied
eukaryotic organisms (Duina et al., 2014). Yeast cultivation is easy and
inexpensive and there is an array of convenient molecular tools for
uncomplicated genetic manipulations (Mattanovich et al., 2012; Porro et al.,
2011). Important biopharmaceutical proteins like Hepatitis subunit vaccines
(McAleer et al., 1984), hirudin (Bischoff et al., 1989), insulin (Thim et al.,
1986), platelet-derived growth factor (Finnis et al., 1992), urate oxidase
(Leplatois et al., 1992), macrophage colony-stimulating factor (Price et al.,
1987) are all made in S. cerevisiae.

However, there are still bottlenecks, like incorrect glycosylation pattern,
low protein yield and acute cellular stress (Mattanovich et al., 2004, 2012),
preventing the successful production of a wider array of proteins. To
troubleshoot the obstacles that stand in the way of efficient protein production
a deeper analysis into the cellular proteome is needed. Unfortunately, the
impact of recombinant protein synthesis on the yeast cell is scarcely studied.
Such research would help us identify the reasons behind unsuccessful or, on
the contrary, outstanding synthesis of recombinant proteins. This information
can be used to engineer improved yeast strains or to determine the synthesis
bottlenecks and overcome them. Proteomic analysis is a powerful tool to
perform such research, as it directly gives us information about the fold
change and abundance of the cellular proteins that are the acting molecules in
the synthesis of heterologous proteins. Proteomic analysis using two-
dimensional electrophoresis (2DE), is a robust, fast and inexpensive method
to gain information on the major changes in the proteomes of the studied cells.
Additional mass spectrometry (MS)-based analysis techniques help to enrich
the data by identifying proteins with differential synthesis patterns, or by
analysing the whole protein complement of the cell, to distinguish small
changes in the proteomes.

The aim of this work was:

To adapt 2DE- and MS-based proteomic analysis to study the
recombinant protein synthesis in yeast S. cerevisiae.
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The objectives of this study were:

1. Tochoose the best-performing 2DE method for proteomic analysis of
yeast S. cerevisiae cellular proteome in a wide pH range (pH 3-10).

2. To find yeast cell culture growth conditions that improve the
translocation of Measles virus hemagglutinin (MeH) protein; identify
involved cellular proteins by comparative proteomic analysis.

3. Restore the composition of carrier ampholytes (CA) for the first-
dimension of non-equilibrium pH gradient electrophoresis
(NEPHGE)-based 2DE and compare it to the formerly commercially
available gels.

4. To analyse the impact of efficient human calreticulin (CALR) protein
secretion on yeast S. cerevisiae cellular proteome.

Scientific novelty

In this work, for the first time Immobilized pH gradient (IPG)- and
NEPHGE- based 2DE methods were compared, and NEPHGE-based method
is suggested as the more suitable one for the proteomic analysis of yeast
proteome. We were also able to improve the inefficient translocation of MeH
protein precursors to the ER and increase the amount of glycosylated protein
~3-fold. The NEPHGE-based 2DE analysis of cells producing MeH after the
heat-shock, revealed 15 cellular protein-targets for further engineering of
yeast strains with improved translocation to the ER, or even reduced cytosolic
Unfolded Protein Response (UPR-Cyto). Here we also present a restored CA
composition for NEPHGE-based first-dimension gels that can be used instead
of the no longer commercially available. The composition of commercial gels
was never made public and the original recipe for NEPHGE-based isoelectric
focusing (IEF) was published in 1995 by (Klose & Kobalz, 1995), with the
CAs used now being discontinued. All of these obstacles made the restoration
more difficult, and our published composition the more important and novel.
Lastly, we report an extremely efficient secretion (140 mg/L) of human CALR
protein from yeast S. cerevisiae. Interestingly, 2DE- and liquid
chromatography/mass spectrometry in a data-independent mode (LC-MSE)-
based quantitative analysis of CALR-secreting versus control yeast cells
harbouring an empty vector, revealed no induction of cellular stress or
secretory pathway proteins. It is highly irregular that such an efficient
secretion affects the cellular proteome so little, this suggests that it may
depend on the nature of the protein itself and gives us a background for further
studies on successful secretion from yeast S. cerevisiae.
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Practical value

Since we show that NEPHGE-based 2DE is preferable for yeast
proteome analysis, and the solutions for this method are commercially
unavailable, our published CA mix composition is of high value for the
holders of the apparatus for NEPHGE-based IEF. Our determined conditions
for more efficient MeH translocation and the identified protein-targets is
generally important knowledge for the production of viral surface
glycoproteins that are used in subunit vaccines in recent years (Gebauer et al.,
2019; Lin et al., 2012; Zhang et al., 2019). Since the secretion mechanism of
human CALR from healthy mammalian cells is elusive, our results from yeast
suggest that it may be easily secreted not because of a distinct mechanism, but
rather because of its intrinsic properties. Our reported proteomic data on
efficient secretion of CALR is also important from a biotechnological standing
point, for stress-free high-level production of human proteins in yeast.

The major findings presented for defence in this thesis:

1. NEPHGE-based 2DE is the preferred method for yeast whole
proteome analysis in a wide pH range (pH 3-10). IPG 3-10
(Invitrogen) 2DE method is reliable only in the analysis of acidic
proteins, because in the basic side of 2D gels the results are not
reproducible; meanwhile, NEPHGE method is suitable in the entire
pl range and especially efficient for the analysis of basic proteins.

2. MeH glycoprotein amount and translocation efficiency increase about
3-fold when heat shock is applied at higher cell culture densities and
followed by protein synthesis at 37 °C. Comparative proteomic
analysis revealed 15 cellular proteins with differential synthesis that
are possibly associated with the improved translocation of MeH.

3. The restored CA mix for NEPHGE-based first-dimension separation
of proteins has better reproducibility and can be used instead of the
no longer commercially available.

4. High-level CALR secretion has limited impact on the yeast cellular
proteome, does not burden the secretory machinery and does not
cause any apparent cellular stress. It only slightly impacts the
biosynthesis of ribosome constituents involved in protein translation.

13



1. LITERATURE OVERVIEW
1.1. Proteomics

Proteomics is the systematic, large-scale analysis of proteomes. A
proteome is a complete set of proteins produced by a given cell, tissue, or
organism. It is described either as a complete proteome — a catalogue of all
possible proteins or as a list of proteins produced under a defined set of
conditions (Twyman et al., 2013). The term ,,proteomics* was first proposed
by Wilkins in 1994 and is derived from words protein and genome (Wilkins,
2009). The development of proteomics was dependant on the first attempts on
large-scale DNA sequencing projects and the rise of ,,omics* as a term for
genomics and its derivatives (transcriptomics, proteomics, metabolomics,
phenomics) (Twyman, 2013). Proteins are the actual function molecules of the
cell and the most relevant components of a biological system. Protein PTMs
and isoforms, as well as expression levels that can vary from mRNA levels,
compartmentalisation of gene products, regulation of protein function by
proteolysis, recycling and sequestration, protein-protein interactions and
cellular structure composition — all can only be determined using proteomic
analysis (Pandey & Mann, 2000). This makes proteomics one of the most
important tools in modern day research.

The beginning of all protein separation methods started when Tiselius
in 1930 suggested an analytical moving boundary method for protein
electrophoresis (Tiselius & Uppsala universitet, 1930). In 1956, Smithies and
Poulik deduced that single-dimension separations cannot resolve complex
protein samples and showed a two-dimensional approach, where proteins
were resolved by molecular weight and free solution mobility on starch gel
(Smithies & Poulik, 1956). One dimensional protein electrophoresis became
widely used by biochemists only when sodium dodecyl-sulphate (SDS)
electrophoresis was introduced in the 70s (Laemmli, 1970). Nevertheless, the
protein resolution was insufficient and it was clear that a second dimension
was needed. At that time (and still today) it was obvious that isoelectric
focusing would best complement SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) separation method (Rabilloud et al., 2010). There was a
successful attempt in a method coupling like this, but it did not get a lot of
attention due to ,,empty* gels lacking spots and sample inclusion in the IEF
gel, which was a complex process (MacGillivray & Rickwood, 1974). Then,
in 1975 O’Farrell and independently at the same time Klose, introduced IEF
and SDS-PAGE based 2DE techniques for separating cellular proteins under
denaturing conditions. These techniques had detailed protocols, sample
loading on top of carrier-ampholyte based IEF gels and autoradiographic
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detection, which allowed to detect hundreds of spots in the same gel (Klose,
1975; O’Farrell, 1975). In 1977 Anderson & Anderson used 2DE for the
analysis of human plasma and detected approximately 300 spots (Anderson &
Anderson, 1977). This was the first 2DE application for clinical biology and
in a short period of time, 2DE took off with applications to cell biology (Bravo
& Celis, 1980; Garrels, 1979) and the creation of the predecessor of human
genome project (Taylor et al., 1982). Although 2DE techniques created by
O’Farrell and Klose were widely used, they were quite arduous. The IEF gels
had to be cast in-laboratory, which often led to length variations and
irreproducibility and the carrier-ampholytes were generally unstable and
prone to cathodic drift (See chapter 1.2.1.) (Issagq & Veenstra, 2008). Then in
1982 Bijellgvist and colleagues introduced IEF gels with immobilized pH
gradients, that increased reproducibility, did not have a cathodic drift and were
easy to use (Bjellqvist et al., 1982). Soon after, there was a stable protocol and
the method was commercialised (Gorg et al., 1988), which simplified and
broadened its use in science and led to interlaboratory studies (Blomberg et
al., 1995; Corbett et al., 1994).

The real breakthrough for proteomics came with the emergence of
mass-spectrometry based methods. Compared to Edman sequencing, MS
requires a lesser amount of sample and shortens the analysis time from days
to hours, provides higher sensitivity and throughput (Pandey & Mann, 2000).
Combination of protein separation by 2DE and MS led to creation of various
2DE maps and databases (Biittner et al., 2001; Shaw et al., 1999). But after a
substantial accumulation of data from similar strategy proteomics work, it was
clear that some types of proteins are found over and over again, and some are
always missing (low abundance, hydrophobic) (Corthals et al., 2000). These
dynamic range (i.e., quantitative ratio between the rarest protein in the sample
versus the most abundant) limitations were applicable not only to 2DE, but to
MS also.

A standard proteomic analysis includes the separation of complex
protein samples (See 1.2.), the identification of separate components (See 1.3.)
and their systematic quantitative and/or comparative analysis (Seel.4.)
(Twyman, 2013).

1.2. Separation of complex protein samples

In this next chapter of literature overview, two of the most used protein
separation methods — 2DE and LC will be presented. Because this work is
based mainly on 2DE method, principles of 2DE will be described in greater
detail. LC was used in tandem with MS only, but a short overview of the main
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usages of this method will be described also. Although there are, other protein
separation methods like MudPit, protein chips, capillary electrophoresis and
etc., they will not be included in this dissertation, albeit are no less worthy of
mention.

1.2.1. Principles of 2DE

Electrophoresis is a process when charged molecules migrate in the
electric field. The migration rate depends on the ratio of molecule charge
density, its mass and the strength of the electric field. Electrophoretic methods
exploit the fact that differently charged molecules have different
electrophoretic mobility. Proteins are charged molecules and are amphoteric
in their nature — they have acidic -COO™ and alkaline -NHs* groups on their
surface. Because of this property they can adsorb anions in an alkaline, or
cations in an acidic pH of the solution. The pH of a solution at which protein
molecules have a neutral charge is called the isoelectric point (pl). The pl
value varies depending on the protein charge — the sum charge of all positively
and negatively charged amino acid side chains - and the spatial form of a
protein. When the pH of the solution coincides with the pl of the protein it no
longer can migrate in the electric field because its charge is neutralized by ions
in the solution. This property is exploited to separate proteins according to
their pl and is called IEF (Dennison, 2002; Twyman et al., 2013).

The discussed properties are used to separate proteins in two
dimensions in 2DE using two orthogonal separation technigques. Usually, IEF
separation in the first-dimension and charge/mass ratio dependent SDS-PAGE
in the second-dimension.

Electrophoretic separations that are discussed in this dissertation are all
performed in polyacrylamide gels rather than in free solution. Polyacrylamide
(PAA) gel electrophoresis facilitates protein separation depending on their
mass by sieving through porous gel as they migrate in an electric field. Diverse
pore size can be achieved by varying the concentrations of acrylamide which
is a monomer gelling agent and bis-acrylamide which is the cross-linking
agent, generating polyacrylamide. Other cross-linking agents can be used to
improve gel properties, especially in the case of IEF gels. PDA (Piperazine di-
acrylamide) increases resolution and strength of IEF gels (Gravel, 2002) and
DATD (N,N -diallyltartardiamine) that increases pore size in IEF gels where
molecular sieving can be a problem (Kelkar et al., 1986).

1.2.2. Sample preparation for 2DE
1.2.2.1. Sample prefractionation
16



Protein samples from any organism contain a myriad of different
proteins with different properties, so there is no universal sample preparation
protocol that would fit all the proteins. Usually more abundant proteins
dominate the sample and low-abundancy and hydrophobic proteins are
underrepresented. One way to analyse a more specific group of proteins is to
reduce the sample complexity by prefractionation. Sample prefractionation
can be performed either in cellular, subcellular or protein levels. Generally,
cellular fractionation is the approach to screen the whole proteome
(Magdeldin et al., 2014). Subcellular fractionation is performed by density
centrifugation of cell/tissue homogenate (Boisvert et al., 2010) and subsequent
usage of selective solvents to dissolve ER-Golgi, mitochondrial or nuclear
proteins (Cascio et al., 2011). Pre-fractionation on a protein level is usually
performed based on protein physio-chemical properties, for example by their
charge using strong cation exchange (SCX) chromatography (Molloy et al.,
1998) or by their size using size exclusion chromatography (SEC)
(Tantipaiboonwong et al., 2005). Pre-fractionation can be used to enrich
samples (low abundance proteins) or to deplete samples (major high
abundance proteins, for example albumin or haemoglobin in blood). Depletion
of major sample proteins results in higher resolution, better separation and
higher protein load (Magdeldin et al., 2014) or so called Dynamic range
compression (DRC) (Griffin & Bandhakavi, 2011). In mass spectrometry
high-abundant peptides mask the rarer ones, so sample depletion increases the
chances of detecting very low-abundant proteins (Fountoulakis et al., 1999;
Karlsson et al., 1999).

1.2.2.1.1. Sample buffer

The second important part of sample preparation for 2DE is to covert
the sample to a suitable physiochemical state for IEF and retaining the charge
and MW of the proteins in the sample. Usually this means that the proteins
need to be solubilised, disaggregated, denatured and reduced. The procedures,
of course, depend on the aim of the experiment. If there is a need to separate
soluble aggregates, the sample must be prepared under non-denaturing non-
reducing conditions (Shaw & Riederer, 2003). This can be achieved by using
non-denaturing detergents Triton X-100 and N-dodecyl-p-D-maltoside
(Jackowski & Pielucha, 2001). Although, the aim of most 2DE-based
experiments are set to resolve as many proteins as possible, and for that it is
preferable to perform IEF under denaturing and reducing conditions (Shaw &
Riederer, 2003).
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To properly prepare protein sample it is necessary to choose the right
sample buffer that will maintain the solubility of the proteins and will not
impact their pl. Usually sample buffer for IEF contains: high concentration of
protein denaturing urea that disrupts noncovalent and ionic bonds among
amino acid residues (Klose, 1975; O’Farrell, 1975); thiourea that increases
solubility of proteins (Rabilloud et al., 1997); non-ionic (Triton X-100) or
zwitterionic detergents (CHAPS, SB3-10, ASB-14, NP-40) that disrupt
hydrophobic bonds and increases protein solubility, as well as maintains them
in the solution during IEF (O’Farrell et al., 1977; Rabilloud, 2009); reducing
agents that disrupt disulfide bonds (DTT, DTE, TBP); ampholytes that also
increase protein solubility and helps to maintain the pH gradient (are chosen
depending on the pH range of the gel, for example pH 3-10, pH 4-7) (Garfin,
2003). Although, the denaturing properties of most sample buffers are enough
to supress proteolysis, sometimes the addition of protease inhibitors is
recommended, especially during lengthy sample manipulations (Olivieri etal.,
2001; Shaw & Riederer, 2003). Protease inhibitors are usually sold in
cocktails and should be used according to manufacturer ‘s recommendations.

1.2.2.1.2.Cell/tissue disruption methods

Another part of sample preparation is the disruption of the cells or
tissue. The disruption method heavily depends on the type of cells/tissue. For
easily lysed cells (mammalian cell culture, blood, some microorganisms) soft
lysis methods are applied: osmotic lysis (Bohring & Krause, 1999), lysis by
freeze-thaw cycles, detergent (Portig et al., 1996) and enzymatic lysis
(Salazar, 2008). For cells that are hard to disrupt (hard tissue, yeast, bacteria)
strong lysis methods are used: disruption by sonication (Harder et al., 1999),
French Pressure Cell (Cull & McHenry, 1990), grinding after freezing in
liquid nitrogen (Davidsen, 1995), mechanical homogenization (Watarai et al.,
2000), homogenization with glass beads (Nandakumar & Marten, 2002;
Posch, 2014). Protease inhibitor cocktails are also added to the disruption
buffer — if other than sample buffer is used.

1.2.2.1.3.Sample clean-up

After disruption of cells/tissues and the release of protein complement
into the buffer it is important to remove any impurities that can interfere with
2DE. Impurities in the sample causes 2D gel streakiness, longer separation
time, poor separation, increased electrical conductivity and protein
modifications. To obtain high resolution it is necessary to remove as much of
impurities as possible: perform dialysis of gel filtration for charge bearing
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salts (NaCl, KCI), buffer components (Tris, PBS), nucleotides; precipitate
sample with acetone or add a detergent (to a ratio of 1:5-1:8 SDS to detergent)
to reduce the effect of SDS; apply DNase or disrupt sample by ultrasound to
remove negatively charged DNA,; centrifuge at high speed to pellet insoluble
particles and aspirate purified sample. One of the most efficient ways to clean
the sample from all contaminants is to precipitate proteins. This concentrates
the proteins in the sample, inhibits proteases irreversibly, dismantles protein
complexes, removes endogenous peptides (important for DIGE). The most
common precipitation procedures are: precipitation by chloroform/methanol,
acetone, TCA/acetone and TCA (Rabilloud, 1996). However, the best method
for protein precipitation depends on the cell type, for example
chloroform/methanol and acetone precipitation showed best protein recovery
in preparing rat brain samples (Fic et al., 2010) and 20% TCA/acetone
precipitation showed best results in preparing samples from liverworts (Yadav
et al., 2020) as well as human plasma (Jiang et al., 2004). Commercial 2D
clean-up Kits are available from various manufacturers that employ the best
properties of various precipitation methods and ensure high efficiency
impurity removal from samples (Cytiva, Sigma-Aldrich, Bio-Rad). If
precipitation was the method of choice for sample clean-up, the protein pellets
need to be solubilized in sample buffer and the protein concentration
determined. In the case of IPG strips (See 1.2.2.) sample buffer is usually used
for strip rehydration also.

1.2.3. IEF for first dimension separation

During the process of IEF proteins are separated by their charge
regardless of their mass. Electrophoresis is carried out in a pH gradient where
proteins migrate to the pH value where they have no net charge — the pl.
During the protein migration through the pH gradient, the charge density of
the protein decreases as it moves towards its pl. When a protein reaches its pl
the electrophoretic mobility stops, because net charge of the protein becomes
zero. If a focused protein diffuses from its pl position, it instantly gains charge
and moves back to its focus. The resolution of this separation system depends
on the strength of the electrical field and the continuity of the pH gradient.
That is why IEF is performed at high voltage (above 1000 V) and when the
proteins are focused, then there is no ionic motion left in the system, the final
current is very low (in the limits of microamperes).

There are two ways a pH gradient for IEF can be established. The
original method (Klose, 1975; O’Farrell, 1975) was to form the pH gradient
in a tube gel by using carrier-ampholytes — small, soluble amphoteric
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molecules (synthetic peptides) characteristic for strong buffering properties at
their pl. Initially, the ampholytes are evenly distributed and there is no pH
gradient. With the application of electric field, the ampholytes themselves are
subjected to electrophoresis — the acidic ampholytes move towards the anode,
the alkaline ampholytes move towards the cathode and all the intermediate
form a gradient in between, at their pl values. The system reaches equilibrium
defined by a continuous gradient before the slow-moving proteins start to
migrate to their pl. One of the major limitations of this approach is cathodic
drift — when ampholytes migrate to the cathode due to electro-osmotic flow
(bulk solvent flow towards the cathode) (Dennison, 2002; Twyman et al.,

2013).
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Figure 1. A schematic representation of protein separation during the process of isoelectric
focusing.

1.2.3.1. NEPHGE

NEPHGE method addressed cathodic drift (O’Farrell et al., 1977) by
switching the sides of sample application — applying it at the acidic end of the
tube gel, rather that basic (Klose, 1975), so that all proteins in a sample are
positively charged in the starting point of the run. Using this approach for IEF
running time is of the essence, as if run too long the basic proteins and
ampholytes would run off the end of the gel. So, the principle is to not allow
the system to reach equilibrium and rather separate proteins in a rapidly
forming pH gradient. The time of the electrophoresis determines the protein
distribution (O’Farrell et al., 1977). NEPHGE gels are manually cast by the
user in a cylindrical mold and usually are acrylamide gels cross-linked with
PDA. This increases the strength of slim and frail gels. The main drawbacks
of this methods are the irregular nature of ampholytes - due to their
complicated manufacturing technology and the difficulty of the method itself.
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This is a labour-intensive approach that needs to be mastered. Despite these
disadvantages, an updated protocol for NEPHGE-based first-dimension
separation was proposed (Klose & Kobalz, 1995) and later, a commercialised
version of the apparatus and the solutions were manufactured and distributed
by WITA GMBH called ,,Witavision“ (Wittmann-Liebold et al., 2006).
Unfortunately, WITA GMBH has ceased their operations and left all the
owners of their apparatus without the commercially available supply of
solutions. Although, NEPHGE method is not broadly used, its capability to
resolve basic protein spots — which poses a well-known problem for in-gel
separation — made it instrumental for protein separation in broad (See Results
3.1.) as well as highly basic (Bjarnadottir & Flengsrud, 2014; Kreipke et al.,
2007) pH range.

1.2.3.2.IPG

The second manner in which a pH gradient for IEF can be established
is by using IPG (Bjellgvist et al., 1982). IPG is made of an array of non-
amphoteric molecules called Immobilines that on one end contain a weak
acidic or basic group and an acrylic double bond on another to aid
immobilization. When the gel is run, proteins migrate to their pl, but the pH
gradient remain stable even if the gel is run for a long time. Carrier ampholytes
are also often added to IPG gel buffer to prevent unproductive interactions
between proteins and Immobilines and to increase protein solubility. If this is
not addressed — proteins can form insoluble artifacts and precipitate,
especially in the basic region of the gel (Twyman et al., 2013). IPG is a simple
and user-friendly — pre-made dehydrated gels that are easy to use and widely
available for purchase from several manufacturers differing in length and pH
range (narrow (pH 4-7) or broad (pH 3-10)). High reproducibility and easy
use made IPG strips one of the most used approaches for the first-dimension
separation of 2DE (Gorg et al., 2009).
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Figure 2. A schematic representation of NEPHGE and IPG isoelectric focusing methods.

1.2.3.3. Equilibration of first-dimension gels

After separating proteins in the first-dimension, the IEF gels need to be
equilibrated for second-dimension. Equilibration is necessary after both IPG
and NEPHGE IEF separations. The gels need to be incubated firstly in
equilibration solution with 3% SDS supplemented with DTT (dithiothreitol)
and secondly supplemented with I0A (iodoacetamide). This procedure not
only ensures uniform charge density, but also reduces and alkylates disulphide
bonds of separated proteins which ensures protein denaturation (Gorg et al.,
2009; Klose & Kobalz, 1995). Despite that alkylation slightly increases the
molecular weight of proteins that contain a lot of disulphide bridges, it also
binds to residual DTT and reduces artifact streaks that can appear when dyeing
gels with silver.

1.2.4. SDS-PAGE for second-dimension separation

The second-dimension separation is usually carried out by standard
SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis)
where proteins are separated by their molecular mass. The principle of this
technique is to denature the proteins with the anionic detergent sodium
dodecylsulfate (SDS) which binds stoichiometrically to the peptide backbone
(1.4 g SDS per 1 g peptide (Reynolds & Tanford, 1970)) and distributes a
uniform negative charge. The presence of SDS molecules minimizes the
intrinsic charge of proteins as stoichiometrically larger proteins attach more
SDS molecules than smaller proteins. This ensures that proteins are separated
by their mass alone, because all polypeptide/SDS complexes have the same
charge density and the mass differences between proteins are maintained
(Shapiro et al., 1967).

Usually, SDS-PAGE for a second-dimension separation is performed
using slab PAA gels in a vertical electrophoresis system where proteins
migrate from top to bottom (from cathode to anode). The separation of
proteins by their molecular weight is based not only on their migration speed
— smaller proteins migrate faster than bigger - but also on size-dependent
sieving by the gel. The sieving depends on the pore size, and the pore size
depends on the concentration of the gel (percentage of the gelling agent
acrylamide, “%monomer) and proportion to cross-linking reagent
(percentage of bis-acrylamide, ,,%cross-linker ). Generally, the smallest pore
size is achieved when %monomer is < 15% and %cross-linker is 5%. Above
this value of %cross-linker monomer molecules become over-linked and form
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bundles mixed with large pores in-between. So, the optimal pore size is
achieved by varying “%monomer “and ,,%cross-linker ““. Usually, a mixture
of monomer and cross-linker (with a ratio of 30:1-40:1) takes-up no more than
0.1% of a polyacrylamide (PAA) gel, the rest is composed of Tris-HCI
(tris(hydroxymethyl)aminomethane-HCI) buffer in an aqueous solution. By
adding catalysts —ammonium persulfate (APS) (1.5-2.0 mM) and tetramethyl
ethylenediamine (TEMED) (0.01-0.1%) polymerization of acrylamide is
initiated. For the separation of a wide variety and molecular weight of
proteins, like in 2DE, 8-20% PAA concentration separating gel (pH 8.8) is
used. Gels with higher PAA concentrations can be tailored to sieve very small
proteins in specialised research. Additionally, a concentrating gel (2.6—4%,
pH 6.6-6.8) can be used on top of the main separation gel to concentrate all
migrating proteins into a single moving band. Proteins concentrate because of
the lower pH and this improves protein band/spot resolution (Friedman et al.,
2009; Twyman et al., 2013).

The buffering system for SDS-PAGE is usually the Tris-Glycine
system described by (Laemmli, 1970). Using this buffer system, proteins are
separated in the high pH, when the protein aggregation is minimal and that
leads to a clear isolation of protein bands.

The gel thickness varies between 0.5 mm and 1.5 mm, thinner gels cool
quicker so they can be run faster and better resolution can be obtained. Thicker
gels are more structurally stable, but are harder to stain and must be run slower
(Friedman et al., 2009).
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Figure 3. A representation of the second-dimension SDS-PAGE separation of 2DE.
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1.2.5. 2DE gel staining

2DE gel staining procedure is an important step for visualisation and
detection of resolved spot pattern that allows comparison, guantitation and
depends on the further use of the gel. The main criteria for stains are a
combination between: sensitivity, linear dependency between the intensity of
protein spot and the amount of protein for quantitative analysis, high signal-
to-noise ratio, compatibility with MS, simple use and availability and toxicity.

Proteins can be stained or marked pre-electrophoresis, for example in
vivo marking with radioactive isotopes (*°S, #C, °H; P, ¥p — for
phosphoproteins) and visualised by autoradiography (sensitive, toxic and MS
incompatible). The other pre-electrophoretic staining method is DIGE, where
proteins are labelled with fluorescent tags (Sensitive, MS-compatible,
expensive, special equipment needed).

Usually, proteins in the gels are stained post-electrophoresis.
Coomassie blue, although suffering from low sensitivity in protein detection,
is the most widely used non-covalent dye for 2DE gel staining (lower
sensitivity, stains the background, MS-compatible, cheap, no special
equipment needed) (Diezel et al., 1972; Neuhoff et al., 1988). Classical silver
staining using silver nitrate is very sensitive, but may interfere with MS
(Mortz et al., 2001). Fluorescent stains for 2DE gels (Nile red (Alba et al.,
1996), SYPRO orange and SYPRO red (Steinberg et al., 1996), Deep Purple
(Mackintosh et al., 2003), SYPRO Ruby (Berggren et al., 2002)) are very
advantageous in comparison with other staining methods (very sensitive, MS-
compatible, does not stain the background, simple to use), but are expensive
and require special equipment to visualise, complicated excision from gels
(Chevalier, 2010b).
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Figure 4. Examples of 2DE gel stains. A — post-electrophoretic stains; B — pre-electrophoretic
DIGE fluorescent stains Cy3 and Cy5 and their overlap image. Figure adapted from (Chevalier,
2010b).
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1.2.6. Liquid chromatography in proteomics

Regardless of emerging fluorescence-based methods, the problem with
low abundant, hydrophobic and especially — membrane proteins, was
unsolved. It was suggested that the limiting step of 2DE-gel proteomics might
be the IEF due to chemical conditions prevailing at this step (low ionic
strength and no ionic detergents) (Rabilloud et al., 2010). So, LC methods
were implicated in addition to in-gel proteomics or without it, forming a new
approach to proteomics known as multidimensional liquid chromatography
(MDLC). Unlike the 2DE, LC is suitable for separation of not only proteins,
but also peptides. Therefore, it can be applied upstream of 2DE to enrich,
deplete or pre-fractionate samples, downstream of 2DE to separate peptide
collections obtained from excised spots or instead of 2DE. In shotgun
proteomics MS and LC or LC/LC is used to analyse the whole complex
protein sample, quantitate differences between samples and detect an array of
PTMs in a quick and sensitive manner (McDonald & Yates, 2002). LC-MS or
LC-MS/MS nowadays is one of the most widely used proteomic technique.
High-resolution LC-MS/MS approach was used to analyse the complete deep
coverage proteome of mouse brain with 12,934 identified proteins (Sharma et
al., 2015). The difference between in-gel and shotgun proteomics is shown in
Figure 5.
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Figure 5. A comparison of in-gel 2DE-based and shotgun proteomic analysis procedures.
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Like 2DE, MDLC is based on separating proteins/peptides by different
principles to resolve complex mixtures. These different separation principles
can include separation by size, hydrophobicity, affinity to particular ligands.
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For example, affinity chromatography (AC) separates proteins and
peptides on the basis of their specific ligand-binding activity. The ligands can
vary from antibodies to catch specific proteins, glutathione-S-transferase
(GST) affinity tags to catch fusion proteins, immobilized metal-affinity
chromatography (IMAC) to isolate phosphoproteins/peptides, proteins with
oligo-histidine tags (Hiss) or other negatively charged proteins (Twyman,
2013). Before separation by 2DE, AC is mostly used to deplete — remove
abundant protein(s) from samples (that could interfere with 2DE) or enrich
samples (concentrate low-abundant proteins so they could be represented in
the gel). In non-2DE approaches AC is used to simplify peptide mixtures prior
to MS and is a great tool to study posttranslational modification (PTM) sites
and quantitation of proteomics by using isotope-coded affinity tags. Also,
affinity purification of protein complexes followed by MS is a powerful tool
to map protein-protein interactions (Lee & Lee, 2004).

Size exclusion chromatography, also known as gel filtration
chromatography, separates molecules on the basis of their size. An advantage
of this method is that it does not require any chemical interactions between
the solutes and the stationary matrix, which leads to preserving biological
activity of the solutes and barely none sample loss.

lon exchange chromatography (IEX) separates proteins/peptides
according to their charge. The solute mixture is passing through a solid phase
with charged chemical groups, and the target molecules reversibly adsorb to
the matrix. Cationic and anionic resins may be used and they attract molecules
of opposite charge. Variants of IEX chromatography include cation exchange
(CEX), anion exchange (AEX) and variants with more highly charged resins
- strong cation exchange (SCX) and strong anion exchange (SAX). The
adsorbed target molecules are eluted in a gradient, gradually increasing ionic
strength or pH of column washing buffers, resulting in a chromatogram. A
chromatogram displays absorption peaks, where every peak is an individual
component of the sample (Twyman, 2013). For example - 10255 different
human proteins were identified in HeLa (human cervical carcinoma line) cells
where the protein sample was fractionated by gel filtration, digested with three
different proteases and the peptides fractionated by SAX following
subsequent MS/MS analysis (Nagaraj et al., 2011).

Reverse-phase chromatography (RP) involves the separation of
molecules on the basis of hydrophobicity. Like the IEX, protein/peptide
mixture in agueous solution is passing through a solid matrix and multiple
fractions are produced by gradient elution with organic solvent, but in this
case the reversed-phase resin consists of hydrophobic ligands, such as Cs to
Cus alkyl groups. Usually, reverse-phase separations are carried out using
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high-performance liquid chromatography (RP-HPLC), where the solute is
forced through the column under high pressure (Twyman, 2013). UPLC or
ultra-performance liquid chromatography is a newer modification of HPLC
and is enhanced in speed, resolution and sensitivity. The separation and
guantitation is performed under even higher pressure than HPLC
(Taleuzzaman M et al., 2015).

HPLC is a very powerful method to resolve complex protein/peptide
mixtures for a number of reasons. Firstly, high resolution can be achieved in
a wide range of different chromatographic conditions for structurally closely
related or quite distant molecules. Secondly, easy to manipulate
chromatographic selectivity. Thirdly, high recoveries and high productivity.
And lastly, excellent reproducibility of repetitive separations. However,
HPLC can cause irreversible protein denaturation, therefore reducing the
possibility of recovering material in a biologically active form (Aguilar,
2004). Nevertheless, HPLC is used extensively to separate proteins/peptides
followed by tryptic digestion, and the columns are often directly linked to
electrospray ionization mass spectrometers to perform fully automated
separation and analysis by LC-MS or LC-MS/MS (liquid chromatography-
mass spectrometry or liquid chromatography-tandem mass spectrometry; See
1.2)) (Twyman, 2013).

The main disadvantage of LC methods for protein sample separation is
that the visual aspect of 2DE is lost, along with pl and molecular mass, which
can be determined by a spot position on the gel and that LC is a serial analysis
technique, so it is difficult to run parallel experiments unless having an access
to sets of identical apparatus (including the MS). Also, the buffer
compatibility between separations is imperative, which can lead to arduous re-
buffering in some cases.

1.3. Identification of separate components

When complex protein samples get separated either by 2DE or LC, the
spots or fractions coming out of this separation are anonymous. When we
select spots of interest from a 2DE gel, we get only vague information of MW
and pl about the identity of that protein. So, characterization of fractions and
determination which proteins are actually in the sample is essential for a
proteomic experiment.

Before the emergence of mass spectrometry methods, arguably the most
used ways to identify a protein were de novo Edman protein sequencing and
antibody-based identification. Edman degradation is still one of the most used
methods for protein N-terminal sequence identification, although it is mostly
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replaced by MS techniques because of the limited speed of the method.
Antibody-based techniques, can only be used to identify proteins that we know
are in the sample, as there is no current antibody-based platform to identify
and quantify all the proteins in the proteome of a complex organism. This is
why, MS techniques are the most essential tool in proteomics.

1.3.1. Mass spectrometry

A mass spectrometer is a device that can measure the mass/charge ratio
m/z of ions in a vacuum environment. Mass spectrometers are comprised of
three main parts: an ion source, mass analyser and a detector. Initially the
sample is ionized by ions produced by MALDI or ESI ion source, then they
are separated in a mass analyser according to their mass-to-charge ratio. The
ions are then detected by a detector and the end product is a mass spectrum —
a plot of ion abundance versus m/z (Woods et al., 2019) (See Figure 6.). The
most used soft-ionization methods that achieve ionization of large molecules
without serious fragmentation are MALDI and ESI.

Mass
source analyser detector
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s Quadrupole Mass spectrum
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Figure 6. Schematic representation of mass spectrometry process.

1.3.1.1. lonization sources

MALDI — matrix-assisted laser desorption/ionization is a process where
the sample is co-crystallized with an excess of an aromatic UV-absorbing
matrix compound, for example a-Cyano-4-hydroxycinnamic acid, which
absorbs energy from a nitrogen UV laser (337 nm). The mixture is then
dissolved in an organic solvent and spotted on a metallic plate. When the
solvent evaporates, the analyte gets embedded into matrix crystals. The plate
is placed into the vacuum chamber of the MS and the sample/matrix crystals
are exposed to high voltage at the same time being targeted with short laser
pulses. The matrix crystals absorb the laser energy and emit it as heat
(desorption), which results in proton transfer from the matrix to the analyte
molecules which are being converted into gas-phase ions (See Figure 7.). The
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ions then advance through the analyser towards the detector (Twyman et al.,
2013; Woods et al., 2019).

ESI or electrospray ionization, is a process where the analyte is ionized
in a liquid phase. The sample is dissolved and sprayed to the vacuum chamber
under a high voltage. Charged droplets of liquid enter the vacuum chamber of
MS where they are dried with a stream of inert gas creating gas-phase ions
(See Figure 3.) that advance through the analyser towards the detector. This
property of the ESI ionization source, allows its integration with upstream
protein/peptide separation by LC or capillary electrophoresis. This also makes
ESI-MS more suitable for complex peptide mixture analysis as in shotgun
proteomics and MALDI-MS is primarily used to analyse simple peptide
mixtures as in peptides obtained from a single spot of a 2D gel (Twyman et
al., 2013).
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Figure 7. Schematic representation of MALDI and ESI ionization processes. A — MALDI
ionization process coupled with TOF mass analyser and a detector. Figure adapted from
(Torres-Sangiao et al., 2021). B — ESI ionization method. Discrimination by the size of the gas-
phase ions is performed by sieving them through a reductor. Figure adapted from (Bioexcel.eu).

1.3.1.2. Mass analysers

There are several types of mass analysers, but for proteomic
experiments mainly these three types are used —quadrupole (Q), time-of-flight
(TOF) and trapping type instruments (Orbitrap, FT-ICR — Fourier transform
ion cyclotron resonance, LIT — linear ion trap, QIT — quadrupole ion trap).

A quadrupole is a set of two pairs of charged cylindrical metal rods,
which are connected to create an electrical field across the space between
them. The separation of ions that enter the analyser is based on their trajectory
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in the electric field. There are two modes a quadrupole can operate — RF-only
mode (Radio Frequency) which lets any m/z ratio ions to pass through and a
scanning mode that acts as a mass filter applying a potential difference which
selects ions with specific m/z ratio and discards others. By varying the voltage,
different m/z ratio ions can be passed over time and a mass spectrum can be
obtained (Parker et al., 2010; Twyman et al., 2013; Woods et al., 2019).

A TOF mass analyser separates ions carrying the same charge by the
time an ion needs to reach the detector in a field-free vacuum. Heavier ions
take more time to reach the detector than lighter ones (Parker et al., 2010).
Usually, TOF analysers are paired with MALDI ionization source, because it
produces singly charged ions. But recently, to achieve a much higher
sensitivity, MALDI sources are being paired with tandem TOF-TOF analysers
or hybrid quadrupoles (Aebersold & Mann, 2003; Twyman et al., 2013;
Woods et al., 2019).

lon trapping type instruments contain a chamber with a ring electrode
and two cap electrodes called an ion trap. By applying voltage to the ring
electrode ions above the threshold m/z ratio are trapped, while others are
ejected through the cap electrode. The voltage can be increased gradually so
that ions with increasing m/z ratios will be emitted over time and a mass
spectrum of intact peptides can be obtained. Generally, ion traps can be three-
dimensional or linear with greater storage capacity (Parker et al., 2010).

1.3.1.3. Detectors

The detectors in mass spectrometers usually are electron multipliers,
photodiode arrays, image current detectors and microchannel plates (Woods
et al., 2019). Mass detectors mainly detect either the current produced or the
charge induced when an ion hits or passes its surface. Because the number of
ions coming from a mass analyser is usually small, the multiplication of the
signal is necessary. The detector surface is called a dynode and is made out of
copper-beryllium. When a charged particle strikes a dynode, it causes the
release of secondary electrons in the dynode surface. This multiplication of
electrons passes from one dynode to another and becomes strong enough to
be detected by a cathode (Medhe, 2018). A photodiode array has a similar
principle, except the charged particle hits a layer of scintillator compound and
photons are emitted and registered. Image current detectors detect not a hit on
a surface by a charged particle, but rather its ,,current image “— when a particle
gets closer to a metal plate due to electrostatic attraction it induces the
accumulation of opposite charge on the plate surface. This accumulation of
charge is detected. Microchannel plates are closely related to an electron
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multipliers and are several multipliers in an array (Medhe, 2018; Parker et al.,
2010).

1.3.2. MS data interpretation

The final step of MS analysis is interpretation of gained data from
produced mass spectra. The first method to identify proteins from mass spectra
was peptide mass fingerprinting (PMF). This method is mainly used with 2DE
and MALDI-TOF mass spectrometry when proteins are separated before
digestion with trypsin. The principle of this method is that every protein has a
unique signature of the masses of its constituent peptides — peptide mass
fingerprint and can be identified from it. Software packages with algorithms
that allowed peptide mass database searching were created specifically for this
approach (Mascot (Matrix Science), MS-Fit (ProteinProspector), ProFound)
(Thiede et al., 2005; Twyman et al., 2013).

The limitations of PMF are addressed by tandem MS/MS mass analysis
(See 1.2. Identification of separate components). The peptide identification is
performed by comparing experimental uninterpreted MS/MS spectra with the
theoretical spectra derived from peptides in a database. The search is limited
to peptides that correspond to analogous enzyme digestion pattern, ion mass
tolerance, predicted type of ion fragments and PTMs. The similarity between
experimental and theoretical spectra is defined by a search score, which can
be calculated using different algorithms and programs (for example Mascot
(Matrix Science), Sequest (Yates Laboratory)).

Spectral library search is a fast and accurate uninterpreted data search
through spectral libraries that allows direct comparisons (SpectraST,
BiblioSpec). Although, the main limitation is still the amount of MS/MS data.

Mass spectrometry-based peptide/protein identification, like all big
datasets, needs to be verified using statistical significance analysis. A match
can be assigned a significance measure (p-value) by referencing its search
score to the distribution of accidental matches. The p-value alone is not
enough to correctly identify peptides. When there are too many peptides with
similarly low p-values, just by random chance, there can be a lot of “false”
matches between all the matches called “true”. Therefore, more stringent
measure of significance called false-discovery rate (FDR) for multiple testing
correction was introduced. The FDRs determine the expected proportion of
»false positive protein inference and are adjusted p-values using the
Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995; Choi &
Nesvizhskii, 2008; The et al., 2016).
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1.4. Systematic quantitative and/or comparative analysis

Comparative analysis of related samples is one of the most important
approaches in proteomics. When analysing a different cell type,
developmental stage or a diseased tissue it is impervious to simultaneously
analyse a control sample (developmental starting point, healthy tissue). This
kind of comparison can reveal proteins that are uniquely produced under given
circumstances, for example - in search for biomarkers. Unfortunately, very
few proteins show on/off changes. Mostly, protein differences between
samples are less obvious. Thus, the quantitation of proteins is an important
aspect of proteomics (Twyman et al., 2013).

1.4.1. Densitometric analysis of 2DE gels

The most straightforward protein quantitation in comparative
experiments is a densitometric quantitation from 2DE gels. For this task gel
images need to be digitalised by scanning with a charge-coupled device
(CCD) camera, a densitometer (scanner) or a fluorescent imager, depending
on the type of protein dye used.

A computer software programs (PDQuest (BioRad), ImageMaster 2D
Platinum 7.0 (GE Healthcare) Z3 (Compugen), Melanie (Genebio)) are later
used to detect and match spots between 2DE gels. These programs apply a set
of defined parameters to interpret spot patterns. Generally, the software will
enhance the image to clear the background and contrast the spots,
automatically detect spots and smooth the image to subtract background noise.
Some programs use edge detection filters to identify sharp changes in pixel
density. Subsequently algorithms that fit, detect blobs or convert pixels into
topological surface are applied.

Once the protein spots are detected the matching of all the spots in the
gels is performed. This task is usually challenging because of the differences
in sample preparation, gel composition, running conditions, protein mobility
and spot patterns. Although, their influence can be reduced by adding
landmarks (mapping the major spots that are present in all the gels) and
applying a distortion mesh (warping gels to correct geometric distortions of
the spot pattern (Gustafsson et al., 2002)) (Appel et al., 1997) (See Figure 8.).
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Figure 8. Examples of 2DE image analysis tools. A — image analysis with PDQuest software
using spot detection tool (spots marked by crosshairs or circled). B —an example of a distortion
mesh (PDQuest). C — three 2DE gel images stacked one on another (PDQuest). D — Spot pixel
density converted into topological surface (ImageMaster).

The quantitation of protein spots is performed by calculating the
relative volume (%Vol) of each protein spot from the total volume of all the
spots in the gel. The ratio between %Vol of the same spot in different gels is
called fold change (FC). So, the FC represents how many times the quantity
of a given spot increased/decreased between samples analysed by 2DE
(Twyman et al., 2013).

The most advantageous form of 2DE-based quantitation is Differential
Gel Electrophoresis (DIGE) (Unlii et al., 1997). High sensitivity of fluorescent
dyes combined with multiple sample separation in a single gel and MS-
compatibility results in a robust method to detect and quantify even low-
abundant proteins (Diez et al., 2010; Timms & Cramer, 2008). Although, only
proteins that have free cysteines can be labelled and subsequently quantified,
and that reduces the analysis to only a part of the protein complement
(Chevalier, 2010a).

1.4.2. Quantitative MS

Rapid developments in MS instrumentation, demand to quantitate
multiple proteins at a time and the advancement of gel-free shotgun techniques
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(MudPIT) led to protein quantitation proteomics in the MS level. Quantitative
mass spectrometry approaches can either bee label-free or label-based. There
are two types of label-free approaches — AUC (area under the curve), or signal
intensity measurement, and spectral counting. AUC is based on ion abundance
measurement at each LC retention time (RT) and m/z ratio within defined
detection limits. Measured ions represent the ionized peptides, so the quantity
of ions reflects the peptide abundance. Since a peptide does not result in a
single ion and can have several different charge states (especially when
ionized with ESI), together with technical variations, a lot of noise is created.
It is widely accepted to validate the peptides by subsequent or simultaneous
LC-MS/MS identification and further computational review of the raw LC-
MS data (Neilson et al., 2011; Podwojski et al., 2010).

Spectral counting is an alternative label-free quantitation approach that
directly links MS/MS spectral counts and protein abundance. Spectral counts
represent the number of MS/MS identifications — an abundant protein will be
sampled repeatedly across a wide range of RT and identified multiple times,
acquired higher abundance spectra is used to quantitate such proteins
(Podwojski et al., 2010). It has been shown that the relationship between
spectral counts and the protein concentrations is of linear manner of two orders
of magnitude (Liu et al., 2004).

1.5. Heterologous protein synthesis in yeast

Heterologous protein synthesis is a process when a protein coding gene
(or a part of it) is inserted into a host organism using recombinant DNA
technology and expressed there. The host organism naturally does not have
the mentioned gene and the right choice of a host organism is essential for
efficient production of protein (or other molecule) products. The requirements
for the heterologous protein producing system usually are — quality, quantity,
yield of the produced proteins and space-time yield of the desired product, as
well as price of the system, ease of cultivation, generation of properly folded
and active proteins, resistance to stress, ease of genetic manipulation (Porro et
al., 2011). Yeast, as host systems, are characteristic for most of these
requirements. They combine the benefits of unicellular organisms (fast and
easy cultivation, ease of genetic manipulation, inexpensive) with the protein
processing capability of a eukaryotic organism (protein folding, assembly,
PTMs) and lack of endotoxins, oncogenic or viral DNA (Mattanovich et al.,
2012).

Two main groups of yeast used for recombinant protein production are
non-methylotrophic and methylotrophic. Non-methylotrophic yeasts have an
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advantage of familiarity to scientists working with them. S. cerevisiae is a
particularly familiar organism to work with because starting from the 1980s
the majority of recombinant proteins were produced in these yeast (Hitzeman
et al., 1981). Kluiveromyces lactis although lesser familiar, but nevertheless
widely used non-methylotrophic yeast strain with adaptations for food
industry and a GRAS (Generally Regarded As Safe, approval by Federal Drug
Administration USA to be used for humans) organism (van Ooyen et al.,
2006). Kluiveromyces marxianus (Fonseca et al., 2008) is a thermotolerant
sibling of K. lactis that has been utilized for production of endogenous or
exogenous enzymes (Rocha et al., 2010). Although there are astounding
improvements in yeast molecular genetics, expression levels and fermentation
techniques of these yeast, large-scale processes still impose restrictions
(Mattanovich et al., 2012). Other non-methylotrophic yeast species are
investigated to a lesser extent. Zygosaccharomyces genus yeast seem
promising for industrial applications due to their resistance to stressful
conditions (high salt (Z. rouxii), sugar concentrations acidic environment and
high growth temperature (Z. bailii (Makdesi & Beuchat, 1996; Sousa et al.,
1996))). Yarrowia lipolytica and Arxula adeninivorans are dimorphic fungi
that can form pseudohyfae. Y. lipolytica can grow on n-parafins and generate
high levels of organic acids (Madzak et al., 2004). A. adeninivorans is a 0Smo-
and thermotolerant yeast that assimilates nitrates (Boer et al., 2009).
Methylotrophic yeast species have gained a lot of attention recently
mainly because they can grow to high cell densities in simple fermentation
processes and their promoters are very strong and strictly regulated. The strict
promoters are needed because of their high demand for methanol oxidizing
enzymes (like alcohol oxidase). Two main species of methylotrophic yeast
used for recombinant protein production are Pichia pastoris (Wegner, 1990)
and Hansenula polymorpha (Sudbery et al., 1988). P. pastoris produces two
main alcohol oxidases AOX1 and AOX2. The first generation of P. pastoris
expression systems relied on the stronger AOX1 promoter. There are three
methanol usage phenotypes in P. pastoris (Mut™—wild type methanol
utilization; Mut>slow methanol utilization; Mut-deleted methanol
utilization) which can be applied with respect to the production process design
(Mattanovich et al., 2012). In comparison to other yeast species, P. pastoris
performs better in production of secreted recombinant proteins (Schmidt,
2004), for example it produced 8.1 g/L of extracellular recombinant xylanase
(Fan et al., 2012). Although P. pastoris is used more and more for
heterologous protein production, some limitations still exist, like high levels
of proteases and risks in storing large volumes of methanol (Potvin et al.,
2012). H. polymorpha is favourable because it utilizes a strong MOX
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(methanol oxidase) promoter, is thermotolerant (48-50°C) and at high
temperatures can ferment xylose to ethanol (Baghban et al., 2019; Ishchuk et
al., 2008). Additionally, Pichia methanolica (Raymond et al., 1998) and
Candida boidinii (Yurimoto, 2009) can be used as methylotrophic expression
systems and Ogataea minuta (Kuroda et al., 2006) is thought to be a suitable
host for glycoprotein production.

Although other yeast species can have more advantages in large-scale
recombinant protein production, S. cerevisiae is still the most used yeast strain
in research because of the massive amount of data on all aspects of this
organism’s biology.

1.5.1. Yeast S. cerevisiae as a heterologous protein production system

Yeast S. cerevisiae was the first and the most used host for recombinant
protein synthesis (Celik & Calik, 2012). In 1996 S. cerevisiae (S288C strain)
became the first eukaryotic organism with its genome sequenced (Goffeau et
al., 1996) and because of that, it also became a model organism with the most
well-studied genome organization and evolution (Duina et al., 2014). S.
cerevisiae is also easy and inexpensive to cultivate to very high cell densities,
a lot of molecular tools available for simple genetic manipulations, an array
of convenient vectors, selection markers, promoters, terminators and secretion
signals, there are special peptidase-deficient strains for recombinant protein
production, tolerates pH changes, high ethanol and sugar concentrations and
is resistant to elevated osmotic pressure, which makes it a preferred host over
other yeast, bacteria and filamentous fungi (Hahn-Héagerdal et al., 2007;
Mattanovich et al., 2012; Porro et al., 2011; Tesfaw & Assefa, 2014).

It is widely adopted in industrial production not only of chemicals
(bioethanol), but also biopharmaceutical products such as Hepatitis vaccines
(McAleer et al., 1984), hirudin (Bischoff et al., 1989), insulin (Thim et al.,
1986), platelet-derived growth factor (Finnis et al., 1992), urate oxidase
(Leplatois et al., 1992), macrophage colony-stimulating factor (Price et al.,
1987), glucagon (Moody et al., 1987). The broad use of S. cerevisiae for
biopharmaceuticals is also driven by the fact that it is a GRAS organism and
has a history of usage in nutrition (cheese, wine, supplements).

This model organism is also the most commonly used eukaryotic
organism in research and has been used to study aging (Murakami &
Kaeberlein, 2009), apoptosis (Owsianowski et al., 2008), metabolism
(Brocard-Masson & Dumas, 2006; Lopez-Mirabal & Winther, 2008), signal
transduction (Hohmann et al., 2007), gene expression regulation (Biddick &
Young, 2009), cell cycle control (Nasheuer et al., 2002), neurodegenerative
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diseases (Miller-Fleming et al., 2008), programmed cell death (Munoz et al.,
2012), autophagy (Reggiori & Klionsky, 2013), secretory pathways (Celik &
Calik, 2012) and countless other biological processes (Karathia et al., 2011).

Despite an array of advantages, there are still reasons why there is only
a limited number or products made from S. cerevisiae — hypermannosylation
of proteins and low protein yield (Mattanovich et al., 2012). N- and/or O-
linked glycosylation is a putative PTM of a eukaryotic protein. It is a
significant modification, since pharmacodynamical behaviour of 70% of
therapeutic proteins depends on their glycosylation. The initial steps of N-
glycosylation are similar between yeasts and mammals: in the ER, a core N-
glycan (two N-acetylglucosamines and five mannose residues) is transferred
to the developing polypeptide, using the Asn-X-Ser/Thr consensus sequence;
after the quality control in the ER, the new proteins are transferred to the Golgi
apparatus, where the N-glycan processing starts to differ between yeasts and
higher eukaryotes; the glycan chains of yeast are larger, but less complex than
of mammals and are limited to the addition of mannose and
mannosylphosphate sugars. Attempts to prevent hypermannosylation by
inactivating mannosyltransferases Ochl and Mnn1 led to acute growth defects
in S. cerevisiae (Nakayama et al., 1992; Zhou et al., 2007), but was attainable
in other yeasts (Mattanovich et al., 2012).

There are many examples how to address the low protein yield in S.
cerevisiae such as correct selection of the expression vector and promoter
systems, optimization of the fermentation process, genetic engineering of host
strains (ldiris et al., 2010). But, if the right conditions do not provide good
results, it is likely that the yeast cells are under some kind of metabolic or
environmental stress, that usually has a strong impact on protein yield
(Mattanovich et al., 2004).

1.5.2. Stress in recombinant protein producing yeast S. cerevisiae

Unfortunately, heterologous protein overproduction in yeast S.
cerevisiae is almost always connected to cellular stress and one of the most
common is metabolic ER stress. The ER stress is a response to the secretion
of heterologous proteins - inefficient protein precursor translocation, signal
sequence processing and folding in the ER, conformational stress (Gasser et
al., 2008) and accumulation of unfolded proteins (Kauffman et al., 2002; Mori
et al., 1992). The Unfolded protein response (UPR) is a type of ER stress and
is caused by accumulation of unfolded proteins in the ER. UPR consists of
three players — when BiP (KAR2 gene product, HSP70 ER lumen molecular
chaperone (Gething, 1999)) binds to an unfolded protein it is removed from a
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transmembrane kinase Irelp, and that induces the oligomerization of Irelp;
When oligomerized, Irelp endoribonuclease activity is activated at the
cytoplasmic side of the ER and Irelp removes an intron from HAC1 mRNA,;
Hac1p' product acts a transcription factor and upregulates UPR genes like BiP
and PDI (protein disulphide isomerase, ER-localized folding catalyst (Ali
Khan & Mutus, 2014)) (Sidrauski & Walter, 1997). The upregulated synthesis
of BiP and PDI should alleviate the UPR in the cell and these proteins are
recognised as markers of UPR. In this vein, overproduction of PDI is used to
increase the secretion of various heterologous proteins in S. cerevisiae like,
human lysozyme (Hayano et al., 1995), human platelet-derived growth factor
(Robinson et al., 1994), and single-chain antibody fragments (Shusta et al.,
1998). Co-synthesis of BiP with the recombinant protein also positively
impacts cell growth and enhances the secretion of human erythropoietin
(Robinson et al., 1996), bovine pro-chymosin (Harmsen et al., 1996) and the
synthesis of antithrombic hirudin (Kim et al., 2003).

The UPR is also connected to ER associated protein degradation
(ERAD) which is a process of retro-translocation of misfolded proteins from
the ER to cytosol and their subsequent proteasomal degradation (Hiller et al.,
1996). ERAD requires a functional UPR (Travers et al., 2000). Chaperones
BiP and Lhslp (both Hsp70 family) together with J domain proteins Jem1p
and Scjlp (homologues of E. coli DnaJ protein (Silberstein et al., 1998))
prevent the unfolded protein aggregation in the ER and facilitate their export
to the cytosol where they are conjugated to ubiquitin and directed to
proteasomal degradation (Nishikawa et al., 2001). ERAD is considered to be
a typical stress relief pathway and in some cases might alleviate the burden of
unfolded proteins and increase the yield, but the retro-translocation of
misfolded proteins is a competitive process to the translocation of proteins to
the ER, thus limiting the product entering the secretory pathway (Mattanovich
etal., 2004).

The UPR is not exceptional to the ER and two more types of UPR exist
— UPR-M/C and UPR-Cyto (Geiler-Samerotte et al., 2011; Metzger &
Michaelis, 2009). These stress responses are induced mainly by the synthesis
of heterologous membrane proteins that usually suffer from low synthesis
levels and protein instability and/or proteolytic degradation (Freigassner et al.,
2009).

The UPR-M/C is induced by misfolded membrane proteins with lesions
positioned in the membrane span or cytosol and UPR-Cyto is caused by
cytosolic proteins that cannot enter the secretory pathway. Although not
studied broadly, it is known that the UPR-M/C causes the impairment of
proteasomal degradation machinery, and the main modulator of this stress
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response is RPN4p which is a “sensor” transcription factor of proteasome
function (Ju et al., 2004; Xie & Varshavsky, 2001, p. 4). RPN4p activates
more proteasomes in response to their impairment caused by UPR-M/C and
aids stress relief (Metzger & Michaelis, 2009).

The UPR-Cyto response is usually caused by a bottleneck in protein
precursor translocation to the ER. Inefficient translocation leads to unfolded
protein accumulation in the cytosol and aggregation, this invokes a broad heat-
shock response that fights misfolding of proteins, altered membrane integrity,
oxidative stress and decreased growth rate (Brauer et al., 2008). Most of the
proteins induced by this response are regulated by HSF1 transcription factors
and are cytosolic Hsps (heat-shock chaperones, Hsp70, Hsp90, Hspl10
families) (Ciplys et al., 2011; Geiler-Samerotte et al., 2011). The eEF1A
(eukaryotic translation elongation factor 1A) is also found under UPR-Cyto
where it acts as a quality control chaperone (Chuang et al., 2005) and a HSF1
activator (Shamovsky et al., 2006). In the cytosol unfolded proteins together
with Hsps and eEF1A form insoluble aggregates - this and constant
reinduction of chaperones, indicates that this stress is unrepairable, persistent
and can’t be relieved (Ciplys et al., 2011; Metzger & Michaelis, 2009).
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Hsps/ BiP/PDI
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Figure 9. Graphical representation of the three UPR’s that can happen in the cell, their
compartmentalization and cellular proteins that are induced to alleviate these stresses. Figure
adapted from (Metzger & Michaelis, 2009).
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Another yeast cell response to stress is apoptosis or programmed cell
death. One of the causes of yeast apoptosis is a prolonged UPR activation
when the ER becomes fragmented due to accumulation of unfolded proteins.
Inefficient protein folding induces oxidative damage and subsequently cell
death (Gasser et al., 2008). Environmental factors are also known to induce
apoptosis, such as acetic acid (Ludovico et al., 2001), oxidative stress (Madeo
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et al., 1999) and salt-stress (Huh et al., 2002). Unfortunately, no metabolic
engineering approaches to inhibit apoptotic response has been proposed for
yeasts (Mattanovich et al., 2004).

Yeast cells have an arsenal of environmental stress response genes
(ESR genes) that are regulated by general stress transcription factors Msn2p
and Man4p. There is a common regulatory program that induces genome wide
transcription changes in response to diverse environmental stresses like heat
shock, high osmolarity, acid, chemical substances. The gene groups that are
stress induced are responsible for energy generation, carbohydrate
metabolism, protein folding and degradation, fatty acid metabolism, cell stress
(heat shock proteins, detoxification of reactive oxygen species (ROS), DNA
damage repair) and gene groups that are repressed by stress are related to
growth process, nucleotide metabolism, ribosomal proteins and RNA
metabolism (Causton et al., 2001; Gasch et al., 2000). Most stress responses
caused by long-term non-optimal conditions lead to the cell’s adaptation to
new conditions and only minor changes in gene expression. Successful
adaptation to environmental stress confers an increased yeast cell resistance
to other kinds of stress (Attfield, 1997). Potentially, environmental changes
and stresses can be used to improve the synthesis of recombinant proteins.

Heat shock or high temperature stress has a profound impact on gene
expression changes, and is regulated by heat shock factor (HSF) and Msn2p,
Msn4p transcription factor control systems (Ruis & Schiiller, 1995). The gene
products induced by heat shock are heat shock proteins (Hsps) and a lot of
them function as molecular chaperones. They are essential for heat stress
relief, because not only that they guide nascent proteins towards their final
conformation, but also are involved in renaturation of impaired substrates and
irreparable protein targeting for degradation (Morano et al., 1998). With the
increase of the temperature of the heat shock (above 37°C), the amount of
insoluble protein aggregates also increases. To compensate protein loss due to
aggregation and to maintain constant pool of soluble proteins the levels of
stress-protective Hsps chaperones are increased. This counterbalances the
increased protein turnover induced by stress temperatures and when the
system is exhausted, the aggregates accumulate and the growth stops
(Miihlhofer et al., 2019). Because yeasts are naturally heat sensitive,
application of higher temperature for improved recombinant protein
production is not generally used. Although, the heat shock response (HSR) is
regulated by the transcription factor Hsflp (heat shock factor) and most of its
targets are genes that encode chaperones responsible for protein folding and
preventing the accumulation of aggregated or mis-folded proteins. In this vein,
the overexpression of mutant HSF1-R206S gene that constitutively activated
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HSR increased the secreted heterologous a-amylase and endogenous invertase
yield. This approach allowed to induce the ER and cytosolic chaperones to
improve recombinant protein production (Hou et al., 2013).

Yeast cell response to cold shock is primarily triggered by changes in
membrane fluidity. The signal is transduced by the usual stress pathways and
transcription factors — the high-osmolarity glycerol (HOG), mitogen-activated
protein kinase pathway (MAPK) and Msn2p/4p (Aguilera et al., 2007). The
cold induced genes TIP1, TIR1, TIR2 are related to cell wall organization and
biogenesis (Kowalski et al., 1995), Nsrlp is involved in pre-RNA processing
(Kondo et al., 1992), seripauperin (PAU) family proteins (PAU1-PAU7)
display phospholipid-interacting activity (Homma et al., 2003; Panadero et al.,
2006; Zhu et al., 2001), Tpslp and Tps2p are trehalose synthesizing enzymes
(Kandror et al., 2004). After a long exposure (4-12h) to cold conditions (10°C
(Sahara et al., 2002), 4°C (Murata et al., 2006), 0°C (Kandror et al., 2004), -
80°C (Odani et al., 2003)) general stress response Hsps genes are induced
(HSP12, HSP26, HSP42, HSP104, SSA4, SSE2, YRO2). Yeast cells that are
under cold stress accumulate trehalose, glycerol and heat shock proteins to
protect the cell from freeze injury. Other protective responses are membrane
fluidification, cell wall maintenance, protein folding support, ROS
detoxification (Aguilera et al., 2007). On the other hand, low cultivation
temperature is known to have favourable effects on energy metabolism,
protein degradation, folding, secretion, aggregation and, in this vein, increase
the recombinant protein yield or activity in yeast (Cassland & Jonsson, 1999;
Z. Lietal., 2001; Mattanovich et al., 2004; Zepeda et al., 2018). For example,
a 16-fold higher laccase activity was achieved when S. cerevisiae cell were
grown in 19°C instead of 28°C (Cassland & Jonsson, 1999).

A pH that is different from the optimal growth pH can also cause
cellular stress (or adaptation to it) and can be used to increase recombinant
protein stability (Shi et al., 2003) or decrease the protease activity (Cregg et
al., 2000). In S. cerevisiae genes that are regulated by the pH have been
identified — PDR12 (ATP-dependant membrane transporter) (Piper et al.,
2001), ZMS1 (zinc-finger family transcription factor), TRK2 (potassium
transporter) (Ko et al., 1990), PMA1 (plasma membrane H*-ATPase) (Piper
et al., 2001) are activated by low pH and repressed by high, and CIT2
(peroxisomal citrate synthase), PHO89 (sodium phosphate symporter) are
repressed at low pH and activated by high (Causton et al., 2001). Both PDR12
and PMAL gene products are known to be responsible for adaptation to weak
acid stress (Piper et al., 2001). Low pH also induces the HOG (high osmolarity
glycerol) pathway that leads to changes in cell wall organisation by activating
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proteins with glycosylphosphatidylinositol (GPI) anchors (Kapteyn et al.,
2001).

Accumulation of osmolytes (mainly glycerol) to increase intracellular
osmolarity in accordance to external, is the main adaptation of yeast cell to
osmotic shock (Mattanovich et al., 2004). Osmotic shock is caused by rise in
extracellular solute concentrations. High osmolarity interferes with ion
homeostasis, water availability and turgor pressure regulation (Dragosits et
al., 2011). The regulatory pathway of response to osmotic shock is the HOG
pathway — a MAPK cascade with Hoglp. HOG pathway also controls the
Msn2p/Msn4p regulated stress response indicating that osmotic stress triggers
general ESR (Schiiller et al., 1994). In the case of major osmotic stress, the
GDP1 gene — the main gene involved in glycerol synthesis is induced together
with other genes involved in carbohydrate metabolism. During osmaotic stress,
ribosomal and translation proteins are downregulated, chaperone genes
induced, temporary growth arrest is observed (Rep et al., 2000). S. cerevisiae
strains that withstand higher osmolarity and accumulate high glycerol
concentrations are the ones that exhibit efficient expression of GPD1 gene
(Attfield & Kletsas, 2000).

1.6. Measles hemagglutinin protein and its production in yeast S. cerevisiae.

Measles virus (MeV) belongs to the family Paramyxoviridae and genus
Morbillivirus of enveloped viruses with a non-infectious single-stranded (-)
RNA genome (Lamb & Parks, 2007). MeV is a highly contagious viral disease
that poses a great threat to unimmunized children. With the decline of
vaccination (Benecke & DeYoung, 2019; Leong & Wilder-Smith, 2019;
Samaraweera et al., 2020), there has been a rise in mortality rates due to MeV,
with over 140000 deaths recorded in 2018 (Patel et al., 2019). MeV is
serologically monotypic (Tahara et al., 2016) thus, the vaccines derived from
strains isolated 50 years ago are still effective to this day against all presently
circulating MeV strains (Strebel et al., 2011). MeV has two main surface spike
glycoproteins that are targets of neutralizing antibodies — the hemagglutinin
(H) and the fusion (F) proteins. However, because the main function of H
protein is to bind to cellular receptors (Bouche et al., 2002; de Swart et al.,
2005, 2009) - the humoral immune response forms mainly against it.

42



H protein

F protein
Nucleocapsid 0
(RNA genome + N proteins) %—
P \ M protein

*{;/

p '
)/C-' / ©
g~ @ ?x wgb
o0
Morbillivirus

Figure 10. Graphical depiction of Morbillivirus genus protein structure. Figure adapted from
(Sato et al., 2012).

The main receptors that the H protein binds to are SLAM (signalling
lymphocyte activation molecule) and nectin-4 expressed on the surface of
immune and epithelial cells respectively (Miihlebach et al., 2011; Noyce et
al., 2011; Takeda et al., 2011; Tatsuo et al., 2000). Certain laboratory and
vaccine MeV strains have adapted to use CD46 as a receptor in addition to
SLAM and nectin-4 (Yanagi et al., 2009). Upon H protein binding to a
receptor, conformational changes in the F protein are triggered which initiate
the fusion between viral envelope and the plasma membrane of the host cell
(Jardetzky & Lamb, 2014).

MeV H protein (MeH) is a 617 amino acid length polytopic
transmembrane a-helical glycoprotein (has more than one membrane-
spanning a-helix) that contains a N-terminal hydrophobic cytoplasmic tail,
transmembrane region and C-terminal “head” domain that interacts with the
receptors. The cytoplasmic tail acts as a signal domain that directs the nascent
protein to the ER and stabilizes the protein in the lipid bilayer during its
transport on the surface of membrane (Lamb & Parks, 2007). The head domain
of the MeH protein is made of a six-bladed B-propeller fold (B1-B6 sheets).
Looking from the top, it has a square shape with a large pocket in the centre.
The pocket is shielded by an N-linked sugar at the amino acid N215
(Hashiguchi et al., 2007). There are five N-glycosylation targets in the MeH
protein, with four of them always glycosylated. Because of this inherent
glycosylation pattern MeH can be seen as two distinct bands in the PAA gels
(Ogura et al., 1991). MeH protein forms a homodimer linked by a disulphide
bridge between cysteine residues at position 154. On the surface on the host
cell and the virion, MeH proteins are found further assembled to a tetrameric
dimer of dimers (Hashiguchi et al., 2011).
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Figure 11. Tetrameric structure of MeH. Protein molecules are marked in purple, light purple,
grey, light grey. Green regions mark the interface between monomers. Pink regions mark the
interface between dimers in the dimer of dimers. SLAM receptor marked in cyan. A — schematic
depiction of the formation of dimer of dimers. B — schematic diagram of the tetrameric dimer
of dimers. C — a view from the top at the MeH tetrameric head. Models with surface
representation show MeH and ribbon diagrams show SLAM. Figure adapted from (Tahara et
al., 2016).

An interest in obtaining recombinant MeH protein lies in a high
requirement of serological measles detection kits in areas with high infection
rates. Because it is the main antigenic determinant of MeV, recombinant MeH
“head” domain was also proposed for subunit vaccines (Lobanova et al.,
2012), but unfortunately, no progress has been made further on. The analysis
of recombinant MeH production in yeast is also important to study the aberrant
viral glycoprotein processing in yeast. It has been shown that the production
of such proteins results in abnormal folding and aggregate formation
(Sakamoto et al., 1999; Wen et al., 1986). On the other hand, viral
nucleoproteins that are not secreted and mature in the cytosol, does not form
aggregates and can be efficiently purified in their native form (Juozapaitis et
al., 2005, 2008; Samuel et al., 2002; Slibinskas et al., 2004). This indicates,
that the problem in producing active human virus surface glycoproteins lies in
the principal difference between yeast and higher eukaryote secretion
pathways. Some reports highlight the possible limitations of yeast expression
systems for the production of such proteins - low synthesis levels (Abdul
Jabbar & Nayak, 1987; Martinet et al., 1997), insoluble aggregate formation
(Sakamoto et al., 1999; Wen et al., 1986), inactivity due to hyperglycosylation
(Scorer et al., 1993). However the exact mechanisms of the processes that
limit the production of viral surface glycoproteins in yeast are not clear (Ciplys
etal., 2011).

In the case of MeH, overproduction of protein precursors leads to
inefficient SRP (Signal Recognition Particle)-dependent co-translational
translocation to the ER. This way only a small part of MeH protein precursors
get into the ER and are properly folded and glycosylated (Ciplys et al., 2011).

44



These unglycosylated and N-glycosylated forms are easily distinguished in a
PAA gel as a major ~65kDa and a minor ~75kDa band, respectively. The
unglycosylated MeH portion represents the precursors accumulated in the
cytosol, that form insoluble aggregates and induce the UPR-Cyto response
(Ciplysetal., 2011). The amount of MeH glycoprotein indicates translocation
load and the translocation efficiency is indicated by the ratio of glycosylated
form to total MeH protein. This makes recombinant MeH production in yeast
a convenient model to study translocation into the ER.

The insoluble aggregates that accumulate in the cytosol consist of MeH
protein precursors that are connected into multimers trough disulfide bonds
and tightly bound eEF1A. eEF1A is thought to be involved in quality
surveillance of newly synthesized proteins (Chuang et al., 2005) and is
required for the activation of Hsflp transcription factor (Shamovsky et al.,
2006, p.) that induces the heat shock response or the the effects of UPR-Cyto.
Also, tightly bound to the multimers are sHsps - that can only be removed at
denaturing conditions - and peripherally bound large Hsps. Interestingly,
during the MeH production induced stress, most of the proteins with
differential synthesis patterns are all targets of Hsflp (mostly of Hsps), with
the exception of sHsps (Hsp26, Hsp42) that are regulated by Msn2/4. The
synthesis of large Hsps was upregulated, whereas the synthesis of sHsps did
not change or was downregulated. This proves that the biosynthesis of MeH
induces a response similar to a canonical UPR-Cyto (Geiler-Samerotte et al.,
2011). In yeast, Hsp26 is a strictly temperature-regulated chaperone (Haslbeck
et al., 1999; Stromer et al., 2003). It can bound to unfolded polypeptides and
prevent their aggregation in cooperation with large Hsps (Cashikar et al.,
2005) only after the exposure to elevated temperatures (Franzmann et al.,
2005). Hsp26 found tightly bound to protein precursors in aggregates at 30°C
suggests that without elevated temperatures this chaperone cannot prevent
precursor aggregation (Ciplys et al., 2011).

All the cellular proteins separated from the aggregates and the
translocated, glycosylated MeH proteins were insoluble and inactive. The
insolubility problem of glycosylated MeH can be partially solved by co-
synthesizing human ER chaperone calnexin. The approach to reduce the
synthesis rate of MeH resulted in complete translocation of the protein
precursors into the ER, their glycosylation, but MeH proteins were still
insoluble and inactive (Ciplys et al., 2011). The main bottleneck of MeH
precursor translocation is caused by possible limited sufficiency of the SRP-
dependent translocation pathway or lack of mammalian translocation
accessory factors TRAM (translocating chain-associating membrane protein)
and TRAP (translocon-associated protein complex) (Ciplys et al., 2011).
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Another approach to alleviate cellular stress, or to increase recombinant
protein yield, is to apply temperature stress. As was mentioned before, yeast
cell adaptation to sudden temperature shock results in increased resistance to
other stress factors. Also, in the case of MeH production that causes UPR-
Cyto, sHsps that should prevent aggregation can be possibly activated at an
elevated temperature. Additional heat shock would also induce Hsf1 regulated
reintroduction of large and small Hsps that may help counter aggregate
formation.

The cell culture growth phase is also important for the application of
temperature shock. Yeast cell culture undergoes three main growth phases —
lag, logarithmic (log) and stationary. During the log phase the cells actively
multiply and perform aerobic glucose fermentation generating a by-product
ethanol. When all the glucose in the media is used up, yeast cells switch their
metabolism to oxidize ethanol and this switch is called diauxic shift or the
Crabtree effect (De Deken, 1966). During this phenomenon an enormous
change in gene expression takes place — stress-response proteins and glucose-
repressed proteins are induced, glucose metabolizing enzymes are repressed,
cell division speed reduces (Haurie et al., 2004). During the ethanol oxidation
phase, is when the heterologous protein production is the most efficient
(Ferndahl et al., 2010), especially for complex and glycosylated proteins ( Liu
etal., 2012; van de Laar et al., 2007). It is believed that it is so because of the
stress response activation and improved protein folding and secretion (van de
Laar et al., 2007).

The approach of heat shock application at a certain yeast cell growth
phase has already been successful. Genetically modified S. cerevisiae strain,
with constitutively active heat shock of various degrees (mutant HSF1-R206S
gene), increased the a-amylase synthesis rate three times at the end of the
glucose, and two times at the end of the ethanol phase. Unfortunately, the same
strategy proved ineffective for the biosynthesis of human insulin precursor
(Hou et al., 2013).

1.7. Human calreticulin protein and its production in yeast S. cerevisiae.

Calreticulin (CALR) is a multifunctional Ca?* binding protein, encoded
by the CALR gene and is present in all cells that contain ER, except yeast. It
consists of 417 amino acids with highly conserved sequence between distant
species and has a molecular weight of 46-kDa (Mééttinen et al., 2010; Qiu &
Michalak, 2009). CALR consists of three structurally and functionally distinct
domains: N-globular, P-arm and C-domain. The N-domain (residues 1-180)
is a globular lectin-like domain comprised of eight anti-parallel B-strands, and
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asingle disulfide bridge. It contains oligosaccharide- and polypeptide-binding
sites, cleavable signal sequence and is responsible for interactions with DNA,
a-integrins and binding of Zn?* ions (Burns et al., 1994; Michalak et al., 2009;
Williams, 2006). The P-arm domain is proline-rich domain located in the
middle of CALR amino acid sequence (residues 181-290) that forms and
extended-arm-like structure (Gelebart et al., 2005). It contains two sets of
three repetitive regions that, together with the N-domain, are believed to be
involved in forming lectin-like structures that ensure the protein-folding
ability of CALR. It has also been shown, that P-domain can also bind Ca?
with low capacity (1 mol of Ca2?* per 1 mol protein) and high affinity (K4 =
1uM) (Baksh & Michalak, 1991; Michalak et al., 2009). The C-domain
(residues 291-400) is highly acidic and comprised mostly of negatively
charged residues. At the end of this domain is the KDEL sequence responsible
for CALR retrieving from the Golgi apparatus to the ER (Nakamura et al.,
2001). C-domain is responsible for CALR Ca?* buffering functions and can
bind Ca?* with high capacity (25 mol of Ca?* per 1 mol protein) and low
affinity (Kq= 2M), binding around 50% of all Ca?* in the ER (E. F. Corbett et
al., 1999; Michalak et al., 2009).
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Figure 12. A schematic depiction of CALR structure. A — domain position portrayal in the
CALR amino acid sequence. B — domain representation in the CALR protein structure. Figure
adapted from (Gelebart et al., 2005).

CALR is best known for its role in the ER. Here, together with calnexin
(an integral ER chaperone) and ERp57 (a PDI-like protein) it forms the
calreticulin/calnexin cycle, which is responsible for newly synthesized
glycoprotein folding and quality control (Wang et al., 2015). CALR binds
Ca?* with high capacity and this way regulates Ca?* homeostasis and Ca?*-
dependent pathways in the cell (Michalak et al., 2002) and is also necessary
for MHC lass | antigen processing (Gao et al., 2002). Despite having the ER-
retrieval signal sequence KDEL, that should withhold this chaperone
predominantly in the ER, CALR has been found in cytosol, nucleus, on the
cell surface and even in the extracellular compartments (Kielbik et al., 2021).
There it has even more diverse and important functions. In the cytoplasm,
CALR mediates the integrin-dependent cell adhesion, transduces signals
between integrins (Coppolino et al., 1997; Coppolino & Dedhar, 2000) and
Ca?* channels, and affects RNA stability (Nickenig et al., 2002; Totary-Jain et
al., 2005). CALR in the nucleus mainly cross-talks with transcription factors,
modulates the activity of nuclear receptors by affecting transcriptional
regulation (Qiu & Michalak, 2009), and may even act as an import protein
(Michalak et al., 2009). Cell surface and extracellular CALR has even more
important functions in cellular proliferation (Nanney et al., 2008), cell
adhesion (Coppolino et al., 1997; Coppolino & Dedhar, 2000), cell migration
(Orr et al., 2003), phagocytosis of apoptotic cells (Gardai et al., 2005) and
plays a role in the adaptive immune response, in the uptake of calreticulin-
producing cancer cells by dendritic cells (Tesniere et al., 2008) and in wound
healing (Greives et al., 2012; Nanney et al., 2008). It was also shown that
exogenous CALR can rescue CALR-deficient cells in different CALR-
dependent functions, such as cell migration, adhesion, immunoregulation and
phagocytosis (Gold et al., 2010). That is why CALR protein has significant
therapeutic potential for impaired diabetic wound healing, cancer therapy and
many others (Chaput et al., 2007; Gold et al., 2010; Greives et al., 2012;
Nanney et al., 2008; Obeid et al., 2007; Panaretakis et al., 2008).

Despite the cytoplasmic, nuclear, cell surface-bound and exogenous
calreticulin involvement in a wide variety of cellular functions, the way CALR
gets out of the ER remains unclear (Gold et al., 2010; Kielbik et al., 2021). It
has been proposed that CALR winds-up in the cytosol when its precursor is
improperly targeted to the ER, leaks out of the ER to the cytoplasm, is
retrieved from ER after the removal of its signal peptide or is being released
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into the cytosol due to Ca?* depletion in the ER (Labriola et al., 2010). Since
CALR possesses the KDEL motif, it can travel in between ER and Golgi
complex and should always be retrieved into the ER. Moreover, CALR is a
non-glycosylated protein and thus it lacks the usual requirements for proteins
to be exposed via anterograde secretory pathways (Wiersma et al., 2015).
However, it has been shown that in some mammalian cell types, the CALR
exit from the cell can be induced by ER stress, which can be provoked by
various stimuli like anthracyclines (Zhang & Kaufman, 2008), reduction of
ER Ca? levels (Tufi et al., 2008), hypoxia, high temperature or pH imbalance
(Kielbik et al., 2021). These stressors induce ER stress and the generation of
ROS and condemn cells to immunogenic cell death (ICD)(a class of regulated
cell death that elicits antigen-specific adaptive immune response (Kroemer et
al., 2013)). The loss of ER homeostasis leads to unfolded protein accumulation
in the ER and subsequently UPR. Downstream the ER stress pre-apoptotic
and killer proteins are activated (BAP31, Bax, Bak). At the same time, CALR
released from the ER is removed from the cell by N-ethylmaleimide-sensitive
fusion protein-attachment protein receptor (SNARE)-dependent exocytosis
pathway. SNAREs attached to the vesicles, interact with synaptosome
associated protein 23/25 (SNAP23/25) in plasma membrane, and fuse vesicles
to the membrane (Asadzadeh et al., 2020; Rufo et al., 2017). For the ER stress-
induced translocation of CALR to the cell surface, co-translocation with
ERp57 is essential. In the ER lumen ERp57 is tightly bound to the P-domain
of CALR (Oliver et al., 1999), and the disruption of this bond inhibits CALR
exocytosis to the cell surface (Coe & Michalak, 2010; Panaretakis et al.,
2008). It has also been proposed that post-translationally modified CALR may
be retro translocated from a properly functioning ER to the cytosol (Afshar et
al., 2005) and then exposed on the cell surface, when the cells are under stress
(Tarr et al., 2010). Citrullinated and arginylated isoforms of CALR has been
found on the cell surface (Wiersma et al., 2015). In some cancer types, the loss
of the C-terminal KDEL motif due to mutations in the CALR gene are
responsible for CALR exit out of the cell (Liu et al., 2019).

Surprisingly, active, high-level secretion of mature native recombinant
CALR protein was reported in yeast (Ciplys et al., 2015). When a full-length
human CALR precursor with its native signal sequence was expressed in yeast
S. cerevisiae under PGK1 gene promoter, it resulted in secretion titer of 60-
65 mg/L. The expression of the same CALR precursor under AOX1 promoter
in yeast P. pastoris resulted in secretion titer of 180-200 mg/L. The
synthesized protein matured properly, was not retained in the ER and was
almost identical to its native counterpart from human placenta, with respect to
its functional activity in vitro and structural integrity. Interestingly, neither the
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human KDEL or the yeast HDEL ER-retrieval signals did not stop CALR
protein from being actively secreted in yeast. Also, the amount of secreted
CALR in S. cerevisiae was 4- to 5-fold higher than of other human ER
chaperones BiP or ERp57, under the same conditions. It is suggested, that such
an efficient secretion of CALR protein is due to its intrinsic properties (Ciplys
etal., 2015). In human cells the secretion of CALR can be induced by the ER
Ca?* depletion (Peters & Raghavan, 2011) and there is 10-100 fold less free
Ca?" in the lumen of the yeast ER (Strayle et al., 1999). Lack of Ca?" can result
in CALR conformation that reduces the accessibility of the KDEL retrieval
signal and promotes protein secretion (Ciplys et al., 2015). However, the
mechanism of CALR secretion in yeast, as well as in higher eukaryotes, is still
unclear. It is possible that analysis of this efficient and non-detrimental
secretion of CALR may hold some answers to how CALR exits human cells.

To summarize, it is mostly unknown if a recombinant protein will be
successfully produced in yeast and what determines it. To further expand the
variety of heterologous proteins produced in S. cerevisiae, it is important to
identify the underlying mechanisms behind the production of these proteins.
In this work we investigate how the inefficient production of an insoluble viral
surface MeH protein, and an extremely efficient secretion of an ER chaperone
CALR, impacts the cellular proteome. These two proteins cause a conundrum
— when infected with measles virus, mammalian cells produce and expose
MeH protein on the cell surface using the secretory pathway, yet in yeast, this
protein is inefficiently translocated and improperly folded in the ER. CALR
protein, on the other hand, is supposed to stay in the ER, but is secreted at the
high-level from yeast cells. Seemingly, these two proteins should act the
opposite. Our hypothesis is, that using proteomic analysis we can determine
proteins involved in cellular mechanisms that could explain the inefficient
MeH translocation and efficient CALR secretion. Therefore, the aim of this
work was to adapt 2DE- and MS-based proteomic analysis to study the
recombinant protein synthesis in yeast S. cerevisiae.

2. MATERIALS AND METHODS
2.1. MATERIALS
2.1.1. Plasmids

pFGG3 — empty control vector (generation of which is described in
(Slibinskas et al., 2004));

pFGG3-MeH - for inducible expression of MeH protein causing UPR-Cyto
stress in yeast (generation of which is described in (Ciplys et al., 2011));
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pFGG3-MeN - control for inducible expression of MeN protein, which does
not cause the stress response in yeast (generation of which is described in
(Slibinskas et al., 2004));

pFGG3-BIiP — for the inducible expression of full-length human GRP78/BiP
protein was generated by subcloning of HSPAS gene (GenBank accession no.
AF216292) from the plasmid pFDC-BiP (generation of which is described in
(Ciplys et al., 2014)) into Beul site of vector pFGG3 under control of galactose
inducible S. cerevisiae GAL7 gene promoter.

pFGAL7-CRT - for inducible expression and secretion of human CALR
protein. pFGAL?7 vector was derived from pFGG3 vector (Slibinskas et al.,
2004) by removing GAL10/PYK1 promoter using Smal and Xbal restriction
endonucleases (RE). This allows stronger expression of genes under the sole
GAL7 promoter. A gene encoding full-length wild-type human CALR
precursor (GenBank Acc. no. M84739 for cDNA sequence and UniProtKB
acc. No. P27797 for amino acid sequence) was synthesized by GenScript. The
gene was subcloned into the yeast expression vector pFGAL7 under control
of galactose-inducible yeast GAL7 gene promoter using Bcul RE. DNA
manipulations were conducted according to standard procedures (Sambrook
& Russell, 2001). CALR gene sequence in pFGAL7-CRT vector was verified
by Sanger sequencing.

2.1.2. Yeast Saccharomyces cerevisiae strains

The strain AH22 is used in the experiments of this dissertation because of its
routine use in our laboratory and the authors familiarity with it. This is a
laboratory strain with its entire genome sequenced.

Strain BY4741 is used only as a control in the experiment with the knockout
BY4741 ASODL1 strain.

AH22 (MATa leu2-3 leu2-112 his4-519 canl [KIL-0]);

BYA4741 (MATa his3A41 leu2A0 met 1540 ura340);

BY4741 ASOD1 (MATa his3A1 leu2A0 met1540 ura340 ASODI) (Yeast
Knockout Collection);

2.1.3. Culture media

Solid YEPD — yeast extract 1%, peptone 2%, glucose 2%, agar-agar 2%;
YEPD - yeast extract 1%, peptone 2%, glucose 2%;
YEPG — yeast extract 1%, peptone 2%, galactose 2.5%;
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2.1.4. Buffers and solutions

Disruption buffer — 50 mM sodium phosphate, pH7.2, 5 mM EDTA, 1 mM
PMSF;

Glass beads — 0.5 mm diameter (BioSpec Products Inc., USA);

Bradford assay reagent (,,Roti-NanoQuant”, Carl Roth GmbH.);

Glucose concentration determination kit (Enzytec fluid D-Glucose,
ThermoFisher Scientific);

Ethanol concentration determination kit (Enzytec fluid Ethanol,
ThermoFisher Scientific);

2xSDS-PAGE sample buffer — 125 mM Tris-HCI, pH 6.8, 20% glycerol, 8%
sodium dodecyl sulphate (SDS), 150 mM dithiothreitol (DTT), 0.01%
bromophenol blue;

Protein molecular weight marker — PageRuler unstained protein ladder
(ThermoFisher Scientific, #26614), PageRuler prestained protein ladder
(ThermoFisher Scientific, #26616)

4% stacking gel — 24.9% 0.5 M Tris-HCI pH 6.8, 0.1% SDS 10% (w/vol),
10% Acrylamide 40% (37.5:1), 34.9% H.O MilliQ, 0.1% APS 10%, 0.01%
TEMED.

10% separating gel (for culture medium analysis, western blots) — 24.9%
1.5 M Tris-HCI pH 8.8 (trishydroxymethylaminomethane solution with the
pH brought to 8.8 with hydrogen chloride), 0.1% SDS 10% (w/vol), 24.9%
acrylamide 40% (37.5:1), 50% H,O MilliQ, 0.1% APS 10% (ammonium
persulfate), 0,01% TEMED (N,N,N’,N’-tetramethylethane-1,2-diamine).
12% separating gel (for second-dimension of 2DE) — 24.9% 1.5 M Tris-
HCI pH 8.8, 0.1% SDS 10% (w/vol), 30% Acrylamide 40% (37.5:1), 44.9%
H.0 MilliQ, 0.1% APS 10%, 0,01% TEMED.

SDS-PAGE buffer — 25mM Tris, 190 mM glycine (pH 8.3 at 25°C),
0.1%SDS (wt/vol);

Fixation solution — 50% ethanol, 40% HPLC grade water, 10% acetic acid;
Coomassie Brilliant Blue R-250 — 50% ethanol, 10% acetic acid, 0.1%
Coomassie Brilliant Blue R-250 (CBB R-250), 40% HPLC grade water;
Destaining Solution — 5% ethanol, 12.5% acetic acid in HPLC grade water;
Storage Solution — 7% acetic acid in HPLC grade water;

Cathode buffer for NEPHGE first-dimension separation — 20 g of
glycerol, 216 g of urea, and 170 ml aqua dist., filled up to 380 ml; then 20 ml
of ethylenediamine added; solution prepared on a 40°C heating plate;
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Anode buffer for NEPHGE first-dimension separation — 72g of urea, and
300 ml aqua dist., filled up to 380 ml; with the addition of 20 ml of phosphoric
acid;

Equilibration buffer — 125 mM of Tris-H3PO4 (125 mM Tris solution with
the pH brought to 6.8 with phosphoric acid), 40% of glycerol, 3% of SDS;
Protein transfer buffer — 3.05 g/L Tris, 14.4 g/L glycine, 15% ethanol,
MilliQ H:0;

PBS buffer — 14.42 g/L Na;HPO4, 3.9 g/L NaH.PO.xH,0, 5.84 g/L NaCl,
MilliQ Hz0, pH 7.5;

PBS-Tween — PBS, 0.005-0.1% Tween 20.

5% Bovine serum albumin (BSA) solution — 5 g BSA, 95 ml PBS-Tween;
3,3°,5,5’-Tetramethylbenzidine (TMB) Liquid Substrate System for
Membranes (Sigma-Aldrich, #T0565);

2.1.5. Antibodies

Rabbit anti-Kar2 antibody (y-115, sc-33630, Santa Cruz Biotechnology);
Rabbit anti-Sis1 antibody (COP-COP-080051, Cosmo Bio Co, Japan);
Mouse anti-GAPDH Loading Control antibody (GA1R, Thermo Scientific);
Horseradish peroxidase (HRP)-labelled goat anti-rabbit conjugate (172-1019,
Bio-Rad);

Horseradish peroxidase (HRP)-labelled goat anti-mouse 1gG conjugate (172-
1011, Bio-Rad);

Mouse monoclonal Tetra-His Antibody (QIAGEN, USA);

2.1.6. Ampholytes

Servalyt pH 2-11 (Serva), Pharmalyte pH 5-8 (SigmaAldrich), Pharmalyte
pH 4-6.5 (SigmaAldrich), Ampholyte high-resolution pH 6-9 (Carl Roth),
Ampholyte high-resolution pH 3-10 (Carl Roth).

2.2. METHODS
2.2.1. Yeast strain transformation

The aforementioned plasmids were used to transform S. cerevisiae
strains using the conventional LiCl method (Sambrook & Russell, 2001).

2.2.2. Cell culture growth and temperature conditions

2.2.2.1. Growing conditions for yeast cells used in the comparative
proteomic experiments
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S. cerevisiae cell cultures were grown under aeration in 100 ml shake
flasks with 20 ml of YEPD medium with 5 mM of formaldehyde. The
synthesis of MeH, MeN, CALR was then induced with YEPG medium.
Shortly, S. cerevisiae cells transformed with plasmid carrying measles virus
H and N genes, human CALR gene, or an empty control vector, were
inoculated into YEPD medium with 5 mM of formaldehyde, grown overnight
and then re-inoculated into fresh YEPD medium with 5 mM of formaldehyde
to 0.05 OD600. The cell culture was then grown for 21 hours, centrifugated
for 5 min at 800xg room temperature, the old growth media discarded, fresh
induction medium YEPG with 5 mM of formaldehyde added, and the cells
resuspended. After change of the growth medium, cells were grown for 16—
21 hours and then harvested by centrifugation and stored at —70°C.

2.2.2.2. Growing and heat shock conditions for yeast cells used in the MeH
translocation improvement experiment

S. cerevisiae cell cultures were grown under aeration in 100 ml shake
flasks with 20 ml of YEPD medium with 5 mM of formaldehyde. The
synthesis of MeH was then induced with YEPG medium. At different time
points before or after protein synthesis induction, heat shock was applied in
42 °C water bath for 2 min with following transfer to 37 °C shaker and further
agitation at 220 rpm at 37 °C until the end of MeH biosynthesis. In the case
of manipulations “37°C-30°C”, the cultivation at 37 °C after heat shock was
maintained for 3 h, and then shake flask cultures were shifted back to 30 °C
until the end of MeH synthesis. In all independent experiments, at least one
control variant with constant cultivation at 30 °C was included.

For the determination of growth curve, an overnight culture of MeH-

transformed S. cerevisiae was diluted with fresh YEPD medium with
formaldehyde to an OD of 0.05, and the experiment was per-formed in
triplicate. Every 2 h ODggo Was measured throughout the cultivation at 30 °C
for 72 h under agitation at 220 rpm. The samples for measuring glucose and
ethanol concentrations in the culture medium were taken at various time points
and analysed as described below.
To evaluate heat shock impact on MeH translocation at different yeast culture
densities, flasks were shifted to heat shock temperature and further incubated
for 5 h at 37 °C followed by medium change to YEPG, and the synthesis of
MeH was performed at 37 °C for 16 h as described above. Manipulations with
controls of each OD point were the same as for 37 °C variants, except that the
controls were constantly cultivated at 30 °C temperature.
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2.2.3. Harvesting the cell culture medium

The culture growth medium was harvested by pelleting a portion (1ml)
of the cell culture by centrifugation for 1 min at 16000xg, and collecting the
medium.

2.2.4. Determination of glucose and ethanol concentrations in the culture
medium

Harvested culture medium was divided into two equal parts and stored
at —20 °C prior to analysis using enzymatic test kits from R-Biopharm AG.
Enzytec fluid D-Glucose Test (E5140) and Enzytec fluid Ethanol Test
(E5340) were used according to the manufacturer’s instructions for
determination of glucose and ethanol concentrations, respectively.

2.2.5. Cell culture medium sample preparation and SDS-PAGE

Freshly harvested culture medium was mixed in equal parts with
2xSDS-PAGE sample buffer and immediately boiled for 8-10 min. Prepared
media samples were loaded onto a 10% SDS-PAGE gel, 16 ul per well, and
the electrophoresis was run in SDS-PAGE buffer. PAA gels were fixed for 15
min in Fixation solution and stained for 25 min with Coomassie Brilliant Blue
R-250 followed by destaining in 5% acetic acid.

Purified CALR protein (UAB Baltymas) used for densitometric
quantification was prepared correspondingly, but diluted with 1xSDS-PAGE
sample buffer to load different concentrations onto the PAA gel.

2.2.6. Preparation of yeast lysate samples and SDS-PAGE

10-20 mg of yeast cells were pelleted and gathered into a 1.5 ml
microcentrifuge tube by centrifugation. The cell pellets were washed with
distilled water and resuspended in 10 volumes (vol/wt) of disruption buffer.
An approximately equal volume of glass beads (0.5 mm diameter) was added
and cells were disrupted by vortexing at max speed, 8 times for 30 sec, and
cooled on ice for 30 sec after each vortexing. A volume, equal to the volume
of disruption buffer used, of 2xSDS-PAGE sample buffer was added, mixed
and the sample was boiled for 10 min. 4 pl (up to 20 pg of protein) of the
prepared whole cell lysate sample was loaded onto 10% SDS-polyacrylamide
gel, then run in the SDS-PAGE buffer, fixated, stained and destained (as
mentioned before).
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2.2.7. Determination of protein concentration

Protein concentrations were determined by Roti-Nanoquant Protein-
assay (Carl Roth Gmbh.), which is a modification of Bradford's protein assay.

2.2.8. Western blotting

For Western blotting, the protein concentrations between samples were
measured and equalized by diluting the samples with 1xSDS-PAGE sample
buffer. Then, an equal amount of protein in all samples was loaded onto SDS-
PAGE gel and run. After SDS-PAGE the proteins from the gel were
transferred to a nitrocellulose membrane Hybond™ ECL (Amersham, UK),
as described in (Sambrook & Russell, 2001). The membranes were incubated
over night with primary and for 2 h with secondary antibody-HRP conjugates,
following the manufacturer ‘s recommendations. After the incubation, the
membranes were washed and developed using TMB substrate.

Anti-GAPDH Loading Control Antibody was used in MeH translocation
experiment blots to ensure that an equal amount of proteins was loaded into
all lanes.

2.2.9. Cell sample preparation for 2DE

300-500 mg of cell pellets were collected into a glass test-tube by
centrifugation, washed with distilled water and frozen at —80°C. After storing,
the cells were placed on ice and resuspended in 3-10 volumes (v/w)
(depending on the experiment) of denaturing IEF buffer containing 7 M urea,
2 M thiourea, 2% CHAPS detergent, 1% ampholytes (pH 3-10, Pharmalyte,
GE Healthcare), 0.002% Bromophenol Blue and 75 mM DTT (added just
before use). The cells were lysed by adding a glass bead volume twice the
weight of cell pellets and vortexing at max speed 8 times for 30 sec. Samples
were cooled for 10 sec on ice following 30 sec at room temperature between
each vortexing. Cell debris was removed by centrifugation at 16000xg, for 15
min at 16°C. Cell lysate supernatants were collected and protein
concentrations were measured using a modified Bradford’s protein assay
(Roti-Nanoquant, Carl Roth GmbH). Samples were diluted with IEF buffer to
equalize the protein concentrations. Prepared yeast cell lysates were stored
frozen at —80°C.

The IEF buffer used for sample preparation was suitable for both 2DE
methods used in this dissertation, according to the manufacturer’s
recommendations (Invitrogen and WITA, respectively).
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2.2.10. Making of NEPHGE gels

NEPHGE gels were made with a non-linear pH gradient formed by
CAs. Each CA mixture was designed with narrow and broad pH range
ampholytes commercially available at the time. Our restored ‘“New mix”
ampholyte blend (Mix no. 3 in the Table S1.) consists of: Servalyt pH 2-11
(Serva) — 1 part; Pharmalyte pH 5-8 (SigmaAldrich) — 2 parts; Pharmalyte pH
4-6.5 (SigmaAldrich) — 3 parts; Ampholyte high-resolution pH 6-9 (Carl
Roth) — 1 part; Ampholyte high-resolution pH 3-10 (Carl Roth) — 1 part; total
of 8 parts. This CA mixture was then incorporated into two essential NEPHGE
gel solutions — separation gel (Sep gel) and capping gel (Cap gel) described in
(Klose & Kobalz, 1995).

2.2.11. Casting NEPHGE first-dimension gels

Shortly, Sep gel and Cap gel were cast in succession in a vertical device
for casting two-layered rod gels for the first dimension. The Sep gel takes-up
about 2/3 and the Cap gel 1/10 to 1/20 of the glass rod mold — the rest is left
for the sample. For the 8 cm length IEF gel (11 ¢cm rod mold) 500ul of Sep
gel with 12 ul 0.8% APS and 100 pl of Cap gel with 2.5 pl of 0.8% APS is
required (all solutions are degassed by sonication). After casting, the initial
polymerisation of the Cap gel was achieved by leaving the gel undisturbed for
30 min at room temperature. Later, the rod mold was removed from the casting
device, a drop of distilled water was placed on top of the rod on the sample
loading side (to prevent drying-out), ends of the rod were covered with caps
or parafilm wax and left to fully polymerize for 72 hours. WITA NEPHGE
gels were cast almost identically using a set of standardized materials.

2.2.12. Running the first dimension
2.2.12.1. First-dimension separation using IPG strips

Briefly, IPG strips (ZOOM strips pH 3-10NL, Invitrogen) were used
for IEF in Invitrogen ZOOM IPGRunner System. 50 or 100 pg of the protein
from whole cell lysate was diluted to 155 ul by IEF buffer and applied onto
IPG strip following rehydration overnight. Next day the ZOOM IPGRunner
Mini-Cell was assembled and IEF was performed using “PowerEase 500
Power Supply” (Invitrogen) with the following running conditions: 200 V for
20 min; 350 V for 10 min; 500 V for 4 hrs. Finally, a higher voltage step at
2000 V was performed as recommended by manufacturer (for 2 hrs, the power
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supply “Consort EV233”). Focused IPG strips were stored in a sealed
container at —80°C. The strips were equilibrated just before the second
dimension by incubating them in the equilibration buffer supplemented with
reducing (75mM DTT) and alkylating (125mM IAC) agents (treated for 15
min by both).

2.2.12.2. First-dimension separation using NEPHGE rod gels

After the full polymerization of rod gels, the first-dimension separation
of proteins was performed in a vertical electrophoresis device (Klose &
Kobalz, 1995). The lower chamber of the unit was filled with 400 ml of
degassed cathode buffer. The rod gels were fixed in the device with their ends
submerged into the cathode buffer and the water cork was removed. Sample
solutions containing 80-200 pg of proteins from whole cell lysates were
mixed with pre-heated (to 50°C) agarose-supplemented ampholyte phosphate
buffer in a ratio of 4:1, immediately applied to the anode ends of the capillary
gels leaving no trapped air bubbles, covered with 10 ul of sample-stabilizing
overlay solution (O’Farrell et al., 1977) and left to set for 5-10 min. After the
solidification of a sample, 400 ml of degassed anode buffer was poured into
the upper chamber submerging the rod gels. The first-dimension
electrophoretic separation of proteins was conducted by using the following
sequence of running conditions: for small 11 cm rods — 100 V for 75 min; 200
V for 75 min; 400 V for 75 min; 600 V for 715 min; 800 V for 10 min; 1000
V for 5 min. After the electrophoresis had ended, the rod gels were carefully
pushed out of the glass tube molds onto plastic rails with the help of a syringe.
Then, the gels were adapted to the conditions of second-dimension by a series
of three 15 min incubations in equilibration buffer and 75 mM of DTT,
following three 15 min equilibrations in the same buffer with 125 mM IAC.
The equilibrated gels were stored in —80°C before the application to the
second-dimension separation system.

2.2.13. Second-dimension separation by SDS-PAGE

For separation in the second dimension of 2DE, standard SDS-PAGE
was performed with 11% or 12% (w/v) polyacrylamide gels using a Minigel-
Twin units (Biometra). Briefly, the IPG strips and rod gels of the first
dimension were gently transferred from equilibration and storage rails to the
top of the stacking gel zones and covered with 0.5% (w/v) agarose to fix the
rod gels. The electrophoresis running conditions of the second-dimension
separation were set as follows: 15 mA per gel (~100 V) for ~ 15 min (until the

58



dye reached resolving gel); 30 mA per gel (voltage gradually rises up to 200
V limit) for about 1 hr, until the bromophenol blue front reached the bottom
of the gel.

After 2DE protein separation was complete, gels were fixed in Fixation
Solution for at least 1 h under gentle agitation at room temperature (RT) and
stained with Coomassie Brilliant Blue R-250 overnight under gentle agitation
at RT. Next day the gels were destained in Destaining Solution for 1 hr under
gentle agitation at RT followed by further destaining with Storage Solution
for 4 hr (at least 2x exchange of solution) at RT.

2.2.14. Gel scanning and image analysis
2.2.14.1. Analysis of 1D SDS-PAGE gels and Western blots

All 1D gels were scanned using ImageSanner 111 (GE Healthcare) using
blank filter, transparent mode and 300 dpi resolution. Densitometric analysis
of 1D SDS-PAGE gels was performed with ImageQuant TL (GE Healthcare)
using default settings.

Protein band intensity values were normalised to their respective loading
control (GAPDH) or control (30°C) bands in Western blots.

To assess the amount of MeH glycoprotein, in the MeH translocation
experiment, the volumes of two bands of ~75 kDa corresponding to
glycosylated MeH form (indicated by dotted arrows in Figs 15, 17 and 18) in
Western blots were summed up. The major ~65 kDa band (indicated by solid
arrows in Figs 15 and 18) was not included into calculations of glycoprotein
amount, because it represents untranslocated unglycosylated MeH precursor
localized in cytosol (Ciplys et al., 2011). The volumes of glycosylated MeH
in all analysed variants were compared to a volume of corresponding bands in
control sample derived from cells constantly incubated at 30 °C. As the ratio
of MeH glycoprotein and polypeptide precursor changed at the different
conditions studied, we also calculated translocation efficiency. It is given as a
percentage of glycosylated MeH from the total detected MeH in the same
sample.

2.2.14.2. Analysis of 2DE gels

All 2DE gels were scanned using ImageSanner Il (GE Healthcare)
using blank filter, transparent mode and 300 dpi resolution.

Images of 2DE gels cast with our ,,New mix* and ,,WITA* solutions
were analysed using BioRad PDQuest 8.0.1 2-D analysis software by
following the manufacturer‘s recommendations. The coefficient of correlation
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(r) was calculated by comparing each gel to another. Pearson‘s coefficient of
correlation measures the linear association of two variables and ranges from —
1 to +1, with r=1 meaning a strong linear association (Kirch, 2008).

All other 2DE images were analysed using ImageMaster 2D Platinum
7.0 software (GE Healthcare). Protein spots were detected automatically by
setting the same parameters for all analysed 2D gels. Artefact spots and
speckles (mostly near the boundaries of the gels) were deleted manually in
every 2D gel. Then gels were matched in separate groups followed by matches
between the groups according to required comparison. Cellular proteins with
differential synthesis patterns were evaluated by calculating the fold change
(FC) - the ratio of %Vol between spots. Our selected threshold for FC was
1.5 times (0.58 log2FC) — protein spots that show a 1.5-fold increase or
decrease in volume are thought to have differential synthesis patterns, for all
experiments. Various comparisons and calculations of parameters were
performed as indicated in the legends of tables 1 and 2.

2.2.15. Protein identification

Protein identification MALDI-TOF/TOF and LC-MSE methods was
carried out at the Proteomics Centre in the Institute of Biochemistry, Life
Sciences Center, Vilnius University (Vilnius, Lithuania).

2.2.15.1. Sample preparation and protein identification using MALDI-
TOF/TOF mass spectrometry

Excised protein spots described in chapters 3.1. and 3.2. were identified
using tryptic digestion (Hellman et al., 1995) - mass fingerprinting technique.
Protein spots were excised from the gel and cut into 1x1 mm pieces. Gel
pieces were destained with 200 ul of 25 mM ammonium bicarbonate in 50%
acetonitrile (ACN), dehydrated with ACN and incubated with 40 pl 10 ng/ul
of trypsin solution in 25 mM ammonium bicarbonate over night at 37°C. Next
day, peptides were extracted with 2 x 100 ul 5% trifluoroacetic acid (TFA),
lyophilized and dissolved in 3 pl 0.1% TFA in 50% ACN. Samples were
applied to 384-well MALDI plate. 0.5 pl of sample were overlayed with 0.5
ul of matrix (alpha-cyano-4-hydroxycinnamic acid, 4 mg/ml 50% ACN with
0.1% TFA).

Proteins were identified by MALDI mass spectrometry using 4800
MALDI TOF/TOF mass spectrometer (AB/Sciex). Peptide mass spectra were
acquired in reflector positive ion mode in m/z range 800-4000 Da, 400 laser
shots were summed for each sample with mass accuracy =50 ppm. MS/MS
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spectra for dominating peptides were acquired in positive mode, ion collision
energy was set to 1 keV, 500 laser shots were accumulated for each spectrum
with mass accuracy £0.1 Da. Proteins were identified in the TTEMBL database
(3-23-10 release) using the Mascot algorithm.

2.2.15.2. Sample preparation and protein identification using LC-MSE (Data
Independent Acquisition) based protein identification

Protein spot samples excised from gels, but identified using LC-MSE
(See chapter 3.4.2.) were prepared as described by (Shevchenko et al., 2006).
Whole proteome samples were digested with trypsin according to FASP
protocol as described by (Wisniewski et al., 2009). Briefly, samples were
diluted in 8 M urea following two washes with urea and alkylated with 50 mM
iodoacetamide (GE Healthcare Life Sciences). Protein concentrators were
washed twice with urea and twice with 50 mM NHsHCOs. Proteins were
digested overnight with TPCK Trypsin 20233 (Thermo Scientific). After
overnight digestion, peptides were collected from the concentrators by
centrifugation at 14000 g for 10 min and additionally eluted using 20%
CHsCN. The eluates were mixed, acidified with 10% CFsCOOH and
lyophilized in a vacuum centrifuge. The lyophilized peptides were redissolved
in 0.1% formic acid.
LC was performed using a Waters Acquity ul-tra-performance LC system
(Waters Corporation). ACQUITY UPLC HSS T3 250 mm analytical column
was used to perform peptide separation. Data was acquired using Synapt G2
mass spectrometer and Masslynx 4.1 software (Waters Corporation) in
positive ion mode using data-independent acquisition (DIA) coupled with ion
mobility separation (IMS, UDMSE) (Distler et al., 2014). For the survey scan,
the mass range was set to 50-2,000 Da with a scan time set to 0.8 seconds.
Raw data are available via the MassIVE repository with identifier
MSV000088879. Raw data was lock mass-corrected using the doubly charged
ion of [Glul]-fibrinopeptide B (m/z 785.8426; [M+2H]2+) and a 0.25 Da
tolerance window. The raw data were processed with the ProteinLynx Global
SERVER (PLGS) version 3.0.1 (Waters Corporation, UK) Apex3D and
Pep3D algorithms to generate precursor mass lists and associated product ion
mass lists for subsequent protein identification and quantification. Peak lists
were generated using the following parameters: (i) low energy threshold was
set to 150 counts, (ii) elevated energy threshold was set to 50 counts, (iii)
intensity threshold was set to 750 counts. Database searching was per-formed
with PLGS search engine using automatic peptide tolerance and fragment
tolerance, minimum fragment ion matches of 1 per peptide and 3 per protein,

61



FDR < 4%. Trypsin as the cleavage protease was used for data analysis, one
missed cleavage was allowed, and fixed modification was set to
carbamidomethylation of cysteines, the variable modification was set to
oxidation of methionine. UniprotkKB/SwissProt Saccharomyces cerevisiae
databases (2020-09-24) with bovine trypsin (TRY1 _BOVIN) were used for
protein identification. Label-free quantification using the TOP3-approach was
used for the quantification of proteins. TOP3 intensity was calculated as the
average intensity of the three best ionizing peptides using ISOQuant (Kuharev
etal., 2015). The maximum FDR of protein identification was set to 1%. Log2
transformation was applied to the data before computing fold-changes. The
Bayes algorithm of the limma Bioconductor package was used to compute the
log2 fold-changes and p-values. The calculated p-values are the adjusted
FDRs using the Benjamini-Hochberg procedure.

3. RESULTS AND DISCUSSION

The results of this work are presented in four different chapters following the
order of the research. In the first chapter the comparison of the first dimension
IPG and NEPHGE techniques in two-dimensional gel electrophoresis
experiment analysing the UPR-Cyto response caused by the synthesis of MeH
in S. cerevisiae are described. Following that, the effects of heat shock on the
translocation of MeH are presented. The third chapter demonstrates the results
of reconstruction of the CA blend and gel solutions for NEPHGE-based 2DE
method and the fourth chapter presents a comparative proteomic analysis of
the high-level secretion of human CALR in S. cerevisiae.

3.1. Comparison of first dimension IPG and NEPHGE techniques in two-
dimensional gel electrophoresis experiment with cytosolic unfolded
protein response in S. cerevisiae

The aim of this study was to directly compare IPG- and NEPHGE-based
2DE techniques by using the same samples and identical second-dimension
procedures. For IPG-based 2DE we have chosen Invitrogen “ZOOM
IPGRunner” system. This mini-gel 2DE system is simple, unexpensive and
both IEF gel length (7 cm) and recommended sample buffer composition is
compatible with that of NEPHGE-based 2DE “WITAvision” system. It should
be noted that our results represent only usage of Invitrogen IPG-based
2DE system. It was reported that commercially available IPG strips can vary
considerably, leading to marked differences in subsequent protein resolution
during 2DE (Taylor & Coorssen, 2006).
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Earlier comparisons of IPG-based versus NEPHGE-based 2DE
techniques (Nawrocki et al., 1998; Nowalk et al., 2006) were made as
proteome analysis experiments. Here we performed a differential expression
proteomics experiment using both methods and broad (pH 3-10) gradient
range on UPR-Cyto stress in yeast S. cerevisiae cells. The results were
compared to our previous study of the same phenomenon using Invitrogen
narrow range pH 4-7 IPG strips (Ciplys et al., 2011). Our data suggest that
NEPHGE-based 2DE method is a method of choice for the analysis of basic
proteins. The most dramatic demonstration of this statement was identification
of highly basic protein Sislp with differential synthesis pattern by NEPHGE,
but not by IPG technique. However, in the acidic pH range both techniques
appeared to be similar with some specific advantages and drawbacks. We hope
that this study will help others to choose the most efficient system or strategy
to perform their proteomics experiments.

Note: IPG-based 2DE was performed by E. Ciplys; gel analysis was
performed by R. Slibinskas and statistical analysis was performed by R.
Razanskas. NEPHGE-based 2DE was performed by the author.

3.1.1. Overview of the protocols

The same samples of whole cell lysates from yeast cells producing
measles virus hemagglutinin (MeH) or nucleocapsid protein (MeN) and from
the control yeast cells (transformed with empty vector pFGG3) were focused
in a broad range (pH3-10) IPG strips (Invitrogen) and non-equilibrium pH
gradient gels made according to manufacturers’ (WITA) recommendations.
After equilibration, the strips and gels were applied onto uniform SDS-
polyacrylamide mini-gels and run under the same conditions in “Biometra”
system. The second dimension SDS-PAGE with following gel staining,
scanning and image analysis steps for IPG and NEPHGE samples were
performed in parallel. Therefore, the only difference between IPG- and
NEPHGE-based 2DE was the first dimension isoelectric focusing step and
some deviations in equilibration protocol (IPG strips were equilibrated after,
whereas NEPHGE gels before the freezing in —70°C). It allowed direct
comparison of the first dimension IPG and NEPGHE techniques as other
parameters, conditions and samples in both 2DE experiments were exactly the
same.

Examples of 2D gel images are shown in Figures 12 and 13. We have
analysed various protein spot parameters at two different experimental
conditions: at standard 1x protein load (50 pg of whole cell lysate protein per
gel, as recommended by manufacturer of IPG strips) and at high 2x protein

63



load (100 pg of total protein per gel). General quantitative analysis of IPG-
and NEPHGE-based 2DE methods is presented in Tables 1 and 2 respectively,
whereas their “trial” comparison with the concrete biological experiment
(Ciplys et al., 2011) is summarized in Table 3.
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Figure 12. 2DE of yeast whole cell lysates using IPG (A-C) and NEPHGE (D-F) based methods
at standard protein load. The same samples from control cells (transformed with empty vector
pFGG3; A, D)and MeH (pFGG3-MeH transformant; B, E)or MeN (pFGG3-MeN; C,
F) producing cells were loaded onto IPG strips (50 pg of total protein in each strip) and
NEPHGE gels (30 pg of total protein in each gel). Approximate pl values are indicated below
the gels (pH 3-10 gradient was used in both methods). Dashed line indicates approximate zone
of neutral pl 7.0, which separates acidic (on the left, pl <7) and basic (on the right, pI >7)
protein spots. Protein molecular weight markers (M) are loaded onto IPG-based 2D gels, their
masses are indicated at the right (kDa). Arrows point to the spots described in Table 3. Solid
arrows indicate protein spots that were identified in our previous work (Ciplys et al., 2011),
whereas dotted arrows point to additional spots identified by MS in this study. Quantitative
analysis of each indicated protein spot is presented in Table 3.
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Figure 13. 2DE of yeast whole cell lysates using IPG (A-C) and NEPHGE (D-F) based methods
at high protein load. The same concentrated samples from control cells (transformed with empty
vector pFGG3; A, D) and MeH (pFGG3-MeH transformant; B, E) or MeN (pFGG3-MeN; C,
F) producing cells were loaded onto IPG strips (100 pg of total protein in each strip) and
NEPHGE gels (100 pg of total protein in each gel). Original scan of one of the replicas is shown
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for comparison (six gels were being scanned in parallel at the same time). The references are
the same as in Figure 12.

Table 1. Comparison of spot parameters in IPG- and NEPHGE-based 2DE at
standard protein load

Method! IPG? NEPHGE?
Parameter* pI3-10 pI <7 pI>7 pI3-10 pI<7 pI>7
Number of detected 102 79 23 110 80 30
protein spots”
Reproducibility of
ePrngfSlm;D”y © 75+4% 82£1%  44%18%  76+17%  72£18%  87+20%

Total” protein volume 410302+ 76 325075+ 7 85227+13 4449307 2782776 166653
in a gel (Vol) 913 3300 613 5631 9205 15835

(100 + 17%
)

35%+25 36%+ 25 30%+25 40% £33 46% + 36 27%+ 21

(1004 19%)  (79+4%)  (21+4%) (63+£6%)  (37+6%)

Variation of spot
volume (AVol)3

Variation in relative

volumes of spots 30%+23 30%+23  26%+19  31%+28  31%+30  31%425
(A%Val)®
A I £ +
verage ANy OF 5041903 20274307 22484947  2610+549  2202+558 oo =81
protein spot 0
Low quality spots 15+ 3% 146%  21+11%  27-8% 3049%  20+9%

(saliency <500)"%

1The same samples were analysed in IPG- and NEPHGE-based 2DE systems; ~50ug of whole
cell protein was loaded onto IPG strips and ~30 pg onto NEPHGE gels (due to small space for
sample application in NEPHGE tubes — see text).

2Immobilized pH gradient (IPG) based 2DE method (Invitrogen pH3-10 system).

3 Non-equilibrium pH gradient gel electrophoresis (NEPHGE) based 2DE method
(WITAvision pH3-10 system).

4Parameters were calculated from 2-3 replicas (repeating analysis of the same samples). Each
parameter was calculated both for whole gel (pl 3-10, all detected proteins) and for its pl <7
and pl >7 parts (acidic and basic proteins, respectively). Neutral pl 7, separating acidic and
basic protein spots, is indicated by dashed line in Figure 12.

SNumber of detected separate protein spots in all samples (Control, MeH ir MeN), from all
replicas.

6The same spots detected among replicas of the same sample (according to matches of the spots
generated by 2D image analysis software ImageMaster 2D Platinum 7.0); the percentage of
matched spots (+SD) is given for a whole gel (pI 3—-10) and for its acidic or basic parts.

"Total volume (Vol; product of spot area and intensity) of all protein spots in one gel is
calculated by 2D analysis software; here the average from whole pl3-10 gel is given as 100%
(+SD), whereas pI <7 and >7 indicate acidic and basic protein portions, respectively.
8Variation of volumes of the same spots in separate replicas; calculation was made using all
spots matched by the software and then the average of variation AVol +SD was calculated.
%%Vol indicates percentage of volumes of separate spots among volume of all protein spots in
a gel. In this case, all matched protein spots were evaluated in the same way as calculating
variation of volumes (8), only instead Vol the values of %Vol was used (the result is average of
A%Vol £SD).

0Average saliency of detected protein spots per gel + SD.
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HDetected protein spots with saliency <500 were considered as low quality spots (see text). The

percentage of such protein spots (=SD) was calculated for a whole gel (pl 3-10) and for its
acidic or basic parts.

Table 2. Comparison of spot parameters in IPG- and NEPHGE-based 2DE at
high protein load

Method! IPG? NEPHGE?
Parameter* pI3-10 pI<7 pI>7 pI3-10 pI<7 pI>7
Number of detected 432 321 111 506 372 134
protein spots’
Reproducibility of
eprngf;‘;:w ° 63+ 1% 7344%  51413%  87L5%  85:6%  90£4%

Total” protein volume ~ 1726878 +2 1357575+ 369303 +5 2618475+ 1845417 + 773057
ina gel (Vol) 60176 226314 9726 58090 54127 30071

Variation ofspot  (100+15%)  (79+3%)  (21%3%)  (100£2%)  (70%1%) (30%1%)

volume (AVol)®
49% + 55 48% =+ 54 55%+ 58 26% =+ 31 28% =+ 34 22% =+ 23

Variation in relative

volumes of spots 4T%2 51 46%L50  S3%4ST  25%31  27%+34  21%422
(A%Vol)®
A I £ +
verage SAllenCy OF 051 348 2028366 14192348 3210=136 29472307  1E0=20
protein spot 5
Low quality spots 2045% 18+5% 28+7% 1144% 1345% 6+3%

(saliency <500)''%

2x higher protein amounts were loaded onto 1st dimension gels, than for standard application
described in Table 1. Preparation of concentrated whole cell lysates for this experiment is
described in Methods section. Other procedures and all calculations were the same as for 1x
protein load described in Table 1. An example of 2D gel images from a high load experiment
is shown in Figure 13.

1The same samples were analysed in IPG- and NEPHGE-based 2DE systems; the equal
amounts of ~100 pg of whole cell protein were loaded onto IPG strips and onto NEPHGE gels.

21The references are the same as in Table 1 and all parameters were calculated exactly as
described in Table 1 legend.
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Table 3. Quantitative analysis of protein spots with differential synthesis
patterns by 2DE using pH3-10 range (this study) and pH4-7 platform
(previous work, ref. (Ciplys et al., 2011)).

No.! Ref.? Name® IPG 4-7¢ IPG 3-10° NEPHGE 3-10°¢
Standard® ngl: Standard® High load®
load®

a 1 SSA12 2402 1601 16204  26=03 20£02
b 2 SSA1/2
c 3 SSA4
d 4 KAR2 38204 2705 18£04 9031 25+02
e 5 SSE1 23202 14203 1.8£07 2208 1.7£0.1
£ 6 HSCS2  21+£03  20£02 2,110 -- --

6 HSPS2
g

7 ENO2 15202 14203 1.1£02 13£02 1.1£01
h NL'  SSA12’ 22203 15201 1.1£01 1.6£03 21£04
78 NA. GPM1 NA. 22+13 0702 13+03 1.0£0.1
18 NA. SIS1 NA. = -1 26+04 22402

Protein spots with differential synthesis in this experiment are indicated by letters (see
Figures 12 and 13).

2The same protein spots are indicated by the numbers in the referenced article ((Ciplys et al.,
2011), see Figure nine and Table one).

3Accepted name from the Saccharomyces genome database (SGD) and YPD. Spots 1 and 2
represent mixtures of similar proteins Ssal and Ssa2 (97% identity) at an unknown ratio (see
Table one legend in (Ciplys et al., 2011)).

“Cellular protein synthesis fold change in MeH producing versus control cells that was
determined in previous work using pH4—7 IPG-based 2DE system (Invitrogen); the values are
taken from the Table one in reference (Ciplys et al., 2011).

5Synthesis fold changes of the same proteins determined from independent experiments in this
work using pH3-10 IPG strips (Invitrogen); ~50 pg of whole cell protein was loaded onto IPG
strips in “Standard” experiment, whereas ~100 pg was used in a “High load” experiment.
6Synthesis fold changes of the same proteins determined from independent experiments in this
work using pH3-10 NEPHGE first dimension gels (WITAuvision); ~30 ug of whole cell protein
was loaded onto NEPHGE gels in “Standard” experiment, whereas ~100 ng was used for each
gel in the “High load” analysis.
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"Not identified (N.1.) in previous study, because increased amount of this protein was observed
only in cells producing MeH, but not MuHN protein (the synthesis fold change in MeH/Control
cells determined by IPG4-7 system here is given from our unpublished data).

87 and ! indicate basic protein spots (pI > 7) that were not analysed in previous experiment on
pH4-—7 platform (N.A. — not assayed). Despite that protein spot “?”” showed false change in
synthesis (“artefact”) in IPG-based system (unreliable changes in the biosynthesis are apparent
by high error range), in this experiment it was identified as phosphoglycerate mutase 1
(Gpm1p). Protein Sislp in this study was identified using NEPHGE-based 2DE system,
whereas it was not detected by IPG-based 2DE method.

3.1.2. Spot reproducibility

We used Coomassie staining of 2D gels. It is not a very sensitive protein
detection method, and in this case manufacturer of IPG strips (Invitrogen)
recommends loading 20-50 ug of total protein per ZOOM strip. For
“standard” loading experiment, we used maximal recommended protein
amount (50 pg) per strip. It should be mentioned that smaller amount of the
whole cell protein was used in parallel NEPHGE-based 2DE experiment (~30
pg versus ~50 pg in IPG). The volume of the sample is limited by the narrow
tube diameter in NEPHGE procedure; therefore, it is impossible to load more
protein if sample is too diluted. An example of 2D gels from this experiment
is shown in Figure 12. Under these conditions, IPG- and NEPHGE-based 2DE
methods were compared quantitatively in the Table 1. Similar number of
protein spots (~100) was detected in 2D gels using both methods. As the study
using standard protein load did not represent enough yeast proteins to make
firm conclusions, we repeated the experiment by loading double amounts of
protein on each gel. For this experiment, we used more concentrated whole
cell lysates (see Methods). The same experimental variants were analysed by
loading 100 pg of whole cell protein onto each IPG strip and NEPHGE gel.
All other 2DE conditions were exactly the same. The number of detected spots
at high protein load substantially increased. More than 400 different spots
were detected by IPG- and over 500 spots by the NEPHGE-based 2DE (an
example of 2D gels is shown in Figure 13, whereas quantitative analysis at
high protein load is presented in Table 2).

A comparison of loaded and detected protein amounts suggests that
more than 1/3 of total protein amount was lost using IPG strips in comparison
to the total volume of protein spots detected in NEPHGE-based 2D gels
(Tables 1 and 2). Analysis of the separate parts of 2D gels reveals that the loss
of total protein in IPG-based 2DE method is mostly determined by the loss of
basic proteins. In Tables 1 and 2 it is shown that protein amount in 2D gels is
distributed unequally: in the case of NEPHGE, detected basic protein amount
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is twice as large as in IPG-based 2D gels, whereas total volume of acidic
protein spots is somewhat similar in both techniques.

The drawbacks of IPG method in the basic gel side are not limited to
the protein amount. Different proteins are lost in separate experiments; it is
obviously demonstrated by the reproducibility parameter in Tables 1 and 2.
Only about a half of basic protein spots detected by IPG-based method (~44%
and ~51% at standard and high protein load, respectively) are reproduced, still
with large variation. Therefore, in IPG-based 2DE experiment, it is possible
to quantitatively evaluate only ~50% of detected basic protein spots, and even
these tend to show unreliable results (described below). In contrast, the
reproducibility of NEPHGE-based method is best in the basic gel side with
the reproducibility of ~90% and minimal gel-to-gel variation at high protein
load (Table 2). A few spots in NEPHGE-based 2D gels at standard protein
load were not evaluated due to our imperfect performance in the first
dimension with a couple of the control sample replicas. Some bubbles
introduced during loading of the sample or slightly shorter 1st dimension
NEPHGE gel resulted in incomplete focusing or impaired spot resolution
(Figure 12, D or not shown). These problems were avoided when running
NEPHGE samples at high protein load.

The analysis of acidic proteins shows good reproducibility in the IPG-
based method at standard protein load, because >80% spot reproducibility
practically coincides with variations of total protein amount in the gel, which
in our case reached almost 20% (due to loading errors or differences in gel
staining intensities). Lesser amount of protein on the gel results in
disappearance of weak spots, and this is the main reason of the differences
among the replicas. It is evident from Figure 12 that protein pattern in 2D gels
of different samples (Control, MeH, MeN) analysed by the same method is
very similar. By comparing our 2D gel images obtained using IPG-based
method with earlier IPG-2DE analyses of yeast proteome (Boucherie et al.,
1996; Gygi et al., 1999), it could be noticed that positions and relative amounts
of the vast majority of protein spots in our experiments match well with the
results of previous studies. The exceptions are the protein spots with
differential synthesis patterns due to different experimental conditions.
Surprisingly, high protein load experiment showed better reproducibility of
acidic protein spots in NEPHGE- than in IPG-based 2DE, and the difference
was significant. This resulted in considerable difference of overall spot
reproducibility with ~87% in NEPHGE- versus only ~68% in IPG-based 2DE
(Table 2). It suggests that IPG strips were overloaded. Indeed, some areas in
acidic gel zone showed incomplete focusing and loss of resolution in IPG-
based 2D gels at high protein load (see Figure 13, upper panel).
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3.1.3. Spot quality and protein capacity of the 1st dimension gels

Spot quality is also an important parameter in 2DE analysis. We used
ImageMaster 2D Platinum 7.0 software (GE Healthcare), which calculates
saliency value for every detected protein spot. This parameter is a measure
based on the spot curvature. Real spots generally have high saliency values,
whereas artifacts and background noise have small saliencies. The saliency is
an efficient parameter for filtering and discarding spots, but it may also be
used for the evaluation of the spot quality. Other 2D gel analysis software
packages provide some “spot quality” values, which are also based on the spot
curvature property. For example, PDQuest software (BioRad) calculates spot
quality numbers, which are mainly based on Gaussian fit assessing spot shape.
Absolute values of spot saliency may vary depending on brightness and
contrast of 2D images. However, in our case all procedures of image
processing for both IPG- and NEPHGE-based 2DE gels were the same, and
therefore it was possible to compare two methods by using saliency as the spot
quality parameter. We have calculated the average saliency of protein spot and
the percentage of low-quality spots for every gel. This data is provided in
Tables 1 and 2. Average spot saliency for a whole gel at standard protein load
was similar in both methods, but again there was a difference when comparing
acidic and basic gel zones. Quality of acidic protein spots was higher in IPG,
whereas basic proteins were better shaped in NEPHGE-based 2DE method
(Table 1). To count low quality spots, we had set an arbitrary value of saliency
to 500. The saliency is highly dependent on the images, and, according to the
software user manual, gels may need saliency values from 10 to 5000 for
correct filtering. We have discarded all spots with a saliency <150, whereas
protein spots with a saliency of <500 were defined as low-quality spots. The
percentage of low-quality spots of acidic proteins at standard 1x protein load
was considerably higher in NEPHGE-based method, whereas the results for
spots of basic proteins were similar in both methods (Table 1). However, high
protein load experiment showed substantially different results. Spot quality
data confirmed that IPG strips were overloaded by 2x total protein amount.
Thus, double protein load significantly decreased average spot saliency and
increased percentage of low-quality spots in IPG-based 2D gels, whereas
NEPHGE-based 2D gels demonstrated increased overall spot quality (see
Table 2 and compare with Table 1). Especially convincing was the reduction
of low-quality spots in NEPHGE gels, with only ~6% of detected basic protein
spots found below saliency value of 500 (Table 2). Lower spot quality in
standard protein load experiment may be at least partially explained by our
imperfect performance with NEPHGE gels, which is reflected by higher error
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ranges of average saliency values than at high protein load (Tables 1 and 2,
respectively). Anyway, high protein load onto NEPHGE gels is preferable,
because both spot quality and reproducibility are excellent. It seems that
loading 100 ug of whole cell protein onto NEPHGE gel is near to optimal
amount in a mini-gel format using Coomassie staining. Further attempts to
increase protein amount and detect even more spots in a small gel may result
in overlapping of neighbouring proteins by spots of high-abundance proteins.
Experiments with loading 1x and 2x protein amount per gel revealed different
protein capacity of IPG strips and NEPHGE gels. Recommendations of
manufacturer to load only up to 50ug of total protein onto broad pH range IPG
strip seems to be correct, because double protein amount resulted in
overloading and loss of spot quality and reproducibility. Therefore, protein
capacity of pH 3-10 IPG strip is limited to ~50 pg of total protein. Meanwhile,
the protein capacity of NEPHGE gel is at least ~100 ug of total protein from
the same sample. It should be noted that higher protein capacity of NEPHGE
gels over IPG strips is not limited to ~twofold. The volume of NEPHGE gels
is much smaller than volume of IPG strips of the same length. The volume of
NEPHGE tubal gel (7 cm in length and 0.9 mm in diameter) is only ~45 mm3,
whereas IPG gel (70 mm % 0.5 mm X 3.3 mm) has a volume of ~115 mma3.
Two and half fold difference in volumes means that protein capacity of the
same volume NEPHGE gel is ~5 fold higher than that of a broad range 1st
dimension IPG gel.

3.1.4. Verification of proteomic results by immunoblotting

To confirm the results of 2DE study, we have done immunoblots using
commercially available antibodies against two over synthesized UPR-Cyto
proteins Kar2 and Sis1. Kar2p showed the highest increase in biosynthesis in
UPR-Cyto stress, but determined fold change greatly varied from 1.8 to 9
depending on 2DE technique and protocol (Table 3). Sislp was the most
important protein identified in this study, because it was a new protein
involved in UPR-Cyto stress and exemplified the main advantage of NEPHGE
over IPG in the analysis of highly basic proteins. Representative images of
Western blot analysis of Kar2p and Sislp amounts in crude yeast lysates are
shown in Figure 3. Alongside with the main Kar2p form, immunoblot has also
revealed an additional Kar2p band of slightly higher molecular weight in the
cells expressing MeH protein, which induces UPR-Cyto (Figure 3B). Most
likely it was a precursor of Kar2 protein with uncleaved signal sequence.
Therefore, we have included both bands in calculation of Kar2p synthesis fold
change. The results of three independent experiments showed 3.6+0.5
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increase of Kar2p synthesis in yeast cells producing MeH protein. It
corresponds to the fold change of Kar2p determined in our previous study
using a narrow range pH 4-7 IPG-based 2DE method (Table 3). Western
blotting showed 1.9+0.2 increase of Sislp in MeH producing yeast. It
confirmed the overproduction of Sislp during UPR-Cyto.

ka A Figure 14. Verification of proteomic results by
138 n immunoblot. SDS-PAGE (A) and Western blot (B) analysis
100 L of crude yeast lysates are shown. Lysates were prepared from

70 galactose-induced yeast cells of S. cerevisiae AH22 strain
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3.1.5. General comparison of NEPHGE- and IPG-based 2DE methods

General characteristics of both methods are briefly summarized in
Table 4. Considering all the data, NEPHGE-based method seems preferable
in a broad range pH 3-10 gradient. The examples given above illustrate the
essential differences between two methods in Tables 1 and 2: IPG 3-10
(Invitrogen) 2DE method is reliable only for the analysis of acidic proteins,
whereas NEPHGE method produced acceptable results in entire pl range and
was especially suitable for the analysis of basic proteins. By comparing only,
the results at high protein load, we should state that NEPHGE is by far better
method, because all protein spot parameters are better than parameters
obtained using IPG technique, even in the acidic range (see values in pI<7
columns in Table 2). The results of the differential expression proteomics
experiment with UPR-Cyto stress confirmed that high sample load onto pH
3-10 IPG strips is unsuitable for studies of biological effects by 2DE.
Therefore, it seems reasonable to discard from comparison high-load
experiment with IPG strips and to directly compare IPG-based technique at
standard 1x protein load with the NEPHGE-based method at 2x protein load.
The comparison at optimal protein loading conditions (see Table 1 for IPG
and Table 2 for NEPHGE) reveals very similar performance of both methods
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in acidic range with almost identical spot reproducibility and quality. Overall
variation of spot volume parameters is also similar in this case, as higher
variation averages in IPG-based 2DE are compensated by lower SD values.
The only advantage of the NEPHGE method in this case is substantially larger
protein amount resolved on 2D gel. As can be seen in Tables 1 and 2, it
resulted in almost five-fold higher number of separate acidic protein spots in
NEPHGE (372 spots versus 79 spots detected by IPG). The parameters of
detected protein spots (reproducibility, quality etc.) were nearly identical in
both methods. It suggests that in the acidic zone both spot separation methods
reached some optimal level, which results in similarly good parameters of
resolved protein spots.

Table 4. General comparison of IPG- and NEPHGE- based 2DE methods

Method PG

NEPHGE

Characteristics

- . - Commercial gels: easy to . . ;
Preparation of 1st dimension gels - X
P g prepare for IEF Home-made gels: preparation requires skills

Procedure Simple. easy to use Complex, requires skills

Time for analysis
Price

Handling of 1st dimension gels

Reproducibility

Possible problems

Protein capacity, effect ofhigh
protein load

General characteristic

Fast, 2 days

Cheap (Invitrogen)

Handling of IPG strips is safe
and easy

Well-reproducible in acidic,
poor in a basic zone

Poor reproducibility of basic
protein spots. protein capacity
is limited

Protein capacity is limited.
quality of spots is worse at high
protein load

Simple and easy to use method;
ideal for 2-DE of acidic
proteins. Drawback is poor
reproducibility of basic protein
spots.

Time-consuming. 56 days
Moderate (WITAvision)

Gels are fragile, handling requires serious skills

Lower in acidic zone. but excellent in basic
zone

Handling difficulties. missing of some highly
acidic protein spots

Higher protein capacity. than in IPG gels;
quality of spots is good at high load

Method requires skills: excellent for2-DE of
basic proteins. Analysis in acidic zone is
satisfactory. but some spots are missed.

The intrinsic property of NEPHGE method is the higher protein
capacity of 1st dimension gel than that of IPG gel of corresponding format. It
is worth to discuss this in more detail, because it opens new opportunities.
Detection of up to 500 good quality spots in a single small 2D gel by using
Coomassie staining with relatively low sensitivity is a promising result.
Taking into account experimental procedure and protein detection method, it
seems difficult to achieve similar result using a broad range IPG strips. Thus,
the main problem of pH 3-10 IPG strips seems to be limited amount of total
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protein that can be resolved into good quality spots on 2D gel. Moreover,
significantly larger protein amount is lost during IPG-based 2DE procedure
than in NEPHGE-based method even at standard protein load. In fact, there
are several specific steps where the proteins are lost during IPG-based
procedure. It was earlier shown that 20-55% of loaded protein is lost due to
attachment of the proteins to reswelling tray during in-gel rehydration step
(Zhou et al., 2005). Additionally, only 20%-51% of total protein amount
loaded onto pH 3-10 IPG strip was resolved onto 2D gel when complex
protein mixture was analysed (Zhou et al., 2005). Cited study was performed
using IPG strips produced by Amersham (now GE Healthcare). Therefore, it
suggests that effects observed with Invitrogen strips in our study may be
inherent to all pH 3-10 IPG strips in general. NEPHGE procedure does not
include in-gel rehydration step (gels are casted and used fresh), and this could
explain lower protein loss during 2DE. However, the most difficult thing is to
explain why IPG strips are overloaded by much lower protein amounts than
NEPHGE gels.

It should be noted that detection and analysis of large number of protein
spots does not require the large amount of protein in the gel. Actually, we did
not find any proteomic study on yeast proteins where a large number of protein
spots (at least as high as in our study) was analysed by IPG-based 2DE using
Coomassie staining method. For example, detection of ~1200 spots and
creation of the 2D pattern as the yeast reference map was performed by using
radioactive labelling (Boucherie et al., 1996). Another 2DE study using
radioactive labelling of yeast proteome reported detection of ~1100 protein
spots (Norbeck & Blomberg, 1997). Silver staining of large IPG-based 2D
gels of yeast lysates resulted in visualisation of ~1000 spots per gel (Gygi et
al., 1999). Yet another silver staining procedure was reported to visualise of
~1500 spots of yeast proteins; however, in that case a narrow range pH 4.7—
5.9 IPG strip of the largest possible 25 cm length was used (Gyagi et al., 2000).
The use of silver staining for medium, 13 cm length, pH 3-10 IPG-based 2D
gels resulted in detection and quantification of ~400 yeast protein spots per
gel (Kolkman et al., 2005). Finally, the most spots in yeast proteome were
detected by using fluorescent SYPRO Ruby staining method, which resulted
in >2,000 protein spots on each 2D gel (Jun et al., 2012). However, the
numbers of protein spots detected by IPG-based 2DE in any reported study
seem small if compared to the potential of NEPHGE-based 2DE method. Over
10,000 protein spots were detected in one NEPHGE-based 2D gel using silver
staining (Klose & Kobalz, 1995). It is not clear why several times more
sensitive protein detection methods are necessary if it is possible to detect the
same thousands of proteins by simple Coomassie staining after loading much
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larger amount of protein mixture onto the 1st dimension gel. This would be
convenient for both quantitative analysis and mass spectrometry protein
identification. Usually, it is possible to unambiguously identify any protein
spot visualised by Coomassie staining. Most likely, 2DE analysis of a whole
proteome using Coomassie stain was not being used due to limited protein
capacity of IPG strips. In this context, NEPHGE technique may offer an
improvement in 2DE-based proteomic studies.

When comparing narrow range pH 4-7 IPG (Invitrogen) and pH 3-10
NEPHGE systems, it is more difficult to conclude which method is better.
Inability to detect some less abundant acidic proteins by the NEPHGE-based
method at standard protein load was easily solved by increasing the amount
of total cell protein. The essential drawback of the NEPHGE-based method in
acidic protein analysis is disappearance of some protein spots with differential
synthesis patterns. The examples here were Hsc82 and Hsp82 protein spots.
However, NEPHGE-based method enabled identification of aforementioned
differentially synthesized basic Sisl protein and this would compensate
drawbacks in the acidic pl range. It should be mentioned that we have used
anodic isoelectric focusing (AlF; sample applied to the anodic side of the gel)
according to the NEPHGE technique developed by Klose (Klose, 1975), in
contrast to cathodic isoelectric focusing (CIF; sample applied to the cathodic
side of the gel) developed by O’Farrell (O’Farrell, 1975). It was reported
earlier that when using CIF, a whole class of proteins (very basic proteins) is
lost, whereas when using AlF, a certain amount of each protein in a protein
class (very acidic proteins) do not enter the gel (Klose & Kobalz, 1995;
O’Farrell et al., 1977). Our results suggest that the broad range pH 3-10 IPG-
based 2DE method suffers from the same limitations (loss of the very basic
proteins) as CIF technique of the NEPHGE method. Here is important to note
that these specific problems are rather small if compared to the main drawback
of a basic 2DE method itself. A lot of proteins do not enter any 2D gels at all.
Usually, a very few membrane proteins are detected by 2DE. Moreover, there
are also other protein classes that are not presented on 2D gels. Good example
is recombinant viral proteins MeH and MeN with the pls of ~6.6 and ~5.2,
respectively. In this study they were overproduced in the yeast cells and are
presented as strong bands in SDS-PAGE of crude yeast lysates (Figure 14A).
If all proteins from whole cell lysates would enter 2D gels, MeH and MeN
should be presented at microgram amounts. However, no traces of these
proteins were observed in 2D gels using both 2DE methods (Figures 12 and
13). It is evident that the loss of more than a half protein amount during 2DE
procedure (Zhou et al., 2005) is rather specific and a lot of proteins are totally
lost from the samples. Taken together, there is no ideal technique for 2DE
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method, because all techniques have some drawbacks. In our case, it seems
the most efficient way to be the usage of large format NEPHGE gels for a
broad range pH 3-10 analysis, whereas in the acidic range the analysis could
be doubled by the narrow range IPG mini-gels (pH 4-7 or pH 4.5-5.5 etc.).

3.2. Heat shock at higher cell densities improves measles hemagglutinin
translocation in S. cerevisiae

Although S. cerevisiae is a model organism that is widely used for
recombinant protein production and is capable of post-translational
processing, the synthesis of human virus surface glycoproteins and other
complex mammalian proteins is still very troublesome. It was shown that the
generation of active measles hemagglutinin (MeH) protein in S. cerevisiae is
inefficient mostly due to a bottleneck in the translocation of viral protein
precursors and, the induction of a cytosolic unfolded protein response (UPR-
Cyto). The UPR-Cyto induces the expression of a subset of protein genes
involved in heat-shock response (Ciplys et al., 2011). The activation of
temperature-regulated chaperones suggested that temperature itself may have
an impact on recombinant protein synthesis. Environmental changes, such as
temperature, nutrition, oxidation, pH and osmolarity induce drastic responses
in a large set of yeast genes (Causton et al., 2001). Potentially, any of these
conditions could be used to change the biosynthesis efficiency of a
recombinant protein. The aim of this study was to improve the translocation
of MeH in S. cerevisiae by manipulating cell culture conditions.

Recombinant MeH is also a convenient model to assess translocation
into the yeast ER. When produced in yeast, this protein is found in forms of
unglycosylated precursor (~65 kDa) and N-glycosylated MeH protein (~75
kDa) that are easy to distinguish by Western blot. The unglycosylated MeH
precursors are localized in the cytoplasm, where they form insoluble
aggregates with cytosolic yeast proteins (Ciplys et al., 2011), whereas the
glycosylated MeH represents protein translocated into the ER (Ciplys et al.,
2011). Therefore, the amount of MeH glycoprotein shows translocation load,
whereas the ratio of N-glycosylated form to total MeH protein indicates
translocation efficiency.

In this work, we investigated the effect of heat shock and cell culture
density on the translocation of recombinant MeH glycoprotein. Heat shock at
higher culture densities followed by protein synthesis at 37 °C resulted in
about 3-fold increase of both translocation efficiency and the amount of MeH
glycoprotein. Further, we used NEPHGE-based 2DE analysis to identify high-
abundance cellular proteins, changes in synthesis patterns of which correlated
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with improved translocation of MeH into the yeast ER. Finally, 15 cellular
proteins were selected as targets for the improvement of recombinant protein
production.

3.2.1. The effect of heat shock and culture density on the translocation of
recombinant MeH protein into the ER of yeast cells

Galactose-inducible expression system provides a wide window for
choosing heat shock timing and duration. In our initial experiments, we
incubated transformed cells for the same duration as in our previous study
(Ciplys et al., 2011) and applied heat shock at various time points before or
after MeH synthesis induction with subsequent temperature shift to 37 °C. The
example of these experiments is provided in Fig. 15a. The largest increase of
glycosylated MeH was obtained when heat shock was applied 5 h before the
induction of MeH synthesis and the cells were maintained at 37 °C till the end
of MeH production. Under these conditions, the amount of glycosylated MeH
increased about 3-fold when compared to the usual incubation at 30 °C. Other
heat shock conditions showed lesser effect on MeH translocation, whereas
manipulations at 30 °C—-37 °C-30 °C (see Methods) were not effective. When
20 °C instead of 37 °C temperature shift was used, the amount of glycosylated
MeH decreased by 4-5-fold (to ~20%). The relationship between heat shock
conditions and glycosylated MeH amount is summarized in Methods Fig. 15b.
There is a lack of data regarding effects of higher temperatures on the
synthesis of heterologous recombinant proteins in yeast. It was reported that
elevated biosynthesis temperature increased secretion vyield of a
hyperthermophilic enzyme by as much as 440% per cell in S. cerevisiae
(Smith et al., 2005), but it may be related to specific properties of the
recombinant protein. We guess that possible positive heat shock effect on
recombinant protein synthesis may be simply unnoticed due to the fact that
experiments in yeast are usually performed in early- or mid-log phases of
glucose growth, where an increase of glycosylated MeH amount after heat
shock was not observed (Fig. 16b).
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Fig. 15. MeH translocation after shift to 37°C temperature at different time points before and
after protein synthesis induction. (a) Example of independent experiment. SDS-PAGE gels are
shown at the top and corresponding Western blots against MeH protein—at the bottom. M—
molecular weight markers; K—samples from cells with empty vector pFGG3; H—cells
transformed with pFGG3-MeH. Temperature conditions are indicated above the PAA gels: 30C
$h—control culture constantly incubated at 30°C temperature; 37°C-cells were heat-shocked at
indicated times and transferred from 30°C to 37°C; 20C 0 h—the cells were transferred to 20°C
after change of the medium to YEPG. “h” indicates hours before (“—) or after (“+”) medium
change to YEPG. Dotted arrows show glycosylated MeH forms, solid arrows—-unglycosylated
MeH polypeptides. Percentages of glycosylated MeH forms in comparison to control 30C $h
samples on the same membrane are indicated below blot lanes. (b) Average relative amounts
of glycosylated MeH forms at various temperature conditions from three independent
experiments. The amount of MeH glycoprotein from control 30C $h sample was taken as 100%.
Bars represent standard error.

However, during these experiments we noticed that increase in MeH
glycoprotein amount largely depends on the culture density when heat shock
is applied. This suggested that not only the duration of heat shock, but also the
growth phase of yeast culture may be important. It was reported earlier that

78



for a successful production of yeast endogenous membrane-bound protein
Fpsl it is crucial to grow cells until late-log phase in glucose medium and to
harvest them prior to glucose exhaustion, i.e., just before the diauxic shift
(Bonander et al.,, 2005). The entry into stationary phase is typically
accompanied by a dramatic decrease in the overall growth rate and an
increased resistance to a variety of environmental stresses, such as heat shock
and oxidative stress (Herman, 2002; Jamieson, 1998). It has been shown that
slowly growing yeast cells acquire heat shock resistance which can be nearly
as great as that of stationary phase cells, whereas rapidly growing cells of S.
cerevisiae are much more sensitive (Elliott & Futcher, 1993). Therefore, yeast
cells in the late-log growth phase exhibit several stationary phase
characteristics with similar degree of stress resistance. In general, adaptation
to a stress may considerably improve recombinant protein production
(Mattanovich et al., 2004). On the other hand, it has been demonstrated that
secretory production of recombinant proteins is positively correlated with the
specific growth rate in S. cerevisiae (Liu et al., 2013). Taking together, the
late-log phase combines active cell growth and stress resistance that could be
beneficial for recombinant protein production at elevated temperatures.

To determine the growth phases of specific yeast strain used for the
protein synthesis study, we measured optical density as well as glucose and
ethanol concentrations in the culture medium during a shake flask incubation
of S. cerevisiae AH22 strain transformed with vector pFGG3-MeH (Fig. 16a).
The growth phases were clearly distinguished by identifying periods with
constant specific growth rates. The maximum specific growth rate of 0.41 h—1
was observed in the mid-log glucose phase (Methods Fig. 16a). To identify
conditions at which heat shock maximally stimulates MeH translocation, the
experiment was performed in a wide culture density range (Fig. 16b).
According to the results obtained in the initial experiment (Fig. 15b), the
induction of MeH synthesis in all culture variants was initiated 5 h after the
heat shock, and cells were maintained at 37 °C till the end of MeH production
in YEPG medium. The results demonstrate that heat shock improves
translocation of MeH precursors at higher cell densities. Relative amounts of
glycosylated MeH increased about 3-fold after heat shock in the late-log
phases of both glucose and ethanol growth (Fig. 16b, columns).

The comparison of relative MeH glycoprotein amount to that of control
cells grown at 30 °C does not include an evaluation of non-translocated MeH
polypeptide precursor corresponding to the lower molecular weight (~65
kDa) band. Therefore, we also determined a translocation efficiency given as
the ratio of glycosylated and total MeH amounts (Fig. 16b, circles). Basically,
the heat shock improved MeH translocation efficiency at higher cell densities,
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starting from the early-log glucose growth phase. However, the efficiency of
translocation did not correlate with increased relative amount of MeH
glycoprotein at all analysed points. The translocation efficiency was improved
about 2-fold at the late-log glucose growth phase, whereas at the late ethanol
growth phase it improved only ~25% despite the highest relative amount of
MeH glycoprotein at this growth point. Interestingly, the highest increase of
MeH translocation efficiency was observed after the heat shock at the late
diauxic shift phase (Fig. 16b, 12-13 OD, circles), but this was determined by
a decreased level of non-translocated MeH polypeptide precursor.

There was a report of a similar effect where the heat shock response
(HSR) improved heterologous protein secretion in S. cerevisiae (Hou et al.,
2013). The authors of that study overexpressed mutant HSF1 gene which can
constitutively activate HSR at 30 °C, and this resulted in considerable increase
of heterologous a-amylase yield. Our findings suggest that one of the reasons
for improvement of protein secretion by HSR may be the increase in
translocation rate. It is in agreement with previously published evidences that
HSR facilitates translocation of newly synthesized polypeptides into the ER
(Liu & Chang, 2008). Of course, it should be noted that heat shock with
prolonged incubation of cells at 37 °C (our study) is different from constitutive
activation of HSR in cells cultivated at 30 °C (Hou et al., 2013). Naturally,
heat shock induces only transient synthesis changes of cellular proteins (with
maximum changes 20-30 min after the shift of temperature), most of which
regain previous synthesis levels after 60—120 min of incubation at 37 °C
(McAlister et al., 1979; Miller et al., 1982). Despite these differences, both
studies demonstrate that heat shock can be employed for improvement of
recombinant protein production in S. cerevisiae.
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Fig. 16. Changes in MeH translocation after heat shock at different yeast culture densities. (a)
Growth phases of S. cerevisiae AH22 strain transformed with plasmid pFGG3-MeH. Triangles
indicate culture optical density, squares denote glucose, and circles—ethanol concentrations in
the medium. The average value from at least three independent cultivations is shown; the
standard error was less than 3%. Specific growth rates p(h™) were calculated from optical
densities for separate growth stages and are given below indicated phases. (b) Cultures were
heat-shocked at different densities, transferred to 37°C for 5 h, and then growth medium was
changed to YEPG with subsequent incubation at 37°C. Relative MeH glycoprotein amounts in
the heat-shocked cultures are shown as dark columns in comparison to MeH glycoprotein
amounts in control cells incubated at 30°C (light columns). MeH glycoprotein amount in “10
OD” control variant incubated at 30°C was taken as 100%. Circles indicate translocation
efficiency (percentage of MeH glycoprotein from total MeH amount in the same sample).
Measurements are the average value = standard error from at least three independent
experiments.

Finally, the results were verified by independent experiments, where
heat shock was performed in parallel cultures only at the two peaks with
maximal MeH glycoprotein amounts. Western blot of crude lysates from yeast

81



cells cultivated at 37°C after the heat shock applied at 10 and 25 ODs as well
as corresponding 30°C controls is shown in Fig. 17. Relative MeH
glycoprotein amounts and translocation efficiencies were within the error
ranges and confirmed the results of previous experiments (Fig. 16b). The
observation that heat shock at the higher cell densities did not considerably
affect biomass formation in MeH-producing cells may be important for
production purposes. Although MeH production results in ~1.4-fold decrease
in biomass accumulation (Ciplys et al., 2011), this effect is not significant
when cells are grown until higher cell densities in glucose medium (YEPD),
where expression of MeH gene is repressed and protein synthesis is induced
at later growth stages. Moreover, yeast cells acquired resistance to heat stress
at later growth phases, which correlated with the cell density of yeast culture.
Therefore, the amount of final dry cell weight (DCW) was decreased in MeH
expressing cells by 30—40% after heat shock at 10 OD and only up to 15-20%
after heat shock at diauxic shift or ethanol growth phases in comparison to
severe biomass decrease of 3-5-fold after the heat shock at early- or mid-log
glucose growth stages.
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Fig. 17. Verification of the results by additional independent experiment. Crude yeast lysates
from MeH producing (H) and control cells transformed with empty vector (C) were analyzed
by SDS-PAGE (at the top) and Western blotting (below). Shake flasks with sub-cultures from
the same initial culture were grown in parallel to the cell densities of 10 or 25 OD, and the heat
shock was applied with following incubation at 37 °C as described in Fig. 16 b legend. Other
references are the same as in Figs. 15 and 16.
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3.2.2. ldentification of cellular proteins, which biosynthesis patterns
correlate with the improved translocation of MeH into the yeast ER

We performed a comparative proteomic study to identify cellular
proteins, which may be involved in MeH translocation. At first, we sought for
culture conditions resulting in the most drastic differences in MeH
translocation. From the study of MeH production at 30 °C and 37 °C, it was
still unclear whether we should choose latelog growth phases (due to the
largest increase in MeH glycoprotein amount) or diauxic shift (due to the
difference in MeH translocation efficiency). Therefore, we evaluated MeH
translocation after a shift to 20 °C. After adaptation of cultures to lowered
temperature at the late-log growth phases, relative MeH glycoprotein amounts
were 20% (similarly to that shown in Fig. 15a, 20 °C) with translocation
efficiences in the range of 10-15% (not shown). However, the shift of yeast
culture to lower temperature at diauxic shift followed by protein production at
20 °C almost totally inhibited translocation of MeH precursors. The amount
of MeH glycoprotein decreased by 50-fold when compared with production at
30 °C and constituted less than 1% of total MeH protein in yeast cells (Fig.
18b). Therefore, the difference in the amounts of MeH glycoprotein produced
at 37 °C and 20 °C was about 80-fold, whereas amounts of unglycosylated
MeH polypeptides were similar under both conditions. It resulted in drastic
difference of MeH translocation efficiency (60-fold), and this allowed us to
assess cellular proteome when MeH translocation is under ‘‘on’’ or ‘‘off”
conditions. For internal control, we used measles virus nucleoprotein (MeN),
similarly as in our previous published study. Interestingly, MeN production
was also influenced by the same treatment. The synthesis at 20 °C resulted in
several-fold decrease in MeN amount, whereas the shift to 37 °C slightly
increased MeN synthesis (Fig. 18a and c).
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C To identify proteins with
" differential synthesis patterns, we
;g ) performed comparative proteomic
analysis by two-dimensional gel
electrophoresis (2DE) using both
IPG- and NEPHGE-based 2DE, as
described previously. In total, nine
experimental variants (yeast producing MeH, MeN and transformed with
empty vector, each under expression conditions at 20 °C, 30 °C and 37 °C)
were analysed using both techniques. Both IPG- and NEPHGE-based 2DE
showed that about 20% of high-abundance protein spots were differentially
synthesized under tested conditions. NEPHGE-based technique enables to
resolve more protein spots than conventional IPG-based 2DE method and
provides excellent spot quality and reproducibility in the basic gel zone,
therefore protein spots with differential synthesis patterns were identified
from NEPHGE-2DE gels (Fig. 19 and Table 5). As we focused on MeH
translocation under “on” vs. “off” conditions, most of protein spots with
differential biosynthesis were identified from yeast cells producing MeH at 20
°C and 37 °C. About 40 protein spots with differential synthesis patterns were
identified by tryptic peptide mass fingerprinting (Table 5). After excluding
partially degraded forms of abundant cellular enzymes or their modifications
and some other proteins which functionality makes them unlikely contributors
to improved translocation, the remaining ~15 cellular proteins were selected
as possibly involved in MeH translocation (Table 5, indicated in bold). Four
of them were considered as major targets according to available data from
other studies and reported protein functions.

ata, o-—N
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Fig. 19. Analysis of protein spots with differential synthesis patterns in whole cell lysates from
yeast with efficient or switched-off MeH translocation. NEPHGE-based 2D gel electrophoresis
of yeast proteins from MeH producing cells after heat shock and cultivation at 37 °C (above)
or after shift to 20 °C (below). Analysis of the same samples by SDS-PAGE and Western blot
are shown in Fig. 18. Numbers of identified protein spots correspond to those, given in Table
5.
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Table 5. Identification of possible yeast protein targets involved in MeH
translocation.

Identification of possible yeast protein targets involved in MeH translocation.

b ‘otei -a¢
Spot No. Protein® F;;‘:é?;;gg Pmt((:ln.:;me Function, process Notes?
1 Kar2 316 100 Translocation, ER Major protein
chaperone target
4 Hsp60 1.62 100 Mitochondrial
chaperonin
s Hsp104 255 100 Disaggregase. Major protein
responseto stress target
C lic enzyme, .
18 Tdh1/2/3 0.63 100 yosolic enzyme Minor isoform
glycolysis
20 Ssel 1.81 100 Co-chaperone.
response to stress
Translation, Major protein
5
4 Teft 132 100 Elongation factor target
42 Fdh1/2 0+ 100 Cytosolic enzyme Minor isoform
Mitochondrial
Atp3 0/+ 96.5
43 P ATP synthase
44 sis1 1.50 100 Co-chaperone,
response to stress
Vacuolar
45 Vmal 0.52 100 membrane
ATPase
Translation, . .
46 Tefl 0.41 100 ranstation Minor isoform
elongation factor
47 Tdnl 2.05 100 Cytosolic enzyme.  y 1 i form
glycolysis
48 Gal7 +0 100 Enzyme, galactose
metabolism
Enolase. . .
50 Enol 0.43 100 ; Minor isoform
glycolysis
Vacuolar
51 Vmal 0.27 100 membrane
ATPase
52 Gall0 5.67 100 Enzyme, galactose
metabolism
73 Anp1 o+ 100 Thiol-specific
peroxiredoxin
74 Gall +0 100 Enzyme, galactose
metabolism
76 Ssall2 ort 100 Chaperone. Minor isoform

response to stress
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Identification of possible yeast protein targets involved in MeH translocation.

Spot No.

Protein®

Fold change®

Protein score®

Function, process

Notes?

37°C/20°C C.I1%
77 Grea +0 100 Enzyme induced
by stress
79 Cde19 +0 100 Pyruvate kinase, Minor isoform
glycolysis
82 Gallo +0 08.1 Enzyme, galactose
metabolism
Mitochondrial
Atp2 0.16 100
0 » ATP synthase
91 Fbal 0.20 100 Cytosolic enzyme, & o+ jsoform
glycolysis
93 Tdh2/3 0.34 99.9 Cytosolic enzyme. Minor isoform
glycolysis
94 Gall 2.36 100 Enzyme. galactose
metabolism
96 Geyl 255 00.0 Enzyme induced
- by stress
97 Enol/2 253 100 Enolase, Minor isoform
glycolysis
98 Tefl 0.42 99.5 Tl‘an.slahcn. Minor isoform
elongation factor
99 Cde19 2.33 100 Pyruvate kinase. Minor isoform
glycolysis
X .
100 Pckl 0.45 100 €y enzyme
gluconeogenesis
101 Stil 2.28 100 Co-chaperone. Major protein
response to stress target
102 Ssalf2 0.46 100 Chaperone, Minor isoform
response to stress
103 Tefl 0.47 100 Translation, Minor isoform
elongation factor
105 Ssal 0.51 100 Chaperone. Minor isoform
response to stress
106 Tefl 0.54 100 Tl‘an.slahcn. Minor isoform
elongation factor
113 Porl 1.75 100 Mitochondsial
porin
123 Tdh3 0.49 100 Cytosolic enzyme, & o+ jsoform
glycolysis
137k Ssalf2 0.87 100 Chaperone, Minor isoform
response to stress
278 Ssal/2 281 100 Chaperone. Minor isoform

apossible protein targets involved in MeH translocation are indicated in bold.

response to stress

bFold change represents ratio between the relative protein amounts (%Vol) in whole cell lysates.
If spot was not detected, it is indicated by 0 vs. + (detected) at other temperature conditions.
°Protein score C.1.% rates the confidence level of the Protein Score for correct indentification.
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dMajor protein targets are noted according to reported protein functions and mechanisms that
could be involved in MeH translocation. Minor isoforms indicate identified less abundant
protein forms (modificated or partially degraded) of the same protein found in other separate
major protein spot.

Our results suggest that physiological processes in early and late log
phases are different with specific reaction to heat stress that influences the
efficiency of protein translocation into the ER. It is difficult to predict the
exact molecular mechanisms responsible for these differences, because
several hundreds of genes are differentially expressed even in mid-log vs. late-
log glucose growth phase (Thompson et al., 2013). Only high abundance yeast
proteins were quantitatively evaluated in our proteomic study, but we suppose
that highly expressed viral proteins should be assisted by a comparable
amount of cellular proteins. At least, the most abundant cellular proteins may
be identified as markers of specific biological processes involved in improved
viral protein translocation. Indeed, functions of some protein spots with
differential synthesis patterns suggest several mechanisms involved in
heterologous protein translocation at both sides of the ER membrane.

The first mechanism is increased synthesis of yeast ER proteins
involved in the translocation. Kar2/BiP is the most abundantly over-produced
(>3-fold) protein among all identified as possibly involved in MeH
translocation. It is well known that Kar2p is required for protein translocation
into the yeast ER and has a critical role in facilitating protein translocation
during HSR in unfolded protein response (UPR)-deficient irelD cells (Liu &
Chang, 2008). Nevertheless, the role of Kar2p should not be overestimated,
because its over-production can only partially rescue the growth deficiency in
UPR deficient haclD cells and there are other components required for the
observed HSR-mediated suppression of ER stress (Hou et al., 2014). Besides
the KAR2, genes of the secretory pathway (SIL1, ERO1, ERV29, etc.) were
significantly upregulated during HSF1 overexpression (Hou et al., 2014), and
genes involved in regulating the ATPase cycle of Kar2p (SIL1, LHS1, JEM1
and SCJ1) were upregulated in yeast strain secreting higher levels of
recombinant human albumin (Payne et al., 2008). Therefore, it may be
expected that considerable improvement of heterologous protein translocation
requires increased expression of ER-resident co-chaperones as well.

Our study revealed that cytosolic chaperones Ssal/2, which are the most
abundantly overproduced in UPR-Cyto stress during MeH synthesis (Ciplys
et al., 2011), were not differentially synthesized under conditions resulting in
changes of MeH translocation (except some minor partially degraded isoforms
included in Table 1). In contrast, large cytosolic chaperones of Hsp90 and
Hsp110 families were identified as other major proteins possibly involved in
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MeH translocation. Hsp104p was highly overproduced in cells with improved
MeH translocation, and this may ensure high thermotolerance with resistance
to many forms of stress (Sanchez et al., 1992). Importantly, chaperone Hsp104
is required for conformational repair of heat-denatured proteins in the yeast
ER (Héanninen et al.,, 1999). A possible role of HsplO4p in protein
translocation may provide a link to the interaction of Hsp104p with the ER
refolding mechanism. Another cytosolic chaperone Hsp90 was directly shown
to be important for invertase secretion. Inhibition of Hsp90 using drug
macbecin Il dramatically reduced the amount of active invertase secreted to
the media, and this effect was enhanced by the deletion of known Hsp90 co-
chaperone STI1 (McClellan et al., 2007), the protein also upregulated in cells
with improved translocation of MeH (Table 5). Moreover, we also identified
Hsp90 chaperones Hsc/Hsp82 as overproduced proteins at 37°C vs. 30°C in
MeH producing cells by using IPG-based 2DE (fold change was ~2.9).
Hsc/Hsp82p is not shown in Fig. 19, because NEPHGE-2DE method failed to
detect these highly acidic proteins.

The last major possible protein target is Teflp, also known as
eukaryotic translation elongation factor 1A (eEF1A), which is the first cellular
protein involved in quality control of newly synthesized polypeptides after
their release from ribosome (Hotokezaka et al., 2002). In our previous study,
we found that eEF1A directly interacts with viral protein precursors and forms
large disulfide-linked multimers with MeH (Ciplys et al., 2011). eEF1A
appeared to be involved in HSR in mammalian cells where both heat shock
RNA-1 (HSR1) and eEF1A were required for the activation of heat-shock
transcription factor 1 (HSF1) (Shamovsky et al., 2006). Recently it was
demonstrated that eEF1A participates in the entire process of the HSR in
mammalian cells from transcription through translation (Vera et al., 2014). If
eEF1A functions in yeast in the same way as in mammalian cells, it may
support the translocation of MeH precursors both by rendering MeH
polypeptides competent for translocation and coordinating the HSR. Besides
the major protein targets, which could be involved in MeH translocation
according to known protein functions, the role of other possible protein targets
also could not be ruled out. For example, Geylp (spot 96, Fig. 19 and Table
5) was overproduced at 37 °C conditions in our study, whereas the gene GCY1
encoding this protein was found to be the most significant in the cells with
HSF1 overexpression vs. wild-type (according to the microarray data GEO:
acc. no. GSE39311 given in (Hou et al., 2014)). The identification of the same
targets on both transcript and protein level in different studies suggests that
such genes may have important unknown functions. On the other hand, it
seems that the major protein targets act in concert during observed heat shock-
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activated protein translocation. Cytosolic eEF1A possibly coordinates HSR,
whereas overproduced chaperones Hspl04 and Hsp90 should provide
protection from heat and support efficient biomass formation at higher cell
densities. The major role of Kar2p is evident from well-explored functions of
this most abundant ER protein. Possible protein targets identified in this study
should be examined by genetic engineering methods.

3.3. Restoration of the NEPHGE-based 2DE method

2DE is a robust method that allows to analyse the whole intact protein
complement or proteome in high resolution, including protein isoforms and
post-translationally modified proteins (Rabilloud, 2009). Although NEPHGE-
based 2DE is a more labour-intensive and less broadly used than IPG-based
2DE, it is still instrumental in specialized laboratories. The capability of
NEPHGE-based 2DE to better resolve basic protein spots in comparison with
IPG is exploited for functional proteomics experiments in a broad pH range,
as well as for experiments with highly basic proteins (Bjarnadottir &
Flengsrud, 2014; Kreipke et al., 2007). While an improved protocol on
NEPHGE-based 2DE was published in 1995 by Klose and Kobalz (Klose &
Kobalz, 1995), it was commercialized only later by WITA GmbH (Wittmann-
Liebold et al., 2006) and the ,,WITAvision* 2DE system was developed.
Unfortunately, this company ceased operations and left owners of the
apparatus without a supply of reagents. The unavailability of pre-made gel
solutions only further decreased the use of this method, so we reasoned it was
important to recreate the constitution of the CA in the first-dimension gels and
to make it publicly available for other operators of this 2DE system. The
composition of the CA in IEF gels sold by WITA GmbH still remains
unknown and recreating the original CA mixture presented by Klose and
Kobalz, also posed a challenge, due to the discontinuation of production of
most of the ampholytes used at that time. Despite this, here we show a restored
CA composition for NEPHGE-based 2DE, which shows a high positive
correlation to formerly commercially available gels.

The CA composition of our restored “New mix” NEPHGE first-
dimension separation gels, is described in Methods chapter 2.2.10.

3.3.1. Comparison to the commercial “WITA” gels

We compared 2DE gels made with our re-created “New mix” and the
formerly commercially available “WITA” pre-made gel solutions. We loaded
the gels with the same sample of crude lysate of S. cerevisiae strain AH22
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cells transformed with an empty pFGG3 vector. The running conditions,
second-dimension SDS-PAGE, gel fixing and staining with Coomassie R-250
were identical (See Materials and Methods, Figure 22). We analysed the 2DE
gels (that were triplicated each for statistical significance) using PDQuest
(BioRad) 2-D analysis software and compared the six gels to each other to
calculate the Pearson’s coefficient of correlation (r) (See Figure 23.).

New mix Gel 1 New mix Gel 2 New mix Gel 3
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Figure 22. A triplication of 2DE separations of the same sample (80 ug of lysate of S. cerevisiae
AH22 strain cells transformed with pFGG3 vector) using either our restored “New mix” or
commercial “WITA” solutions for NEPHGE-based first-dimension IEF. The pl range of
separated protein spots is marked on each gel.
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Figure 23. Scatter plot analysis and correlation coefficients (r) between 2DE gels made with the
»New mix“ and commercial ,,WITA*“ ampholyte mix. For the comparison, three runs of
identical gels of each constitution (,,New mix “or ,,WITA*) were compared with each other.
The correlation coefficient r=1 references the comparison of a gel with itself, which indicates
strongest correlation possible. The closer r is to 1, the stronger it is.

All gels showed a strong positive correlation among them (r > 0.7), with
small deviations. The correlation inside the gel group that was made with
“WITA” solutions ranged from 0.81 to 0.85, and the correlation inside our
“New mix” gel group varied between 0.87 and 0.9. When comparing our
restored recipe for NEHGE-based first-dimension separation to the
commercial “WITA” gels, we got a slightly lower correlation coefficient
(r=0.71-0.77) than within the two gel groups (r=0.87—0.9 and r=0.81-0.85,
respectively). This was to be expected, having in mind that the constitution of
the CA is probably different, as the composition of “WITA” gels was never
made public. A slightly better correlation between our “New mix” gels
suggests better reproducibility between technical replicas. Despite the not
ideal correlation between our “New mix” and “WITA” gels, they still show a
strong positive correlation and our restored CA mixture and gel solutions for
NEPHGE first-dimension separation can be fully used in 2DE proteomics
experiments instead of the no longer commercially available ones. The
number of resolved spots was very similar - about 800 spots both in our “New
mix” (av. 795 spots) and “WITA” (av. 807 spots) gels.
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To further test our restored NEPHGE first-dimension gel composition,
we used it for our comparative proteomics experiment to analyse the secretion
of human recombinant CALR protein in S. cerevisiae (See chapter 3.4.).

3.4. A comparative proteomic analysis of the high-level secretion of human
CALR in S. cerevisiae.

The ER chaperone CALR also has extracellular functions and can exit
the mammalian cell in response to various factors, although the mechanism
by which this takes place is unknown. The yeast Saccharomyces cerevisiae
efficiently secretes human CALR, and the analysis of this process in yeast
could help to clarify how it gets out of eukaryotic cells (See Chapter 1.3.3).
The aim of this study was to perform a comparative whole proteome analysis
of CALR-secreting yeast Saccharomyces cerevisiae cells versus control cells
harbouring an empty vector, using NEPHGE-based 2DE and LC-MSE to try
to identify cellular proteins that are likely to participate in the CALR secretion
pathway.

In this comparative proteomics experiment between CALR-secreting
and control cells with an empty vector, we quantified protein abundance from
2DE gels made with our restored CA mixture and also, quantified all peptides
present in the whole proteome samples analysed by LC-MSE, using label-free
guantitation via TOP3-approach. We found that effective secretion of CALR
does not induce cellular stress or the expression of any secretory pathway
proteins and only results in a slightly higher demand for energy and nutrients
in S. cerevisiae.

3.4.1. Synthesis and secretion of human recombinant CALR protein in yeast
S. cerevisiae

In order to obtain samples for a comparative 2DE experiment, we
expressed full-length human recombinant CALR protein precursor with its
native signal sequence under an inducible GAL7 promoter in S. cerevisiae
strain AH22. The cells were grown in YEPD medium containing glucose for
21 hours before changing the culture growth medium to YEPG containing
galactose. In our previous work, we determined that S. cerevisiae strain AH22
reaches the diauxic shift phase - when glucose is depleted in the growth
medium and cells switch from glucose fermentation to the aerobic utilisation
of accumulated ethanol (Galdieri et al., 2010) — in 21 hours of cell culture
growth. Because GAL genes can only be induced to a considerable extent at a
threshold glucose concentration, introducing galactose into a cell culture
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during the diauxic shift, when glucose is completely depleted, results in faster
GAL regulon activation (Escalante-Chong et al., 2015) and swift induction of
CALR gene under GAL7 promoter.

According to the data collected from densitometric analysis of SDS-
PAGE gels - 18 hours after the induction of recombinant protein synthesis, the
secretion yield of the mature CALR was approximately 138 mg from 1 L (in
the range from 120—160 mg/L) of yeast culture medium (See Figure 24. A).
To assess the growth phase, when the secretion of CALR was the most
efficient, we performed densitometric evaluation of SDS-PAGE gels loaded
with yeast culture medium samples taken every three hours from the start of
the recombinant protein induction (See Figure 24. B). We measured relative
volumes of each protein band and calculated that the biggest increase in CALR
amount in the medium happened between 0 to 3 hours and between 3 to 6
hours (~2.8-fold) after the induction. We assumed, that if the secretion is the
most effective at these growth points, the cellular proteins responsible for
facilitating CALR secretion should be also more abundant. Three and six
hours after the induction of recombinant protein synthesis was the cell culture
growth points, at which we chose to take our samples for 2DE.
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Figure 24. A — SDS-PAGE analysis of CALR-secreting yeast culture medium together with a
1-5ng of purified CALR for densitometrical quantitative calibration. 8ul of culture media
containing CALR corresponds to the amount of 1.1 pg, or 139 mg/L for this specific
experiment. B - SDS-PAGE analysis of the secretion efficiency of CALR measured every three
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hours of 18-hour post-induction growth. Numbers above the arrows indicate how many times
more of CALR was secreted into the culture medium between time points.

Our achieved secretion titer of 138 mg/L showed an about 2-fold in-
crease in comparison with our previously published results, where human
recombinant CALR was expressed under yeast PGK1 and pFGADH1 gene
promoters in S. cerevisiae and yielded about 60—66 mg of protein from 1 L of
culture medium (Ciplys et al., 2015, 2021). Although CALR was expressed
under different promoters in this and our previous experiments, the yeast strain
used, the cell culture medium, and the shake-flask growth conditions were
identical, which allows us to directly compare the yield of the secreted CALR.
This increase in the amount of secreted protein is facilitated by an inducible
promoter vs constitutive, and the fact that the recombinant protein synthesis
is commenced on a higher cell culture density, allowing to maximize growth
before the induction of a potentially burdening biosynthesis phase (Weinhandl
et al., 2014). In our previous research, we also have shown that the secretion
of CALR is more efficient than that of other similarly secreted ER chaperones
BiP and ERp57 due to lower intracellular retention facilitated by intrinsic
properties of the protein (Ciplys et al., 2013, 2014, 2015). The other reason
that could facilitate such an effective secretion of CALR in yeast is low free
Ca2+ concentrations in the yeast ER lumen. It has been shown that in humans,
ER calcium depletion induces CALR secretion (Peters & Raghavan, 2011),
and there is 10100 times less free Ca2+ in the yeast ER lumen (Strayle et al.,
1999) compared to the ER in human cells. High secretion titer also vastly
depends on the stability of the protein. Our recent study, where the secretion
titer, stability and other parameters of 50 of CALR protein mutants were
analysed in yeast S. cerevisiae, showed that single point mutants that exhibited
lower secretion titers also showed decreased protein stability (Ciplys et al.,
2021). In this vein, our achieved efficient 138 mg/L secretion titer of CALR
asserts that the recombinant protein is highly stable and properly folded.

3.4.2. Comparative 2DE-based analysis of CALR-secreting yeast cell
samples vs control

When comparing 2DE gels of CALR-secreting cell samples versus
control at 3- and 6-hour growth points after the recombinant protein induction
(loaded with 200ug of yeast lysates of S. cerevisiae strain AH22 expressing
CALR protein gene or transformed with empty control vector (see Materials
and Methods)), we found altogether 811 different protein spots with 734 of
them matching throughout all gels. We evaluated protein spots with
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differential synthesis patterns and found that 83 protein spots showed a fold
change (FC) of 1.5 times, hence, 35 out of 811 proteins showed increased
expression in CALR gels and 48 out of 811 in control gels. The Student’s t-
test analysis showed that only 35 of 811 spots had significant differential
synthesis patterns with a p-value < 0.05 and only 8 of them with a p-value <
0.01 (See Figure 25.). Unfortunately, most of them were on the brinks of the
gels or were extremely small and indistinct — not suitable for excision and
identification.
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Figure 25. NEPHGE-based 2DE gels of CALR secreting and control yeast cell lysates at 3- and
6-hour growth points after the induction with galactose, when the secretion of CALR is most
efficient. All gels were loaded with 200 pg of yeast S. cerevisiae strain AH22 cell lysates
expressing CALR protein gene or transformed with an empty control vector (Control). Squared
in red protein spots 749-756 were singled out as having the most reliable difference in the
synthesis between CALR secreting yeast samples and control. Protein spots 749 and 750 were
identified as SOD1, 755 and 756 as CALR and spots 751-754 were identified as degradation
products of CALR. Squared in blue is also a SOD1 protein spot, but produced similarly
throughout all the samples.

Additional DESeq?2 analysis without a set FC threshold found 100 spots
out of 811 to have a p-value < 0.05 and 44 with a padj < 0.1 value (padj — is
referred as adjusted p-value in DESeq?2 analysis, where padj < 0.1 means that
the difference is highly significant (Love et al., 2014)). Out of 44 protein spots
with highly significant difference in synthesis (p < 0.05), only 20 met the FC
threshold of 0.58 log2FC, 11 of which showed increased biosynthesis and 9
decreased biosynthesis in CALR samples. The highly significant spots (p <
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0.05, padj <0.1) in the CALR samples that were above FC threshold, were the
most interesting to us. The 8 spots out of 11 (marked as triangles See Figure
26A) were the spots with the highest FC that fall out of the plotting area. Not
surprisingly, these spots are the same ones that were identified as highly
significant using the t-test (749-756) and are represented in a heatmap as
having the highest spot value when calculating from the average (See Figure
26B).
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Figure 26. Representation of protein spots with differential synthesis patterns in a NEPHGE-
based 2DE comparison of CALR-secreting and control yeast cultures. Protein spots 749-756
show the most significant differential synthesis. A —an MA plot (a plot of log ratio (M) and
mean average (A) scales) of protein spot mean synthesis level (x-axis) dependence on log2FC
(y-axis) after DeSeq2 analysis representing the strength of differential biosynthesis. Highly
significant protein spots with differential synthesis patterns that had highest FC and fall out of
plotting area are marked as red triangles. Dashed lines represent the 0.58 log2FC thresholds:
blue line marks the threshold for decreased synthesis and red line marks the threshold for
increased synthesis of proteins in CALR samples. Dots with an ID value represent proteins with
p-value < 0.05, red dots represent proteins with padj < 0.1 value. B — a heatmap representation
of 30 protein spots with the lowest p-value. The intensity of the colour represents how much
the spot value is greater (red) or lesser (blue) than the average.

The aforementioned spots with the most significant differential
synthesis patterns (749—756) were selected for LC-MS identification. Because
of the close proximity, spots 753—756 were excised as single spots. The LC-
MS identified spots 751-756 as human CALR protein (Accession no.: P27797,
Entry CALR_HUMAN, MW 48111, pl 4.09, Calreticulin OS=Homo sapiens).
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Protein spot 755 corresponds to the mature CALR protein with the pl 4.09 and
MW of ~46 kDa and the spot 756 corresponds to the full-length un-
translocated CALR precursor with intact signal peptide with MW of ~48 kDa.
Peptide sequence analysis revealed that spots identified as CALR, but with
but with different MW and pl positions in the gels are degradation products of
the protein (spots 751—754). The analysed peptides covered the CALR protein
sequence either at the N-terminus, C-terminus or the middle (See Figure 27),
which can only happen in the case of degradation.

CALR HUMAN Coverage Map Spots 756-755

1 MLLSVPLLLG ~ LLGLAVAEPA  VYFKEQELDG  DGWISRWIES  KHKSDEGKEN
51 BS88Rrvcoe ExokGIOTSO  DARFYALSAS — FEPESNKGOT  LVVOFTVKEE
101  QNIDCGGGYV ~ KLFPNSLDOT  DMHGDSEYNI  MFGEDICGPG  TKKVHVIENY
151 kckvgmmey ~— WcxooErTE LYTLIVRPDN  TYEVKEDNSQ  VESGSLEDDW

201 DFLPPKKIKD  PDASKPEDWD HIPDPDAK<?
251  EDWDEEMDGE  WEPBVIONPE  YKGEWKP HPEIDNPEYS

301 PDPSIYAYDN FGVLGLDLWQ VKSGTIFDNE LITNDEAYAE EFGNETWGVT
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CALR_HUMAN Coverage Map Spots 754-753

1 MLLSVPLLLG ~ LLGLAVAEPA  VYFKEQFLDG  DGWISRWIES  KHKSDFGKEV
51 LSSGKFYGDE ~ EKDKGLQTSQ ~ DARFYALSAS  FEPFSNKGOT  LVVQETVKEE
101  ONIDCGGGYV ~ KLFENSLDOT  DMHGDSEYNI  MFGEDICGRG  TKKVEVIENY
151  KGKNVLINKD  IRCKODEFTH  LYTLIVREDN  TYEVKIDNSQ  VESGSLEDDW
201  DFLPPKKIKD  PDASKPEDWD  ERAKHDDEND  SKPEDWDREE  HIBDBDAK:r
251  EDWDEEMDGE  WEPPVIONPE  YKGEWKPRQY  DNBDYRGTWI  HPEIDNPEYS
301  PDPSIYAYDN  FGVIGLDLWQ  VKSGTIFONF  LITNDEAYAE  EFGNETWGVI

351  KAAEKOMKDK  ODEEORLKEE  Eeowcefiel  EAEDREDDED ROEDEEDEED
sw01  [EEDEEEDVE  [OMEDEL
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CALR HUMAN Coverage Map Spot 752

1 LLGLAVAEPA  VYFKEQELDG KHKSDEGKE
51 FYGDE  EKDKGLOTSQ  DARFYALSAS LVVQFTVKHE
101  ONIDCGGGYV ~ KLFPNSLDQT ~ DMHGDSEYNI  MFGPDICGPG  TKKVEVIENY
151 kcngmMRl  WcxobeFTE  LYTLIVRPDN  TYEVKEDNSG  VESGSLEDDW
201 DELPEKKIKD ERAKIDDPTD  SKPEDWDKPE  HIPDPDAK:F
251  EDWDEEMDGE  WEPPVIQNPE  YKGEWKPRQI  DNPDYKGTWI  HPEIDNPEYS
301  PDPSIYAYDN  FGVLGLDLWQ  VKSGTIFDNF  LITNDEAYAE  EFGNETWGVT
351  KAAEKQMKDK  ODEEQRLKEE  EEDKKRKEEE  EAEDKEDDED  KDEDEEDEED
401  KEEDEEEDVP  GOAKDEL
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CALR HUMAN Coverage Map Spot 751
1 MLLSVPLLLG LLGLAVAEPA VYFKEQFLDG DGWITSRWIES KHKSDFGKEV

S1  LSSGKFYGDE  EKDKGLQTSQ  DARFYALSAS  FEPFSNKGQT  LVVOFTVKHE

101 QNIDCGGGYV ~ KLFPNSLDOT ~ DMHGDSEYNI ~ MFGEDICGPG  TKWVAVEIRNY
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Key:

Regions of the protein sequence that match peptides are highlighted in colour, according
to the key below

Matched to a peptide
Matched to a partial peptide I:l
Matched to a modified peptide D

Matched to a partial modified peptide D

Highl:ghts are transparent, so that regions where peptides overlap are visible on the
coverage map. E.g. an overlap between a standard peptide and a modified peptide would
appear as shown:

Figure 27. Sequence coverage maps depicting which parts of the CALR protein sequence did
the identified peptides from excised spots 751—756 cover. The highlight colour meanings are
presented in the Key, they are also transparent and can overlap or stack up. Peptides obtained
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from spots 755 and 756 that correspond to the whole protein, cover parts of the CALR sequence

throughout. Spots that are degradation products of CALR (spots 751—754) cover parts of the
sequence either at the N- or C-terminus, or the middle of the protein sequence.

These findings suggest that despite the effective secretion of full-length
CALR, there is degradation happening inside the cell. There are a few
degradation pathways a protein can be sorted to undergo: ERAD is a process
that retro-translocates mutated or improperly folded proteins from ER to the
cytosol (Brodsky, 2012); post-Golgi sorting to vacuoles (Hou et al., 2012) or
endocytosis when vesicles formed at the plasma membrane enter late
endosomes and then are carried to the vacuoles (Pelham, 2002). The amount
of intact and truncated CALR protein inside the yeast cell seems to be very
similar, and this suggests that the degradation is notable (See Figure 25.). The
truncated parts are not secreted and must be digested in the cell. We do not yet
know, which degradation pathway part of CALR undergoes, but the efficient
secretion indicates that it does not afflict the cell.

Spots 749 and 750 were identified as yeast Superoxide dismutase
(SOD1) (Accession no.: P00445, Entry SODC_YEAST, MW 15844, pl
5.5708, Superoxide dismutase [Cu-Zn] OS=Saccharomyces cerevisiae).
Because of the close proximity to the spots 749 and 750, we also identified a
larger spot (See Figure 25. Blue square) that appeared to be SODL1 also,
although it did not show differential synthesis patterns. In CALR samples
spots 749 and 750 appear next to SOD1 and are completely absent in control
samples. It is possible that these spots are isoforms of the main cytosolic
SOD1 protein. How the production of CALR is related to the appearance of
SOD1 isoforms, we have yet to find out. The secretion of CALR did not
diminish in ASODI1 knock-out strain versus the BY4741 mother strain for
control, which indicates that SOD1 is not essential for the secretion of CALR
(See Figure 28.) in yeast.
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kDa ASUDIE Bivd /d] Figure 28. SDS-PAGE analysis of CALR
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Nevertheless, the fact that the main SOD1 spot does not show any
decrease with the appearance of the isoforms may mean that the overall
synthesis of SOD1 is increased. Heterologous protein overproduction in yeast
generates large amounts of ROS and induces cellular oxidative stress
(Martinez et al., 2016). This happens either by the assistance of chaperones in
overproduced protein folding and disulphide bond formation (Tyo etal., 2012)
or by mitochondria producing large quantities of ATP for the whole process
(Haynes et al., 2004).

Overall, in comparative 2DE-based analysis of CALR-secreting yeast
cell samples vs control, using t-test and DESeq2 analysis of the protein
guantities in the gels we found altogether only 8 spots that met our criteria of
FC > 1.5 times (p-value < 0.01; padj < 0.1). Although 2DE-based analysis
represents only a small part of the proteome analysed, it mostly represents
high abundancy proteins, which in turn can show a high degree of change in
proteomes and are the most interesting (Twyman et al., 2013). It also provides
us with a visual representation of the analysed proteomes — an easy way to
determine just how much the cell is affected by the production of a
recombinant protein. In our case, the comparative 2DE analysis showed a very
low degree of change in high abundant protein synthesis patterns between
samples. The overall spot patterns and intensities varied very little between
CALR secreting yeast and control, with the exception of the 8 spots mentioned
(See Figure 25. and Figure 26.).
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3.4.3. Comparative LC-MSE-based analysis of CALR-secreting yeast cell
samples vs control

2DE gel staining with CBB-R250 has the lowest protein detection limit
of 8-10 ng (Beer & Speicher, 2002). This means that only conditionally high
abundance proteins will be represented in the gel. If the NEPHGE-based 2DE
analysis was limited to the most abundant cellular proteins, the LC-MSE
analysis allowed us to examine a large part of CALR-secreting and control
yeast cell proteomes. We performed a comparative whole protein sample
bottom-up tryptic analysis using a triplicate of the 3-hour after recombinant
protein induction samples of CALR-secreting yeast versus control (6 samples
total), to assess biological and methodological variations. In total, we
identified 1726 unique proteins, out of which, 1574 were detected in all
samples. The count of identified proteins makes up a third of the total haploid
yeast proteome (de Godoy et al., 2008; Ho et al., 2018). 152 proteins were not
detected in a part of samples — 83 were undetected in 33.3% of the samples (2
out of 6 samples) and another 69 undetected in > 50% of samples (3 or more
out of 6). Out of 1574 proteins identified in all samples, only 20 met our
criteria of FC > 1.5 times (0.58 log2FC), p < 0.01 and FDR < 0.05.

Both sample groups had underrepresented proteins. 9 proteins out of 20
were not detected at all in control samples —only in CALR-secreting yeast cell
samples, and 4 were underrepresented in CALR samples. 60S ribosomal
proteins L17-B, L26-A, L15-B, Ribose-phosphate pyrophosphokinase 2
(KPR2), Cytochrome c oxidase polypeptide 5B (COX5b), cAMP-dependent
protein kinase type 3 (KAPC) and Hexose transporter HXT15 were all
undetected in control samples. 3-hydroxy-3-methylglutaryl-coenzyme A
reductase 2 (HMDH2) and Y' element ATP-dependent helicase YIL177C
were undetected in CALR samples. Having in mind that all mentioned
proteins are necessary for cellular housekeeping, we treated their
underrepresentation in one sample and representation in another as an
upregulated biosynthesis (See Table 7.).

Table 7. Function, description, log-transformed FC and FDR of the
significant proteins with differential synthesis patterns identified by LC-MSE
in CALR and control samples.

Cellular proteins with upregulated biosynthesis in CALR samples

Protein Description Functional Log2FC p-value FDR
name group (<0.01) (<0.05)
RL17B  60S ribosomal Ribosome 13.56 2.386 1! 418
protein biogenesis
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RL26A

RL15B

KPR2

COX5B

YC21B

YD22B

60S ribosomal
protein

60S ribosomal
protein

Ribose-phosphate
pyrophosphokinase
2 necessary for de
novo and salvage
synthesis of
nucleotides
Hypoxia-induced
Cytochrome ¢
oxidase
polypeptide 5B is a
terminal oxidase of
the mitochondrial
respiratory chain
Transposon Ty2-C
Gag-Pol
polyprotein

Transposon Ty2-
DR2 Gag-Pol
polyprotein

(Bonander et al.,
2009; Li et al.,
2017; Slavov et
al., 2015)
Ribosome
biogenesis
(Bonander et al.,
2009; Lietal.,
2017; Slavov et
al., 2015)
Ribosome
biogenesis
(Bonander et al.,
2009; Lietal.,
2017; Slavov et
al., 2015)
Nucleotide
metabolism
(Moffatt &
Ashihara, 2002;
Yu et al., 2017)

12.45 5.10E %

11.50 22210

13.15 7.29710

Energy 11.06 9.82E°
(Allen et al.,

1995; Burke et

al., 1997; Siso et

al., 2012)

Unknown 14.18 2.48E°6
function in the
cellular
processes
(Curcio et al.,
2015; de Godoy
et al., 2008;
Zaratiegui,
2017)
Unknown
function in the
cellular
processes
(Curcio et al.,
2015; de Godoy
etal., 2008;
Zaratiegui,
2017)

14.18 2.48E°©
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KAPC

HXT15

RL7A

IF4AF2

cAMP-dependent
protein kinase type
3 essential member
of the Ras
signalling pathway

Hexose transporter
HXT15 promotes
growth of non-
fermentable carbon
sources in case of
glucose starvation

60S ribosomal
protein

Eukaryotic
initiation factor 4F
subunit p130
limiting factor of
translation
initiation and
ribosome
recruitment

Regulation of 12.55 4.67E
cell growth,
stress resistance
and metabolism
(Broach, 1991;
Hinnebusch &
Lorsch, 2012;
Kunkel et al.,
2019; Lui etal.,
2010; Rolland et
al., 2002;
Tudisca et al.,
2012)
Energy/transport
(Greatrix & van
Vuuren, 2006;
Jordan et al.,
2016;
Wieczorke et
al., 1999)
Ribosome
biogenesis
(Bonander et al.,
2009; Li et al.,
2017; Slavov et
al., 2015)
Translation
initiation
(Clarkson et al.,
2010; Costello
etal., 2017;
Gallie &
Browning,
2001; Goyer et
al., 1993; von
der Haar &
McCarthy,
2002)

9.38 8.00E™

0.78 4.76E

0.58 4.07E*

5.76E*

8.62E73

0.04

0.04

Cellular proteins with downregulated biosynthesis in CALR samples

Protein
name

YD11A

Description

Transposon Tyl-
DR1 Gag
polyprotein

Functional Log2FC p-value
group (<0.01)
Unknown -16.37 5.51E10
function in the
cellular
processes
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YN12B

HMDH2

YIR7

PMA2

RSSA1

RL22B

Transposon Ty1l-
NL2 Gag-Pol
polyprotein

Hypoxia induced
3-hydroxy-3-
methylglutaryl-
coenzyme A
reductase 2 a rate-
limiting member in
sterol biosynthesis
pathway

Y' element ATP-
dependent helicase
YIL177C

Plasma membrane
ATPase 2 creates
proton gradient for
secondary nutrient
transport, elevated
synthesis during
carbon starvation

40S ribosomal
protein

60S ribosomal
protein

(Curcio et al.,
2015; de Godoy
etal., 2008;
Zaratiegui,
2017)
Unknown
function in the
cellular
processes
(Curcio et al.,
2015; de Godoy
et al., 2008;
Zaratiegui,
2017)

Lipid
biosynthesis
(Basson et al.,
1986; Hampton
& Garza, 2009;
Wangeline &
Hampton, 2018)

Telomerase-
independent
telomere
maintenance
(Yamadaet al.,
1998)

Nutrient
transport and pH
homeostasis
(Fernandes &
Sa-Correia,
2003; Martin-
Perez & Villén,
2017; Schlesser
etal., 1988;
Supply et al.,
1993)
Ribosome
biogenesis
(Bonander et al.,
2009; Lietal.,
2017; Slavov et
al., 2015)
Ribosome
biogenesis
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-13.22

-10.72

-2.23

-1.85

-2.52

6.56E8

9.92E8

3.52E7

1.334E°®

1.46E5

2.85E*

1.59E°
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6.06E5

2.09E+
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(Bonander et al.,
2009; Lietal.,
2017; Slavov et
al., 2015)
KPR4 Ribose-phosphate Nucleotide -1.57 5.16E* 0.05
pyrophosphokinase  metabolism
4 necessary forde  (Moffatt &
novo and salvage Ashihara, 2002;
synthesis of Yuetal., 2017)
nucleotides

For the most part, proteins with differential synthesis patterns between
CALR samples and control were responsible for protein translation, energy,
nucleotide, amino acid and lipid metabolism. We did not find any differential
synthesis of proteins involved in central carbon metabolism, protein folding
or protein trafficking — which accounted for a large portion of proteins with
differential synthesis patterns in similar experiments, where intracellular
proteomes of yeast Pichia pastoris overproducing xylanase A (Lin et al.,
2013) and Schizosaccharomyces pombe producing a-glucosidase maltase
(Hung et al., 2016) were analysed. Together with the difference in protein
functional profiles, the number of proteins with changes in their synthesis was
much greater in both of the aforementioned experiments. Analysis of the
proteome of S. pombe producing a-glucosidase maltase detected 3040
proteins with differential synthesis. Analysis of the proteome of Pichia
pastoris overproducing xylanase A resulted in hundreds of proteins with
changes in synthesis and all the markers of the UPR. The relatively small
number of proteins with differential synthesis found in this work only
confirms that CALR gene expression and protein secretion in yeast does not
induce a high-level change in the proteome.

When the yeast culture medium is switched from glucose to galactose,
a process impacting the whole cell metabolism, called carbon catabolite
derepression (CCR) starts. Because our CALR-secreting, as well as control
cells harbouring an empty vector, were both submitted to CCR, the differential
synthesis of cellular proteins must be connected to the production of
recombinant CALR. Elevated transcription and translation rates in
heterologous protein-producing yeast are associated with increased
consumption of precursors, nutrient starvation, energy and utilization of
cellular machinery, which is maintained by upregulation of relevant cellular
processes (Huang et al., 2017; Kastberg et al., 2022; Mattanovich et al., 2012;
Zahrl et al., 2019), and this can be recognised by looking at the functional
profiles of the proteins we identified. Differential synthesis of elF4G2 and
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ribosomal proteins may be connected to elevated translation rates in CALR-
secreting samples. Taking into account the high amount of the secreted
recombinant protein, an involvement of cellular functions to support protein
biosynthesis by the ribosomes could be anticipated. Increased synthesis of
CcO5b may be induced by an elevated consumption of energy in CALR
samples and reduced HMG?2 levels could be the result of high flux through the
sterol pathway in CALR samples due to active vesicular transport to the outer
membrane. Nutrient starvation can be connected to the increased biosythesis
of HXT15. Reduced PMA2 amounts may be related to a higher protein
turnover in actively secreting yeast (Huang et al., 2017).

The differential synthesis of PRS2 and PRS4 isoforms are hard to
explain, but they do belong to different classes of ribose-phosphate
pyrophosphokinases which are essential for nucleotide metabolism. It may
well be that the synthesis rates of different classes of PRSs varies in time or is
dependent on the nutrient starvation, which could be higher in CALR samples
due to active secretion. The functions of other identified proteins with
differential synthesis between our samples are briefly presented in Table 7.
While some of them can be the remnants of the recent transition to diauxic
shift (Tpk3), we cannot suggest any possible connection with the secretion of
CALR for others (Transposon proteins, Y' element ATP-dependent helicase).
We also expected to find other considerable changes in yeast proteome related
to the processing or transport of produced CALR protein to the cell surface.
However, it was not the case in this study.

The most surprising fact is that we did not find any proteins with
differential synthesis patterns connected to any secretory pathway. We
expected that with such a high level of secretion of recombinant CALR, the
machinery of at least one secretory pathway should also demonstrate
upregulation. As was mentioned before, the way that CALR exits mammalian
cells is still unclear. CALR exit is mainly facilitated by ER destabilization or
cellular stress (Kielbik et al., 2021), which leads to UPR. However, we did not
find any evidence of cellular stress caused by CALR secretion from yeast
cells. Yeast cells that produce recombinant proteins usually experience some
degree of stress — frequently connected with folding and secretion (Gasser et
al., 2008; Mattanovich et al., 2004). Inefficient translocation to the ER leads
to protein precursor accumulation in the cytosol causing UPR-Cyto and
insoluble aggregate formation (Ciplys et al., 2011). Inefficient folding or
misfolding causes UPR in the ER (Kauffman et al., 2002), which is directly
associated with protein degradation via ERAD pathway (Hiller et al., 1996)
and oxidative stress (Gasser et al., 2008). Generally, cellular stress markers
associated with these responses can be used to identify the type of stress the
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cell is undergoing. For example, during UPR-Cyto an elevated biosynthesis
of cytosolic Hsp70, Hsp90, Hspl10 heat shock stress response chaperone
family proteins is detected (Ciplys et al., 2011), and in the case of UPR,
differential synthesis of BiP and PDI should be noticeable (Kauffman et al.,
2002; Mattanovich et al., 2004). One of the functions of BiP is redirecting
misfolded proteins to degradation by ERAD (Nishikawa et al., 2001). The
fact that we did not observe changes in BiP protein synthesis suggests that
there is no active UPR and the degradation of CALR is not a consequence of
ERAD. Also, we did not find any differential synthesis in other ER-resident
or cytosolic components of ERAD like Derlp, Der3p/Hrd1p, Hrd3p or Sec6lp
(Bordallo et al., 1998; Hampton et al., 1996; Knop et al., 1996; Pilon M et al.,
1997). No growth impairment of CALR-secreting yeast culture - which
usually is a sign of stress - was observed. Lack of cellular proteins in the cell
culture medium samples indicates that apoptosis is also not prevalent.

Taken together, the high-level secretion of human recombinant CALR
protein from yeast S. cerevisiae was mostly supported by the rearrangements
of protein translation machinery in the ribosomes and limited changes in the
biosynthesis of cellular proteins involved in energy and metabolism. The
absence of further significant changes in the secretory pathway suggests that
in a steady state, yeast secretory machinery is sufficient to maintain high-level
secretion of human CALR. Such feature seems to be more characteristic to an
inherently secreted protein rather than an intracellular ER chaperone. Further
work is needed to compare the secretion of CALR and other naturally secreted
proteins, such as human serum albumin or endogenous yeast secretory
proteins. Comparative proteomic studies may help to uncover the specific
mechanisms for highly efficient secretion of different proteins in eukaryotic
cells and explain the dual nature of CALR being both an extracellular
molecule secreted outside the cell and an intracellular chaperone residing
inside the ER.
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RESULTS SUMMARY

With the aim to find the best 2DE method for yeast proteome analysis,
two conventional first-dimension separation methods — IPG and NEPHGE
were compared, in a 2DE-based experiment studying cytosolic unfolded
protein response in S. cerevisiae. Same whole cell lysate samples of yeast cells
producing MeH, MeN and control cells harbouring an empty vector were
subjected to broad pH range (pH 3-10) IPG and NEPHGE isoelectric focusing
techniques and later, identical second-dimension separations were performed.
Although commercially available and easy to handle, the IPG-based 2DE
method turned out to be unreproducible at separating basic protein spots
resulting in protein loss. Only about 50% of separated basic spots could be
quantified. On the other hand, although more difficult to handle, NEPHGE-
based 2DE was characteristic for high reproducibility of basic protein spots
(~90%) and minimal gel-to-gel variation at high protein load. Also, the overall
spot reproducibility was considerably lower when using IPG-based 2DE
method at ~68%, in comparison with ~87% spot reproducibility of NEPHGE-
based 2DE. It seems that the IPG-based 2DE method can only resolve a
limited amount of protein into good quality spots. At the standard protein load
the number of resolved spots is too low to study complex protein samples, and
at high protein load the gels get overloaded and that results in protein loss. On
the contrary, NEPHGE-based 2DE gel had a ~5-fold higher protein separation
capacity, which resulted in better protein separation at any protein load. The
results of this comparison indicate that NEPHGE-based 2DE is the preferred
method for yeast whole proteome analysis. The most convincing
demonstration of this, was that the NEPHGE-based method revealed the
repeatable and statistically significant differential biosynthesis of low-
abundant highly basic (~pl 9) protein Sislp that is involved in UPR-Cyto, and
IPG-based method did not. It is evident that the 2DE analysis of such complex
protein samples as proteomes requires the most sensitive and reproducible
method to provide us with the visual information about as much proteins in
the protein complement as possible. And our research suggests the use of
NEPHGE-based 2DE as the method of choice.

Subsequently, we continued our research on the production of MeH
protein in yeast S. cerevisiae, including its inefficient translocation to the ER
and the induction of UPR-Cyto. From our previous research we identified that
the UPR-Cyto induces a group of proteins involved in the heat-shock
response. The activation of temperature-regulated chaperones suggested that
temperature itself may have an impact on recombinant protein biosynthesis.
We investigated the effects of heat shock and cell culture density on the MeH
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protein precursor translocation to the ER, and applied NEPHGE-based 2DE
to identify cellular proteins involved in the process. Firstly, we studied at
which cell culture growth time points and for what duration, the application
of heat shock could impact the amount of translocated and glycosylated MeH
protein. We found that when heat shock was applied 5 h before the MeH
synthesis induction, and was maintained until the end of MeH synthesis, the
amount of glycosylated MeH increased about 3-fold when compared to
control cell culture grown at standard temperature. However, we noticed that
the increase in glycosylated MeH amount largely depended on the cell culture
density at which the heat shock was applied. This suggested that not only the
duration of the heat shock, but also the growth phase of the yeast cell culture
could be important. After the heat shock application at different culture growth
points, we determined that it improves MeH translocation efficiency when
applied at higher cell densities, starting from the early-log glucose growth
phase. The highest translocation efficiency was achieved when heat shock was
applied at the late diauxic shift phase of culture cell growth and was
characteristic for decreased level of non-translocated MeH precursor.
Although, the highest relative amount of translocated MeH was found after
heat shock application at late ethanol growth phase, the translocation
efficiency was only 25% at this growth point. Overall, relative amounts of
glycosylated MeH increased about 3-fold after the heat shock in the late-log
phases of both glucose and ethanol growth.

To find out, which cellular proteins are involved in the improved
translocation of the MeH precursors, a comparative NEPHGE 2DE-based
proteomic analysis was performed. We chose to investigate yeast culture
growth conditions when the translocation of the MeH precursors is the most
efficient, versus growth conditions when the translocation is at the lowest
efficiency, to be able to detect more drastic changes in the proteome. We
found that when yeast cells were transferred to 20°C at the late diauxic shift
phase with subsequent induction and growth at the same temperature, the
translocation of MeH was almost totally inhibited. The amount of
glycosylated MeH produced at 37°C compared to 20°C was 80-fold higher
and the translocation efficiency was elevated 60-fold. This drastic difference
allowed us to assess cellular proteome when MeH translocation is under ‘on’’
or “‘off’” conditions. We were able to identify 40 proteins with differential
biosynthesis patterns, of which ~15 were selected as possibly involved in the
MeH translocation. Although only high-abundant cellular proteins were
quantitated in this study, we suppose that high synthesis rate of viral proteins
should be assisted by a comparable amount of cellular proteins. At least, the
most abundant cellular proteins may be identified as markers of specific
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biological processes involved in improved viral protein translocation. The
functions of some proteins with differential synthesis identified from
NEPHGE-based 2DE gels suggest several possible mechanisms involved in
heterologous protein translocation at both sides of the ER. These findings set
a background for further research on viral protein translocation bottleneck in
yeast S. cerevisiae.

Our further research came to halt when we discovered that the
manufacturers of our preferred NEPHGE-2DE system ceased their operations
leaving owners of the apparatus without a supply of reagents. We thought it
was important to recreate the composition of NEPHGE first-dimension gels,
not only for our own use, but also make it available for other operators of this
system. The composition of the CA in IEF gels sold by WITA GmbH still
remains unknown and recreating the original CA mixture presented by Klose
and Kobalz also posed a challenge due to the discontinuation of production of
most of the ampholytes used at that time. After testing 12 different CA
mixtures, we found that mix no. 3 (“New mix”) performed the best. To further
test our “New mix” we compared it to the commercial “WITA” gel solutions.
We performed a triplication of 2DE separations of the same sample using
either our “New mix” or “WITA” solutions for NEPHGE-based first-
dimension IEF. 2DE gel images were compared using image analysis software
and Pearson’s coefficient of correlation was calculated. All gels showed a
strong positive correlation among them (r > 0.7), with small deviations. The
correlation inside the gel group that was made with “WITA” solutions ranged
from 0.81 to 0.85, and the correlation inside our “New mix” gel group varied
between 0.87 and 0.9. When comparing our restored recipe for NEHGE-based
first-dimension separation to the commercial “WITA” gels, we got a slightly
lower correlation coefficient (r=0.71-0.77) than within the two gel groups
(r=0.87-0.9 and r=0.81-0.85, respectively). A slightly better correlation
between our “New mix” gels suggests better reproducibility between technical
replicas. Despite the not ideal correlation between our “New mix” and
“WITA” gels, they still show a strong positive correlation and our restored
CA mixture and gel solutions for NEPHGE first-dimension separation can be
fully used in 2DE proteomics experiments instead of the no longer
commercially available ones.

After restoring the CA mix for successful NEPHGE-based 2DE, we
tested it in a comparative proteomic analysis of the high-level secretion of
human CALR protein in yeast S. cerevisiae. Human CALR protein is an ER
chaperone that also has multiple extracellular functions, although the
mechanism of how it exits the mammalian cell is mostly unknown. However,
yeast S. cerevisiae efficiently secretes human CALR, and the analysis of this
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process in yeast could help to clarify how it gets out of eukaryotic cells. To
obtain samples for 2DE analysis, we expressed human CALR gene under an
inducible GAL7 promoter in S. cerevisiae strain AH22. We measured the
amount of secreted CALR protein in the cell culture medium 18 hours after
the induction of recombinant protein synthesis, and found that the yield of
mature CALR protein was approximately 138 mg/L (in the range from 120—
160 mg/L), which was 2-fold higher than in our previously published results
(Ciplys et al., 2015, 2021). By measuring the secreted amount of CALR at
different culture growth points, we determined that the most effective
secretion happens between 0 to 3 hours and between 3 to 6 hours (~2.8-fold)
after the induction. We reasoned that if the secretion is the most effective at
these growth points, the cellular proteins responsible for facilitating CALR
secretion should be also more abundant. Three and six hours after the
induction of recombinant protein synthesis was the cell culture growth points,
at which we chose to take our samples for 2DE.

We compared 2DE gels of CALR-producing cell samples versus
control cells, harbouring an empty vector, at 3- and 6- hour growth points after
the induction. The proteins in the gels were quantified using Student’s t-test
and DESeq2 analysis to assess the differential biosynthesis. We found
altogether 811 distinct protein spots, with 734 of them matching throughout
the gels. We searched for protein spots characteristic for statistically
significant differential biosynthesis patterns with criteria of 1.5-fold change
(FC) and p-value <0.01. Both statistical analyses revealed that spots that met
the criteria of p-value <0.01 and the highest FC were the same 8 spots (no.
749-756). These spots were excised and subjected to LC-MS identification.
Spot 755 corresponded to the mature CALR protein ~46 kDa, spot no. 756
corresponded to the full-length un-translocated CALR precursor with intact
signal peptide ~48 kDa. Spots 754—751 were all identified as CALR also, but
had different MW and pl. Sequence analysis revealed them to be truncated
degradation products of CALR. This finding suggested that despite the
effective secretion of full-length CALR, there is degradation happening inside
the cell. Spots 749 and 750 were identified as yeast SOD1 and, because of the
close proximity to the spots 749 and 750, we also identified a larger spot that
appeared to be SOD1 also, although it did not show differential synthesis rates.
In CALR samples spots 749 and 750 appear next to SOD1 and are completely
absent in control samples. It is possible that these spots are isoforms of the
main cytosolic SOD1 protein. How the production of CALR is related to the
appearance of SOD1 isoforms, we have yet to find out. The secretion of CALR
did not diminish in ASOD1 knock-out strain versus the BY4741 mother strain
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for control, which indicates that SOD1 is not essential for the secretion of
CALR in yeast.

As NEPHGE-based 2DE analysis revealed only minor changes in
CALR-secreting yeast proteome, we analysed a triplicate of the same whole
proteome samples of CALR-secreting and control cells, using comparative
quantitative LC-MSE, using label-free quantitation via TOP3-approach. In
total, we identified and quantified 1726 unique proteins, out of which, 1574
were detected in all samples, and only 20 that met our criteria of FC > 1.5
times (0.58log2FC), p <0.01 and FDR <0.05. For the most part, proteins that
had differential synthesis rates between CALR samples and control, were
responsible for protein translation, energy, nucleotide, amino acid and lipid
metabolism. Surprisingly, we did not find any proteins with differential
biosynthesis patterns connected to any secretory pathway or any signs of
cellular stress, which is very uncommon having in mind such an effective
secretion of a recombinant protein. This comparative proteomic analysis
revealed, the high-level secretion of human recombinant CALR protein from
yeast S. cerevisiae was mostly supported by the rearrangements of protein
translation machinery in the ribosomes and limited changes in the biosynthesis
of cellular proteins involved in energy and metabolism. The absence of further
significant changes in the secretory pathway suggests that in a steady state,
yeast secretory machinery is sufficient to maintain high-level stress-free
secretion of human CALR.

To conclude, we have proved our hypothesis only halfway — we were
able to identify some cellular proteins that are involved in improved MeH
translocation and suggest possible mechanisms, but we were unsuccessful to
do the same when studying the secretion of CALR. Therefore, it is obvious
that the production of some heterologous proteins in yeast causes too little
change in the proteome to be studied by proteomic analysis. It is also evident
that although these two studied proteins both are synthesized in the cytosol
and transferred to the ER, they do not induce the same responses in the cell.
An interaction map of all detected differentially synthesized cellular proteins
from both experiments (See Fig. 29) highlight how differently the synthesis
of these proteins affected the yeast cells.
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Figure 29. An interaction map of all cellular proteins with differential synthesis patterns
discovered in this work. The map was composed using STRING Protein-Protein
Interaction Networks Functional Enrichment Analysis tool (string-db.org). Pink marks
interactions that are experimentaly determined; blue marks interactions that are found in curated
databases; green marks interactions that are found via textmining.

Between these two groups of cellular proteins, the only mapped
interactions are among proteins involved in translation (RPL22B, RPL17B,
RPL15B, RPL7A, RPSOA, TIF4632, TEF1, CDC19, SIS1). In the CALR
experiment the only proteins that interact are also involved in the translation
mechanism. However, proteins identified from the MeH experiment are
proved to interact a lot between themselves further suggesting their joint
participation in the mechanism of improved MeH translocation and overall
cellular stress.

From these results, we can predict that the translocation of viral surface
glycoproteins in yeast S. cerevisiae can be improved by heat shock
application. It is also evident that the efficient synthesis and secretion of
CALR is determined by its intrinsic properties rather than some cellular
mechanism, but the question why an intracellular chaperone has the properties
of a secretory protein still lies unanswered. Undeniably, successful synthesis
of a protein depends on its polypeptide sequence and different proteins impact
the yeast cellular proteome differently. Nevertheless, by identifying two
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completely different sets of cellular proteins impacted by the production of
recombinant proteins, we show that 2DE- and MS-based proteomic analysis

is a sufficient method to study the recombinant protein production in yeast S.
cerevisiae.
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CONCLUSIONS

NEPHGE-based first-dimension separation for 2DE in a wide pH 3-
10 range, is the preferred method over IPG-based technique for the
analysis of yeast whole proteome samples.

Heat shock applied at higher cell culture densities and followed by
protein biosynthesis at 37 °C, results in about 3-fold increase of both
translocation efficiency and the amount of MeH glycoprotein. Using
NEPHGE-based 2DE, 15 cellular proteins with differential synthesis
patterns, that possibly are associated with the improved translocation
of MeH, were identified.

Our restored “New mix” CA blend and gel solutions for NEPHGE-
based 2DE have better reproducibility and can be used in proteomics
experiments instead of the no longer commercially available ones.
Efficient CALR secretion does not burden the yeast secretory
machinery, only slightly impacts changes in proteome and does not
cause any apparent cellular stress. The main proteins with differential
synthesis include structural constituents of ribosome involved in
protein translation.
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IVADAS

Mielés S. cerevisiae yra vienas daZniausiai naudojamy organizmy
rekombinantiniy baltymy produkcijai. Taip yra dél to, jog $is organizmas yra
vienas geriausiai iStyrinéty eukariotiniy organizmy (Duina et al., 2014), ji
lengva ir nebrangu kultyvuoti, bei yra sukurta daugybé patogiy molekuliniy
jrankiy genetinéms manipuliacijoms (Mattanovich et al., 2012; Porro et al.,
2011). Siose mielése yra gaminami svarbiis biofarmaciniai baltymai tokie,
kaip Hepatito viruso subvienety vakcinos (McAleer et al., 1984), hirudinas
(Bischoff et al., 1989), insulinas (Thim et al., 1986), trambocity kilmés
augimo faktorius (Finnis et al., 1992), urato oksidazé (Leplatois et al., 1992)
bei makrofagy kolonijas stimuliuojantis faktorius (Price et al., 1987).

Taciau, rekombinantiniy baltymy gamyba S. cerevisiae vis dar turi
klit¢iy, tokiy, kaip neteisingas glikozilinimas, Zema baltymy iSeiga bei timus
lastelinis stresas (Mattanovich et al., 2004, 2012), kurios trukdo s¢kmingai dar
platesnio spektro baltymy gamybai. Norint pasalinti efektyvios baltymy
produkcijos kliiitis, reikalinga gilesné lastelinés mieliy proteomos analizé.
Deja, rekombinantiniy baltymy sintezés jtaka mieliy lastelei yra iStyrinéta
menkai. Tokio pobiidzio tyrimai gali padéti identifikuoti itin efektyvios arba
atvirk$¢iai, nesékmingos rekombinantiniy baltymy biosintezés priezastis.
Gauta informacija gali biti panaudota patobulinty mieliy kamieny
konstravimui arba sintezés kliti¢iy identifikavimui ir jy jveikimui. Proteominé
analizé yra galingas jrankis palyginamuosiuose tyrimuose, nes ji tiesiogiai
suteikia informacija apie lasteliniy baltymy, kurie yra heterologiniy baltymy
biosintezés vykdytojai, kiekio ir gausumo pokycius. Dvikrypte elektroforeze
(2DE) pagrijsta proteomin¢ analiz¢ yra patikimas, greitas ir nebrangus metodas
suteikiantis informacijg apie esminius tiriamy lgsteliy proteomy pokycius.
Papildomos, masiy spektrometrijos (MS) metodais pagrjstos analizés
technikos, praturtina proteominio eksperimento duomenis skirtinga sinteze
pasizyméjusiy baltymy identifikacija, arba visy lastelés baltymy analize
leidziancia i$skirti net mazus proteomy pokycius.

Darbo tikslas:

Pritaikyti dvikrypte elektroforeze ir masiy spektrometrija pagrista
proteoming analiz¢, rekombinantiniy baltymy sintezés tyrimams mielése S.
cerevisiae.
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Darbo uzdaviniai:

1. Pasirinkti geriausiai veikiantj 2DE metoda, mieliy S. cerevisiae
lasteliy proteomos analizei, placiame pH diapazone (pH 3-10).

2. Nustatyti mieliy lgsteliy kultGros augimo salygas, gerinanc¢ias TVH
baltymo translokacija; nustatyti lastelinius baltymus, susijusius su
pagerinta translokacija.

3. Atkurti amfolity ne$éjy ir geliy tirpaly sudétj pirmos krypties
NEPHGE pagrijstai 2DE, ir palyginti gautus gelius su anksciau
komerciskai prieinamais geliais.

4. Istirti efektyvios zmogaus CALR baltymo sekrecijos poveikj, mieliy
S. cerevisiae lastelinei proteomai.

Darbo naujumas

Siame darbe pirmg karta palyginti IPG ir NEPHGE pagristi 2DE
metodai, bei jrodyta, jog NEPHGE 2DE metodas labiau tinkamas mieliy
proteomos analizei. Mums taip pat pavyko pagerinti neefektyvia TVH
baltymo pirmtaky translokacija j ET ir padidinti glikozilinto baltymo kiekj ~3
kartus. TVH ekspresuojanciy lasteliy NEPHGE pagrista 2DE analize, atlikta
po karscio Soko taikymo, padéjo identifikuoti 15 lgsteliniy baltymy-taikiniy
galimai susijusiy su pageréjusia baltymo translokacija. Sie baltymai-taikiniai
gali biiti panaudoti tolesniam mieliy kamieny, su pagerinta baltymy
translokacija j ET ar net nuslopintu citozoliniu nesulankstyty baltymy atsaku
(UPR-Cyto), konstravimui. Siame darbe taip pat pristatome atkurta amfolity
neséjy (AN) sudéti NEPHGE pagrijstiems pirmos krypties baltymy atskyrimo
geliams, kurie gali biiti naudojami vietoje komerciskai nebeprieinamy geliy.
Komerciniy geliy sudétis niekuomet nebuvo paviesinta, o originalus receptas
NEPHGE pagrjstam IEF buvo publikuotas 1995 (Klose ir Kobalz, 1995), tad
originaliai naudoti amfolitai nebegaminami. Visos Sios klilitys apsunkino
atk@irimo procesa, bei suteiké svarbos ir naujumo miisy publikuotam receptui.

Galiausiai, mes pristatome itin efektyvig (140 mg/L) heterologinio
zmogaus CALR baltymo sekrecijg mielése S. cerevisiae. Netikétai, NEPHGE
2DE ir LC-MSE pagrijstos kiekybinés, CALR sekretuojanciy bei kontroliniy
lasteliy transformuoty tusCiu vektoriumi, analizés atskleide, jog efektyvi
CALR sekrecija neindukuoja jokio lgstelinio streso atsako bei sekrecinio kelio
baltymy biosintezés pokyc¢iy. Labai nejprasta, jog tokia auksto lygio sekrecija
lastelés proteomg jtakoja tiek mazai. Tai gali reiksti, jog sékminga sekrecija
gali priklausyti nuo paties baltymo prigimtiniy savybiy ir suteikia pagrindg
tolesniems, tokios sekrecijos mielése S. cerevisiae tyrimams.
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Darbo reik§mé

Kadangi Siame darbe parodome, jog NEPHGE pagrjsta 2DE yra labiau
tinkamas 2DE metodas mieliy proteomos analizei, o tirpalai reikalingi Siam
metodui yra komerciSkai nebeprieinami, misy publikuotas AN miSinio
receptas turi didele verte visiems NEPHGE pagristos IEF jrangos
naudotojams. Miisy nustatytos efektyvesnés TVH baltymo translokacijos
salygos ir identifikuoti baltymai-taikiniai, suteikia svarbig informacija
virusiniy pavir§iniy glikobaltymy gamybai, kurie pastaraisiais metais vis
dazniau naudojami, kaip subvienety vakcinos (Gebauer et al., 2019; Lin et
al., 2012; Zhang et al., 2019). Misy rezultatai apie CALR sekrecija mielése
sitilo, jog CALR gali biiti lengvai sekretuojamas ne kazkokio specialaus
mechanizmo pagalba, bet veikiau dél pa¢iam baltymui budingy savybiy. Si
informacija gali buti svarbi aiSkinantis §io baltymo sekrecijos mechanizma
zinduoliy lastelése. Musy skelbiami proteominiai duomenys apie efektyvig
CALR sekrecija yra svarbiis ir i§ biotechnologinés pusés, nes suteikia
informacija apie bestrese, auksto lygio Zmogaus baltymy gamyba mielése.

Ginamieji teiginiai:

1. NEPHGE pagrista 2DE yra tinkamesnis 2DE metodas mieliy
proteomos analizei pla¢iame pH diapazone (pH 3-10). IPG 3-10
(Invitrogen) 2DE metodas yra patikimas tik riigStiniy baltymy
analizei, nes bazingje 2D geliy puséje rezultatai neatsikartoja. Tuo
tarpu, NEPHGE pagrijstas metodas yra tinkamas analizuoti baltymus
visame pl diapazone ir ypac efektyvus baziniy baltymy analizei.

2. TVH glikobaltymo kiekis ir translokacijos efektyvumas padidéja ~3
kartus, kai karscio Sokas taikomas didesnio tankio Igsteliy kultiroms
su tolesne rekombinantinio baltymo sinteze 37 °C temperatiroje.
Atlikus palyginamaja proteomin¢ analize, identifikuoti 15 skirtinga
biosinteze pasizyméj¢ lasteliniai baltymai galimai susije su
pager¢jusia TVH translokacija.

3. Atkurtas AN miS$inys ir geliy tirpalai NEPHGE pagrjstam pirmos
krypties baltymy atskyrimui, pasizymi geresniu atsikartojamumu ir
gali biti naudojami vietoje komerciskai nebeprieinamy geliy tirpaly.

4. Auksto lygio rekombinantinio CALR baltymo sekrecija mielése
jitakoja mieliy lasteliy proteoma labai silpnai, neapkrauna lastelés
sekrecinio aparato ir nesukelia jokio akivaizdaus lastelinio streso.
CALR sintezé turi tik nezymy poveikj struktiiriniy ribosomos
baltymy, dalyvaujanciu baltymy transliacijoje, Sintezei.
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1. MEDZIAGOS IR TYRIMO METODAI
1.1. MEDZIAGOS
1.1.1. Plazmidés

pFGG3 — tuscias kontrolinis vektorius (konstravimas aprasSytas Slibinskas et
al., 2004);

pFGG3-MeH — indukuojamai TVH baltymo, sukelian¢io UPR-Cyto streso
atsakg mielése, produkcijai (konstravimas aprasytas (Ciplys et al., 2011));
pFGG3-MeN - indukuojamai TVN baltymo produkcijai, kuri nesukelia
streso atsako mielése, naudota kontrolei (konstravimas aprasytas (Slibinskas
et al., 2004));

pFGAL7-CRT - indukuojmai Zzmogaus CALR baltymo sintezei bei
sekrecijai. pFGAL?7 vektorius buvo gautas i§ pFGG3 vektoriaus (Slibinskas et
al., 2004) iskerpant GAL10/PYK1 promotoriy su Smal ir Xbal restrikcijos
endonukleazémis (RE). Stipresng geny raiska salygoja vienintelio GAL7
promotoriaus reguliuojama transkripcija. Genas, koduojantis pilno ilgio
laukinio tipo Zzmogaus CALR baltymo pirmtaka (GenBank prieigos nr.
M84739 kopijinés DNR sekai ir UniProtKB prieigos nr. P27797 aminorigséiy
sekai) buvo susintetintas GenScript. Sis genas buvo jklonuotas j mieliy raiskos
vektoriy pFGAL7, kur geny raiska reguliuojama galaktoze indukuojamo
mieliy GAL7 geno promotoriaus, naudojant Bcul RE. DNR manipuliacijos
buvo atliktos pagal standartines procediras (Sambrook ir Russell, 2001).
CALR geno seka pFGAL7-CRT vektoriuje buvo patvirtinta Sangerio
sekvenavimo metodu.

1.1.2. Mieliy S. cerevisiae kamienai

Kamienas AH22 pasirinktas naudoti Sios disertacijos eksperimentuose, nes jis
rutini8kai naudojamas misy laboratorijoje bei autoré yra su juo gerai
susipazinusi. Tai yra gerai iStirtas laboratorinis kamienas su pilnai
nusekvenuotu genomu.

Kamienas BY4741 naudotas tik, kaip kontrolé eksperimente su delecininiu
BY4741 ASODI kamienu.

AH22 (MATa leu2-3 leu2-112 his4-519 canl [KIL-0]);

BY4741 (MATa his341 leu2A0 met1540 ura340);

BY4741 ASOD1 (MATa his341 leu240 met1540 ura340 ASODI) (Mieliy
mutanty kolekcija);

1.1.3. Kultliry auginimo terpés
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Kieta YEPD —mieliy ekstraktas 1 %, peptonas 2 %, gliukozé 2 %, agar-agaras
2 %;

YEPD — mieliy ekstraktas 1 %, peptonas 2 %, gliukoze 2 %;

YEPG — mieliy ekstraktas 1 %, peptonas 2 %, galaktozé 2.5 %,

1.1.4. Buferiniai tirpalai ir Kiti reagentai

Ardymo buferis: 50 mM natrio fosfato (pH 7,2), 5 mM EDTA, 1 mM, PMSF.
Stiklo rutuliukai 0,5 mm diametro (BioSpec Products Inc., JAV);
Bredfordo reagentas (,,Roti-NanoQuant”, Carl Roth GmbH.);

Gliukozés koncentracijos nustatymo rinkinys (Enzytec fluid D-Glucose,
ThermoFisher Scientific);

Etanolio koncentracijos nustatymo rinkinys (Enzytec fluid Ethanol,
ThermoFisher Scientific);

2xNDS-PAGE pavyzdziy buferis: 125 mM Tris
(trishidroksimetilaminometanas)-HCI (pH 6,8), 20 % glicerolio, 8 % natrio
dodecil sulfato (NDS), 150 mM ditiotreitolo (DTT), 0,01 % bromfenolio
mélio.

4 % koncentruojancio gelio tirpalas: 24,9 % 0,5 M Tris-HCI (pH 6,8), 0,1
% NDS 10 % (svoris/turis), 10 % Akrilamido 40 % (37,5:1), 34,9 % H>O
MilliQ, 0,1 % APS 10 % (amonio persulfatas), 0.01 % TEMED (N,N,N’,N'-
Tetrametiletano-1,2-diaminas).

10 % frakcionuojancio gelio tirpalas (kultiiros augimo terpiy analizei,
Western baltymy hibridizacijai): 24,9 % 1,5 M Tris-HCI (pH 8,8), 0,1 %
NDS 10 % (svoris/taris), 24,9 % Akrilamido 40 % (37,5:1), 50 % H>O MilliQ,
0,1 % APS 10 %, 0,01 % TEMED.

12 % frakcionuojancio gelio tirpalas (antrai 2DE kryp¢iai): 24,9% 1,5 M
Tris-HCI (pH 8,8), 0,1 % NDS 10 % (svoris/tiiris), 30 % Akrilamido 40 %
(37,5:1), 44,9 % H,0 MilliQ, 0,1 % APS 10 %, 0,01 % TEMED.
NDS-PAGE buferis: 25mM Tris, 190 mM glicino (pH 8,3 25°C), 0,1 % NDS
(svoris/turis).

Geliy fiksavimo tirpalas: 50 % etanolio, 40 % H,O MilliQ, 10 % acto
rugsties.

Coomassie brilliantinis mélis R-250: 50 % etanolis, 10 % acto riigstis, 0.1
% Coomassie brilliantinis mélis R-250 (CBB R-250), 40 % H.O MilliQ.
Geliy plovimo tirpalas: 5 % etanolis, 12,5 % acto ragstis H.O MilliQ.
Geliy saugojimo tirpalas: 7 % acto riigstis H.O MilliQ.

Denatiiruojantis IEF buferis: 7 M §lapalas, 2 M tioslapalas, 2 % CHAPS
detergentas, 1 % amfolity (pH 3-10, Pharmalyte, GE Healthcare), 0,002 %
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Bromfenolio mélio ir 75 mM DTT (ditiotreitolas) (dedamas prie§ pat
naudojima).

Katodinis buferis NEPHGE pirmos krypties izoelektriniam fokusavimui:
20 g glicerolio ir 216 g Slapalo iStirpinta 170 ml distiliuoto vandens, iki 380
ml tario; tada pridéta 20 ml etilendiamino; tirpalas ruostas kaitinant iki 40°C
ant Sildanc¢ios maisyklés.

Anodinis buferis NEPHGE pirmos krypties izoelektriniam fokusavimui:
72g Slapalo istirpinta 300 ml distiliuoto vandens, iki 380 ml tiirio; tada pridéta
20 ml fosforo riigsties.

Pusiausvyrinimo buferis: 125 mM of Tris-H3PO4 (pH 6,8), 40 % glicerolio,
3 % NDS.

1.1.5. Amfolitai

Servalyt (pH 2-11) (Serva), Pharmalyte (pH 5-8) (SigmaAldrich),
Pharmalyte pH (4-6,5) (SigmaAldrich), Ampholyte aukstos rezoliucijos (pH
6-9) (Carl Roth), Ampholyte aukstos rezoliucijos (pH 3—-10) (Carl Roth).

1.2. TYRIMO METODAI

1.2.1. Mieliy kamieny transformacija

Prie§ tai paminétos plazmidés buvo naudotos transformuoti S.
cerevisiae kamienus naudojant jprastg cheminés transfromacijos LiCl metodg
(Sambrook ir Russell, 2001).

1.2.2. Lasteliy kultliry auginimo ir temperattrinés salygos

1.2.2.1. Mieliy lasteliy, naudoty palyginamiesiems proteominiams
eksperimentams, auginimo sglygos

S. cerevisiae lasteliy kultiiros buvo auginamos aeruojant 100 ml
purtymui skirtose kolbose, 20 ml YEPD terpés su 5 mM formaldehido. TVH,
CALR baltymy sintezé indukuota pakei¢iant auginimo terpg | YEPG terpg su
galaktoze. S. cerevisiae lastelés transformuotos plazmidémis su tymy viruso
H ir N genais, zmogaus CALR genu ar tusc¢iu kontroliniu vektoriumi, buvo
inokuliuotos i YEPD terpe su 5 mM formaldehido, augintos per naktj ir tuomet
re-inokuliuotos i §vieziag YEPD terpe su 5 mM formaldehido iki 0,05 ODsggo.
Lasteliy kulttros augintos 21 valandg iki terpés pakeitimo, ir dar 16-21
valandg po to, 30 °C purtant 220 rpm grei¢iu. Nucentrifiguotos lgstelés
uzSaldytos tolesniam saugojimui —70 °C.
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1.2.2.2. Mieliy Igsteliy, naudoty TVH translokacijos gerinimo eksperimente,
auginimo bei karscio Soko salygos

S. cerevisiae lasteliy kultiiros buvo auginamos aeruojant 100 ml

purtymui skirtose kolbose, 20 ml YEPD terpés su 5 mM formaldehido. TVH
sintezé indukuota pakeiciant auginimo terpe | YEPG terpe su galaktoze.
Karscio Sokas, perkeliant Igsteles j 42 °C vandens vonig 2 min ir toliau
auginant 37 °C purtykléje 220 rpm greiciu iki TVH gamybos pabaigos, buvo
taikytas skirtingais kultiros augimo momentais, prie§ ir po TVH sintezés
indukcijos. Manipuliacijy “37 °C-30 °C” atveju, kultyvavimas 37 °C po
karsc¢io Soko buvo vykdytas 3 valandas, ir tuomet kulttros perkeltos atgal j 30
°C iki TVH sintezés pabaigos. Bent viena kontrolé, kuomet Iastelés augintos
standartingje 30 °C temperatiiroje, buvo jtraukta j visus nepriklausomus
eksperimentus.
Augimo kreivés nustatymui, lgstelés sintetinanios TVH baltymg buvo
auginamos nuo OD 0,05 30 °C purtant 220 rpm grei¢iu, 72 val. Kas 2 val buvo
matuotas optinis tankis, bei imti meéginiai gliukozés bei etanolio
koncncetracijoms nustatyti.

Tam, kad jvertinti kars¢io Soko jtaka TVH translokacijai skirtinguose
lasteliy kultoros tankiuose, kultiroms buvo atliekamas kar§¢io Sokas, bei jos
buvo perkeliamos j 37 °C penkios valandos iki indukcijos, bei augintos tokioje
temperatiroje iki TVH sintezés pabaigos.

1.2.3. Kultiiros terpés méginiy paruosimas ir NDS-PAGE.

Kulttros terpé sumaisyta lygiomis dalimis su 2xXNDS-PAGE pavyzdziy
buferiu ir virta 8—10 min. Paruosti méginiai uznesti j 10 % NDS-PAGE gelio,
po 16 ul i Sulin¢lj. Geliai fiksuoti 15 min fiksavimo tirpalu ir dazyti 25 min su
Coomassie briliantinio mélio R-250 tirpalu.

1.2.4. Mieliy lasteliy lizaty méginiy paruosimas ir NDS-PAGE.

10-20 mg mieliy lasteliy buvo nucentriftiguotos i 1,5 ml mégintuvélj.
Lastelés praplautos distiliuotu vandeniu ir suspenduotos 10 tiriy ardymo
buferio. Lastelés suardytos pridedant apytiksliai lygy ttirj stiklo rutuliuky (0,5
mm diametro) ir purtant maksimaliu greic¢iu 8 kartus po 30 s, bei atvésinant
ledo vonioje 30 s po kiekvieno ardymo. Pridétas 2xNDS-PAGE pavyzdziy
buferio turis lygus naudotam ardymo buferio ttriui, ir méginys virtas 10 min.
4 pl (iki 20 pg baltymy) paruosto grubaus lgsteliy lizato méginio buvo uznesta
1 10 % NDS poliakrilamido gelj, tuomet leista NDS-PAGE buferyje, fiksuota
ir dazyta taip pat, kaip minéta anksc¢iau.
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1.2.5. Lasteliy méginiy paruosimas 2DE

300-500 mg lasteliy buvo nucentrifiguotos, iSplautos, surinktos i
stiklinj mégintuvélj bei uzsaldytos —80 °C. Po saugojimo, lastelés perkeltos j
ledo vonig ir resuspenduotos 3—10 tariuose (taris/svoris) (priklausomai nuo
eksperimento) denatiiruojanc¢io IEF buferio. Lastelés lizuotos pridedant
dviguba tiirj stiklo rutuliuky, nei buvo naudota lasteliy, ir purtant maksimaliu
grei¢iu 16 karty po 30 s, po kiekvieno karto atvésinant lasteles 10 s ledo
Vonioje, bei 30 s ant stalo. Lasteliy nuolauzos buvo pasalintos centrifliguojant
16000xg greiciu, 15 min, 16 °C temperatiiroje, bei persiurbiant nuskaidrintg
lizata | naujg meégituvélj. Méginiy koncentracijos iSmatuotos modifikuotu
Bredfordo metodu (Roti-Nanoquant, Carl Roth GmbH), bei suvienodintos
skiedziant IEF buferiu. Méginiai saugoti —80 °C.

Naudotas IEF buferis buvo tinkamas abiems 2DE metodams
naudotiems $ios disertacijos rezultatams gauti, atsizvelgiant ] gamintojy
rekomendacijas.

1.2.6. NEPHGE geliy tirpaly gaminimas

Kiekvienas amfolity ne$éjy (AN) miSinys buvo sukurtas su siauro ir
plataus pH spektro amfolitais komerciskai prieinamais tuo metu, kurie sudaré
nelinijinj pH gradienta. Musy atkurta “Naujo misinio” AN mi$inj sudaré:
Servalyt (pH 2-11) (Serva) — 1 dalis; Pharmalyte (pH 5-8) (SigmaAldrich) —
2 dalys; Pharmalyte (pH 4-6,5) (SigmaAldrich) — 3 dalys; Ampholyte aukstos
rezoliucijos (pH 6-9) (Carl Roth) — 1 dalis; Ampholyte aukstos rezoliucijos
(pH 3-10) (Carl Roth) — 1 dalis; viso 8 dalys. Sis AN miSinys buvo naudotas
pagaminti du esminius NEPHGE geliy tirpalus — skirstantjjj ir “dangtelio”
gelius, apraSytus (Klose ir Kobalz, 1995).

1.2.7. Pirmos krypties NEPHGE geliy uzpylimas

Skirstantysis ir “dangtelio” geliai buvo uzpilti vienas po Kkito
vertikaliame jrenginyje skirtame uZpilti dvisluoksnius vamzdelio formos
gelius pirmos krypties baltymy atskyrimui. Skirstantysis gelis sudaro 2/3, o
“dangtelio” gelis nuo 1/10 iki 1/20 stiklinio vamzdelio tdrio. Likusi dalis
palieckama méginio uzneSimui. 8 cm ilgio IEF geliui (11 cm vamzdelio forma)
uzpilti reikia 500 pl skirstomojo gelio su 12 pl 0,8 % APS ir 100 pl
“dangtelio” geliui su 2,5 pl 0,8 % APS (visi tirpalai prie§ naudojima
degazuojami). Uzpylus abu sluoksnius, pradiné “dangtelio” gelio
polimerizacija vyksta paliekant gelius stingti 30 min kambario temperatiiroje.
Véliau, gelio forma iS§imama i§ stovo bei, kad gelis nedehidratuoty, uzdedamas
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lasas distiliuoto vandens vamzdelio virSuje, méginio uzne§imo puséje bei
vamzdelio formos galai apvyniojami vasku ir palieckami pilnai polimerizuotis
72 valandas kambario temperatiiroje. WITA gamintojo geliai buvo pilami taip
pat, tik naudojant komerciskai prieinamus standartizuotus geliy tirpalus.

1.2.8. Pirma 2DE kryptis
1.2.8.1. Pirmos krypties baltymy atskyrimas naudojant IPG juosteles

IPG juostelés (ZOOM juostelés (pH 3—10NL), Invitrogen) buvo
naudotos IEF Invitrogen ZOOM IPGRunner sistemoje. 50 arba 100 pg
baltymy i$ grubaus mieliy Igsteliy lizato, buvo atskiesta iki 155 pl su IEF
buferiu ir uznesta ant IPG juostelés rehidratacijai per naktj. Kitg dieng, ZOOM
IPGRunner Mini-Cell Sistema buvo surinkta ir paleistas IEF naudojant
“PowerEase 500 Power Supply” (Invitrogen) sroveés Saltinj laikantis salygy:
200 V 20 min; 350 V 10 min; 500 V 4 val. Paskutinis Zingsnis buvo aukstenio
voltazo - 2000V 2 val (“Consort EV233” aparatu), pagal gamintojo
rekomendacijas. Sufokusuotos IPG juostelés buvo saugomos -80 °C. Juostelés
buvo nupusiausvyrintos prie§ pat antros krypties baltymy skirstyma,
inkubuojant pusiausvyrinimo buferyje su redukuojanciais (75SmM DTT) ir
alkilinanc¢iais (125 mM 2-jodoacetamidas (IAC)) reagentais (inkubuota
abiejuose po 15 min).

1.2.8.2. Pirmos krypties baltymy atskyrimas naudojant NEPHGE vamzdelio
formos gelius

Po pilnos polimerizacijos, pirmos krypties baltymy atskyrimas
vamzdelio formos geliuose buvo vykdytas vertikaliame elektroforezés aparate
(Klose ir Kobalz, 1995). Apatiné prietaiso talpa buvo uzpildyta 400 ml
degazuoto katodinio buferio. Vamzdeliai su geliais buvo jtaisyti aparate taip,
kad jy galai buty pasinére j katodinj buferj, ir tuomet pasalintas vandens
kamstis. 80-200 pg lgsteliy lizaty méginiy buvo sumaisyti su pasildytu (iki 50
°C) amfolity fosfatiniu buferiu su agaroze, santykiu 4:1, bei nedelsiant uznesti
1 anoding vamzdeliy pus¢ nepaliekant oro burbuly. Ant méginio virSaus
papildomai uznesta po 10 pl méginj stabilizuojancio uzlajos tirpalo (O’Farrell
et al., 1977) ir palikta sustingti 5-10 min. Po to, 400 ml degazuoto anodinio
buferio supilta | virSuting aparato talpa panardinant vamzdelius su geliais.
Pirmos krypties elektroforezés leidimo sglygos: 100 V 75 min; 200 V 75 min;
400 V 75 min; 600 V 75 min; 800 V 10 min; 1000 V 5 min. Pasibaigus
elektroforezei, cilindro formos geliai buvo Svelniai iSstumti i§ vamzdeliy |
plastikinius lovelius, $virk§to pagalba. Tuomet geliai buvo paruosti antros
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kryptiems atskyrimui inkubuojant tris kartus po 15 min pusiausvyrinimo
buferyje su 75 mM DTT, bei tris kartus po 15 min tame pac¢iame buferyje su
125 mM IAC. Nupusiausvyrinti geliai buvo saugomi —80 °C iki antros
krypties leidimo.

1.2.9. Antros krypties baltymy atskyrimas NDS-PAGE

Baltymai antroje kryptyje buvo atskirti standartine NDS-PAGE
elektroforeze, 11 % arba 12 % (svoris/tiris) poliakrilamido geliuose naudojant
Minigel-Twin aparatus (Biometra). IPG juostelés arba NEPHGE cilindro
formos geliai buvo §velniai perkelti i§ saugojimo loveliy ant koncentruojancio
poliakrilamidinio gelio virSaus ir uzlieti 0,5 % (svoris/turis) iSlydytos agarozés
tirpalu. Sustingus agarozei, antros krypties baltymy skirstymas vykdytas
salygomis: 15 mA geliui (~100 V)~ 15 min (kol dazas pasiekia skirstomaji
geli); 30 mA geliui (jtampa palaipsniui uzkyla iki 200 V limito) mazdaug 1
val, arba kol Bromofenolio daZas pasiekia gelio apacig ir iSeina j buferj.
NDS-PAGE geliai buvo fiksuojami 1 val $velniai siiibuojant kambario
temperatiiroje bei nudazyti Kumasi méliu R-250 per naktj sitbuojant
kambario temperatiiroje. Kita diena, geliai buvo paveikti daza iSimanciu
tirpalu siiibuojant 1 wval, bei toliau inkubuojami saugojimo tirpale jj
periodiskai pakeiciant iki kol dazas iSsiplaus i$ gelio.

1.2.10. Geliy skenavimas ir vaizdy analizé

1.2.10.1. Vienos krypties NDS-PAGE ir Vestern baltymy hibridizavimo
membrany vaizdiné analizé

Visi vienkrypciai geliai buvo skenuoti ImageSanner III (GE
Healthcare) skeneriu naudojant tuscia filtra, permatomu rezimu bei 300 dpi
rezoliucija. Densitometriné vienkryp¢iy geliy analizé buvo atlikta
ImageQuant TL (GE Healthcare) programa su standartiniais nustatymais.
Baltymy juosteliy intensyvumo reikSmés buvo normalizuotos pagal
atitinkamg uzneSimo kontrolés (GAPDH) arba kontrolés (30 °C) juosteliy
intensyvuma Vestern baltymy membranose.

Norint jvertinti TVH glikobaltymo kiekj translokacijos eksperimente, dviejy
~75 kDa juosteliy, atitinkanc¢iy glikozilintag TVH baltyma (taskuotos rodyklés
3 Paveiksle), tiiriai buvo susumuoti. DidZioji ~65 kDa juostelé nebuvo jtraukta
1 skai¢iavimus, nes ji atstovauja neperkelta j ET, neglikozilintg TVH pirmtaka
lokalizuota citozolyje (Ciplys et al., 2011). Glikozilinto TVH tiriai, visuose
analizuotuose variantuose buvo palyginti su kontroliniy méginiy, gauty i$
lasteliy pastoviai auginty 30 °C, tariais. Kadangi TVH glikobaltymo ir
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neglikozilinto pirmtako santykis keitési tirtose skirtingose sglygose, mes taip
pat paskai¢iavome translokacijos efektyvuma. Jis pateiktas glikozilinto TVH
procentais, nuo viso TVH aptikto tame pac¢iame méginyje.

1.2.10.2. 2DE geliy analizé

Visi dvikrypciai geliai buvo skenuoti ImageSanner III (GE Healthcare)

skeneriu naudojant tuscig filtrg, permatomu rezimu bei 300 dpi rezoliucija.
Geliy, uzpilty su misy “Nauju misiniu” ir “WITA” komerciniais tirpalais,
vaizdai buvo analizuoti BioRad PDQuest 8.0.1 2-D analizés programa pagal
gamintojo rekomendacijas. Lyginant visus gelius viena su kitu, buvo
paskaiciuotas koreliacijos koeficientas (r). Pirsono koreliacijos koeficientas
matuoja linijine dviejy kintamyjy asocijacija, ir kinta nuo -1 iki +1, o r=1
reiskia stiprig linijing asocijacija (Kirch, 2008).
Visi kiti dvikryp¢iy geliy vaizdai buvo analizuoti ImageMaster 2D Platinum
7.0 programa (GE Healthcare). Baltymy taskai buvo aptikti automatiskai
naudojant tuos pacius parametrus visiems geliams. Artefaktiniai taskai, bei
dulkés (dazniausiai prie geliy krasty) buvo rankiniu bitdu paSalintos i$
kiekvieno gelio. Tuomet buvo vykdyta palyginamoji geliy vaizdy analizgé, bei
geliai lyginti tarpusavyje atskirose grupése ir tarp grupiy. Skirtinga lasteliniy
baltymy sintezé buvo jvertinta suskai¢iuojant Kiekio pokytj — to paties tasko
tiirio, iSreikSto procentais, pokytis kartais tarp geliy. Miisy pasirinkta
slenkstiné poky¢io riba buvo 1,5 karto (0,58 1og2FC) — visuose
eksperimentuose buvo laikoma, jog baltymy tasky, kuriy tris gelyje padidéjo
arba sumazéjo 1,5 karto, sintezé skiriasi.

1.2.11. Baltymy nustatymas

Baltymy nustatymas MALDI-TOF/TOF ir LC-MSE metodais buvo
atliktas, Biochemijos instituto Proteomikos centre (Gyvybés moksly centras,
Vilniaus universitetas, Vilnius, Lietuva).

1.2.11.1. Méginio paruo$imas ir baltymy nustatymas MALDI-TOF/TOF
masiy spektrometrijos metodu

IS gelio iSpjauti baltymy taskai minimi skyriuose 2.1. ir 2.2. buvo
identifikuoti naudojant tripsino — peptidy masiy pirSty antspaudy metoda
(Hellman et al., 1995). Baltymy taskai buvo i$pjauti i§ gelio ir susmulkinti
1x1 mm gabaléliais. Gelio gabaléliai buvo nublukinti 200 ul 25 mM amonio
bikarbonato 50 % acetonitrilo (ACN) tirpale, dehidratuoti ACN ir inkubuoti
su 40 pl 10 ng/ul tripsino tirpalo 25 mM amonio bikarbonate per naktj 37 °C
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temperattiroje. Kitg diena, peptidai ekstrahuoti su 2 x 100 pl 5 % trifluoracto
rugstimi (TFR), liofilizuoti ir istirpinti 3 pl 0,1 % TFR, 50 % ACN tirpale.
Meéginiai buvo uznesti ant 384 Sulinéliy MALDI plokstelés. 0,5 pl méginio
buvo wuzlieti 0,5 pl matrikso (alpha-ciano-4-hidroksicinnamono riigstis,
4 mg/ml 50 % ACN su 0,1 % TFR).

Baltymai buvo identifikuoti matriksu asistuotos lazerinés
desorbcijos/jonizacijos (MALDI) masiy spektrometrija, naudojant 4800
MALDI TOF/TOF masiy spektrometra (AB/Sciex). Peptidy masiy spektrai
buvo gauti reflektoriaus teigiamy jony reZzimu, 800-4000 Da m/z diapazone,
400 lazerio Suviy buvo susumuoti kiekvienam méginiui su £50 ppm masés
tikslumu. MS/MS spektrai dominuojantiems peptidams buvo gauti
pozityviame reZime, bei jony susidiirimy energija buvo nustatyta iki 1 keV,
500 lazerio $tiviy buvo surinkta kiekvienam spektrui su +£0,1 Da masés
tikslumu. Baltymai nustatyti TrTEMBL duombazéje (3-23-10 laidos) naudojant
Mascot algoritma.

1.2.11.2. Méginio paruo$imas ir baltymy nustatymas LC-MSE metodu, nuo
duomeny nepriklausomos analizés (angl., Data-Independent
Aquisition, DIA) rezimu

Baltymy taskai iSpjauti i§ geliy, ta¢iau identifikuoti LC-MSFE (Skyrius

2.4.) buvo paruosti pagal (Shevchenko et al., 2006).
Visos mieliy proteomoS méginiai buvo suskaldyti tripsinu pagal FASP
protokolg aprasyta (Wisniewski et al., 2009). Méginiai buvo atskiesti 8 M
Slapalu, tada du kartus praplauti §lapalu ir alkilinti 50 mM jodoacetamidu (GE
Healthcare Life Sciences). Baltymy koncentratoriai buvo du kartus iSplauti
Slapalu ir du kartus su 50 mM NHsHCOs. Baltymai skaldyti TPCK tripsinu
20233 (Thermo Scientific) per naktj. Po to, peptidai surinkti i§ koncentratoriy
centrifiiguojant 14000 xg 10 min ir papildomai eliuoti 20 % CHsCN. Eliucijos
frakcijos sumaisSytos, nurtigstintos 10 % CFsCOOH ir liofilizuotos
vakumingje centriftigoje. Liofilizuoti peptidai iStirpinti 0,1 % skruzdziy
rugstyje.

Skys¢iy chromatografija (SC) buvo atlikta naudojant Waters Acquity
itin auks$to nasumo SC sistema (Waters Corporation). Peptidy atskyrimui buvo
naudota ACQUITY UPLC HSS T3 250 mm analitiné kolonélé. Duomenys
buvo gauti naudojant Synapt G2 masiy spektrometrg ir Masslynx 4.1
programing jrangg (Waters Corporation) pozityviy jony rezime naudojant nuo
duomeny nepriklausomg jgijima (angl., Data-Independent Aquisition (DIA)),
susietg su jony judrumo atskyrimu (angl., ion mobility separation, IMS,
UDMSE) (Distler et al., 2014). Zvalgomajam nuskaitymui, masés réZiai buvo
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50-2,000 Da, su 0,8 s nuskaitymo laiku. Neapdoroti duomenys yra prieinami
MassIVE saugykloje, identifikacinis kodas MSV000088879. Jie taip pat buvo
visuotinai pakoreguoti naudojant dvigubai jkrauta [Glul]-fibrinopeptido B
(m/z 785.8426; [M*?)?*) jong ir 0,25 Da tolerancijos langg. Neapdoroti
duomenys buvo apdirbti ProteinLynx Global SERVER (PLGS) versija 3.0.1
(Waters Corporation, UK) Apex3D ir Pep3D algoritmais, norint sugeneruoti
pirmtaky masiy saraSus ir asocijuoty jony produkty masiy saraSus tolesnei
baltymy identifikacijai ir kiekybiniam jvertinimui. Smailiy sarasai buvo
sugeneruoti naudojant Siuos parametrus: (i) Zemos energijos slenkstis buvo
nustatytas iki 150 skaiCiavimy, (ii) pakeltos energijos slenkstis buvo 50
skai¢iavimy, (iii) intensyvumo slenkstis buvo nustatytas iki 750 skaic¢iavimy.
Paieska duomeny bazése buvo vykdyta PLGS paieskos varikliu naudojant
automating peptidy ir fragmenty tolerancija, minimaliai 1 fragmenty jony
atitikmenj per peptida, bei 3 per baltyma, klaidingy atradimy rodiklis (angl.,
False Discovery Rate, FDR) < 4%. Kaip karpanti proteazé buvo naudotas
tripsinas, buvo toleruojama vieno praleisto kirpimo klaidy darymo riba.
Cisteiny karbamidometilinimas buvo nustatytas, kaip fiksuota modifikacija, o
metioniny oksidacija, buvo nustatyta, kaip variabili modifikacija. Baltymy
nustatymui buvo naudotos UniprotKB/SwissProt S. cerevisiae duombazés
(2020-09-24) su jaucio tripsinu (TRY1 BOVIN). Kiekybinis baltymy be
etike¢iy (angl., label-free) nustatymas buvo vykdytas naudojant TOP3
metodg. TOP3 intensyvumas buvo apskaiCiuotas, kaip vidutinis trijy
geriausiai besijonizuojanciy peptidy vidurkis, naudojant ISOQuant (Kuharev
et al., 2015). Maksimalus nustatytas baltymy nustatymo klaidingy atradimy
vidurkis (angl., FDR) buvo 1%. Prie$ skai¢iuojant baltymy raiskos pokytj
kartais, duomenys buvo Log2 transformuoti. Baltymy raiskos pokycio log2
bei p-reik§més buvo apskaifiuotos naudojant Bayes algoritmg i§ limma
Bioconductor paketo. Suskai¢iuotos p-reik§Smés yra Benjamini-Hochberg
procediira pakoreguoti klaidingy atradimy vidurkiai.
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2. REZULTATAI IR JU APTARIMAS

Sio darbo rezultatai pristatomi keturiuose atskiruose skyriuose pagal atlikto
darbo eiliSkumg. Pirmame skyriuje pristatomas IPG ir NEPHGE pirmos
krypties baltymy atskyrimo techniky palyginimas dvikryptés elektroforezés
eksperimente tiriant UPR-Cyto lastelinj atsaka sukelta TVH baltymo gamybos
mielése S. cerevisiae. Sekanc¢iame skyriuje, aprasomas karscio Soko poveikis
TVH baltymo translokacijai. Tre¢iajame skyriuje supazindinama su AN
miSinio, bei geliy tirpaly skirty NEPHGE 2DE atkiirimo rezultatais, o
ketvirtajame skyriuje bus pristatomi zmogaus CALR baltymo auksto lygio
sekrecijos, palyginamosios proteominés analizés rezultatai.

2.1. IPG ir NEPHGE pirmos krypties baltymy atskyrimo techniky
palyginimas dvikryptés elektroforezés eksperimente tiriant UPR-Cyto
lastelinj atsakg sukelta TVH baltymo sintezés S. cerevisiae mielése

Sio tyrimo tikslas buvo tiesiogiai palyginti IPG ir NEPHGE pirmos
krypties baltymy atskyrimo technikas 2DE, naudojant tuos pacius méginius
bei identiskas antros krypties leidimo salygas. Pirmos krypties atskyrimui IPG
juostelémis, mes pasirinkome Invitrogen “ZOOM IPGRunner” sistema. Si
mini gelio 2DE sistema pasizymi paprastumu, nedidele kaina, o IEF gelio ilgis
(7 cm), bei pavyzdziy buferis suderinami su “WITAvision” NEPHGE 2DE
sistema. Yra zinoma, kad komerciskai prieinamy IPG juosteliy baltymy
atskyrimo rezoliucija gali Zenkliai skirtis, priklausomai nuo gamintojo
(Taylor ir Coorssen, 2006). Reikty pabrézti, jog miisy rezultatai reprezentuoja
tik Invitrogen IPG 2DE juosteles.

Anksciau atlikti IPG ir NEPHGE techniky palyginimai, buvo atlikti
analizuojant istisas proteomas (Nawrocki et al., 1998; Nowalk et al., 2006).
Siame darbe, mes atlikome skirtingos baltymy sintezés proteominj tyrima,
naudodami abejas IEF technikas placiame (pH 3-10) pH diapazone, tiriant
UPR-Cyto lastelinio streso atsaka S. cerevisiae mielése. Gauti rezultatai buvo
palyginti su miisy ankstesnio, to paties fenomeno, tyrimo rezultatais gautais
naudojant Invitrogen siauro pH diapazono (pH 4-7) IPG juosteles (Ciplys et
al., 2011). Masy rezultatai rodo, jog NEPHGE 2DE metodas yra tinkamesnis
metodas baziniy baltymy analizei bei ryskiausias to jrodymas, yra stipriai
bazinio baltymo Sis1p kiekio pokyc¢io nustatymas NEPHGE 2DE, bet ne IPG
2DE. Rugstiniame pH diapazone abi Sios technikos pasirodé lygiavertes su kai
kuriais specifiniais privalumais bei trikumais. Mes tikimés, jog $is misy
atliktas tyrimas leis kitiems mokslininkams lengviau pasirinkti tinkamiausia
2DE sistemg proteominiams eksperimentams.
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Pastaba: IPG 2DE buvo atlikta E. Ciplio; geliy analiz¢ atliko R.
Slibinskas; statisting analiz¢ atliko R. Razanskas; NEPHGE 2DE atliko
disertacijos autoreé.

2.1.1. Protokoly apzvalga

Tie patys lasteliy lizaty méginiai i§ mieliy gaminan¢iy TVH arba TVN
baltymus, bei kontroliniy Igsteliy (transformuoty tus¢iu pFGG3 vektoriumi),
buvo sufokusuoti placiame pH diapazone (pH 3-10) IPG (Invitrogen)
juostelése bei NEPHGE pirmos krypties geliuose, uzpiltuose pagal gamintojo
(WITA) rekomendacijas. Po nupusiausvyrinimo, juostelés bei vamzdelio
formos geliai buvo perkelti ant NDS-PAGE antros krypties geliy ir leisti
identiSkomis sglygomis “Biometra” sistemoje. Antros krypties NDS-PAGE su
tolesniais geliy dazymo, skenavimo bei vaizdy analizés Zingsniais, buvo
vykdyta identiSkai. Todél, pagrindinis skirtumas tarp IPG ir NEPHGE
pagristos 2DE, buvo pirmos krypties izoelektrinis fokusavimas, bei Siek tiek
skirtingas pusiausvyrinimo protokolas (IPG juostelés buvo nupusiausvyrintos
po, o NEPHGE geliai pries, saldymg —70 °C). Tai leido tiesiogiai palyginti
pirmos krypties IPG ir NEPHGE technikas, nes visi kiti parametrai, saglygos
bei méginiai buvo vienodi abiejuose eksperimentuose.

2D geliy vaizdy pavyzdziai pademonstruoti paveiksluose 1 ir 2, o
bendra kiekybiné IPG ir NEPHGE metodais atskirty baltymy analizé bei $iy
duomeny bandomasis palyginimas su konkreciu biologiniu eksperimentu
(Ciplys et al., 2011) apibendrintas 1 lenteléje.
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1. Paveikslas Mieliy lizaty 2DE naudojant IPG (A-C) ir NEPHGE (D-F) technikas, uzne$us
standartinj baltymy kiekj. Mieliy lasteliy lizaty, transformuoty kontroliniu tuséiu vektoriumi,
bei gaminan¢iy TVH ir TVN baltymus, méginiai buvo uznesti ant IPG juosteliy (50 pg baltymy
kiekvienai juostelei) ir NEPHGE geliy (30 pg baltymy kiekvienam geliui). Apytikslés pl
reikSmés suzymétos paveikslo apacioje (pH 3-10 gradientas naudotas abiem atvejais).
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Briksniuotos linijos Zymi apytiksle neutralaus pl 7,0 riba, kuri atskiria rogstinius (kairéje
puséje pl <7) ir bazinius (deSinéje puséje, pl > 7) baltymy taskus. Baltymy molekulinio svorio
standartai (M) uznesti j IPG 2DE gelius, jy masés pazymétos desingje paveikslo puséje (kDa).
Rodyklés rodo i baltymy taskus aprasytus 8 lenteléje. Vientisos rodyklés zymi taskus
identifikuotus musy ankstesniame darbe (Ciplys et al., 2011), tuo tarpu punktyrinés rodyklés
zymi taskus identifikuotus MS Siame darbe. Kiekybiné kiekvieno pazyméto tasko analizé
pateikta 1 lenteléje.

Kontrolé

OUu-—

mOITMZ

2. Paveikslas. Mieliy lizaty 2DE naudojant IPG (A-C) ir NEPHGE (D-F) technikas, uzneSus
dvigubg baltymy kiekj. Mieliy lgsteliy lizaty, transformuoty kontroliniu tus¢iu vektoriumi, bei
gaminanc¢iy TVH ir TVN baltymus, méginiai buvo uznesti ant IPG juosteliy (100 pg baltymy
kiekvienai juostelei) ir NEPHGE geliy (100 pg baltymy kiekvienam geliui). Paveiksle
pateikiamas originalus vienos visy varianty replikos vaizdas (visi geliai skenuoti paraleliai tuo
paciu metu). Legenda tokia pati, kaip 1 Paveiksle.
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1 Lentelé. Kiekybiné skirtinga sinteze pasizyméjusiy baltymy analizé 2DE
metodu, naudojant plataus (pH 3-10) (8is darbas) bei siauro (pH 4-7)
(ankstesnis darbas (Ciplys et al., 2011)) diapazono 2DE platformas.

Nr.!  Nr.!? IPG 4-7* IPG 3-10° NEPHGE 3-10°

Standartinis® Dvigubas® Standartinis® Dvigubas®

a 1 SSA12  24£02  1.6=0l 16=04 26%03 2,0£02
b 2 SSA1/2
c 3 SSA4
d 4 KAR2 3804  27%05 1804 90£31 25%02
- 5 SSE1 2302  14=03 1807 22:08 17=0,1
f 6 HSCS82 2.1%03 2002 2110 sz sis

6 HSPS2
g

7 ENO2 15202 14203 1102 13202 1,101
h NI ssA12’ 22203 1501 1.1£0.1 16203 2104
28 NA. GPM1 NA. 22+13 0702 1303 1.0£01
18 NA. SISt NA. = = 26=04 22£02

! Raidés zymi baltymus pasizyméjusius skirtinga sinteze Siame eksperimente (Paveikslai 1 ir
2).

2Tie patys baltymy taskai suzyméti skaiciais ankstesniame darbe (Ciplys et al., 2011).
3Baltymo pavadinimas i§ Saccharomyces genomo (SGD) bei mieliy baltymy (YPD)
duombaziy. TaSkai 1 ir 2 Zymi panasiy baltymy Ssal ir Ssa2 (97% identiskumas) miSinj,
nezinomu santykiu (ziaréti (Ciplys et al., 2011)).

4Lasteliniy baltymy skirtingos raiSkos pokytis kartais TVH gaminanciose bei kontrolinése
lastelése, nustaytas ankstesnio tyrimo metu naudojant pH4—7 IPG 2DE sistema (Invitrogen)
(Ciplys etal., 2011).

5Ty paciy baltymy baltymy sintezés pokytis kartais, nustatytas i$ nepriklausomy eksperimenty
atlikty Siame darbe naudojant pH3—10 IPG juosteles (Invitrogen); ~50 pug mieliy lasteliy lizato
baltymy buvo uznesta ant IPG juosteliy standartinio eksperimento metu, bei ~100ug buvo
uznesta dvigubo eksperimento metu.

6Ty paciy baltymy sintezés pokytis kartais, nustatytas i$ nepriklausomy eksperimenty atlikty
Siame darbe naudojant pH3—-10 NEPHGE pirmos krypties gelius (WITAvision); ~30 pg mieliy
lasteliy lizato baltymy buvo uznesta ant NEPHGE geliy standartinio eksperimento metu, bei
~100 pg buvo uznesta dvigubo eksperimento metu.
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"Neidentifikuotas (N.I.) taskas praeito eksperimento metu, nes padidintas $io baltymo kiekis
buvo rastas tik lastelése gaminanciose TVH, bet ne TVN baltyma (biosintezés pokytis kartais
TVH/kontrolinése lgstelése nustatytas IPG4-7 sistema, Cia pateikiamas i§ nepublikuoty
duomeny).

89 ir | Zymi bazinius baltymy taskus (pI > 7), kurie nebuvo analizuoti ankstesnio eksperimento
metu pH4-7 platforma (N.A. — neistirtas). Nepriklausomai nuo to, taskas “?” rodé¢ netikra
raiskos pokytj (“artefakta”) IPG sistemoje (nepatikimi sintezés pokyciai matomi dél didelio
klaidy diapazono), Siame tyrime jis identifikuotas, kaip fosfoglicerato mutazé 1 (Gpmlp).
Baltymas Sislp Siame darbe identifikuotas naudojant NEPHGE 2DE sistema, bei nebuvo
aptiktas naudojant IPG 2DE metoda.

2.1.2. Baltymy tasky atsikartojamumas

Palyginamojo proteominio 2DE pagristo eksperimento metu geliai
buvo dazomi Kumasi méliu, kuris nepasizymi auksta skiriamaja geba, todél
kai standartinio eksperimento metu uzne$¢éme po 50 pg baltymy ant IPG
juosteliy (pagal gamintojo rekomendacijas), bei po 30 pg baltymy ant
NEPHGE geliy (dél méginio uzne§imo tirio apribojimy) mums pavyko
i8skirti tik apie 100 baltymy tasky gelyje (ziiiréti 1 Paveiksla). Kadangi $is
rezultatas neleido kokybiskai jvertinti pokyCiy lastelés proteomoje,
eksperimenta pakartojome uzneSant dviguba baltymy kiekj (~100 pg).
Atskirty baltymy kiekis geliuose zenkliai padidéjo — aptikome apie 400
baltymy tasky IPG 2DE geliuose, bei apie 500 taSky NEPHGE 2DE geliuose
(ziuréti 2 Paveiksla).

Uznesty ir aptikty baltymy tasky palyginimas atskleidé, jog IPG 2DE
geliuose matomas 1/3 baltymy praradimas. IPG atveju prarandami daugiausiai
baziniai baltymai. Ir nors ragstiniy baltymy kiekis yra panaSus IPG ir
NEPHGE variantuose, NEPHGE 2DE geliuose aptinkama dvigubai daugiau
baziniy baltymy.

IPG metodas taip pat nepasizymi duomeny atsikartojamumu —
skirtinguose eksperimentuose yra pametami skirtingi baltymai, bei tik pusé
baziniy baltymy (~44 % standartinio, bei ~51 % dvigubo kiekio
eksperimentuose) atsikartoja. Taigi apibendrinus, IPG metodu galima
kiekybiskai jvertinti tik ~50 % baltymy. Tuo tarpu, NEPHGE metodas
pasizymi beveik 90 % atsikartojamumu bazinéje puséje. Rigstinéje gradiento
puséje standartinio kiekio eksperimente IPG metodas pasirodé geriau —
atsikartojo >80 % baltymy, taciau padidinto baltymy kiekio eksperimente,
NEPHGE metodas efektyviai atskyré baltymus ir riigStinéje puséje, kas
padidino jo bendrg baltymy tasky atsikartojamuma iki ~87 %, lyginant su ~68
% IPG 2DE. Taip pat, prastas baltymy tasky fokusas IPG geliy riigstinéje
puséje rodo, jog IPG juostelés galimai buvo perkrautos.
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2.1.3. Baltymy tasky kokybé bei pirmos krypties geliy talpa

Visy analizuoty 2DE geliy baltymy tasky kokybé buvo jvertinta
atsizvelgiant | jy forma, bei iS§lenktuma naudojantis vaizdy analizés programa
ImageMaster 2D Platinum 7.0 (GE Healthcare). Standartinio eksperimento
metu, [PG 2DE geliai pasizyméjo geresnés kokybés taskais riig§tinéje puseje,
0 NEPHGE 2DE - bazingje puséje. UzneSus padidintg baltymy kiekj, Sis
rezultatas drastiskai pasikeité, nes IPG 2DE geliuose Zenkliai padidéjo prastos
kokybés baltymy tasky, o NEPHGE 2DE geliuose baltymy tasky bendra
kokybé pakilo. Tai dar kartg patvirtina, jog IPG geliai yra perkraunami
uzne$us padidintg baltymy kiekj. Tuo tarpu, naudojant NEPHGE 2DE
metoda, 100 pg uznesty baltymy kiekis yra beveik optimalus patikimam
aukstos kokybés tasky atskyrimui. Atsizvelgiant j [PG juosteliy ir NEPHGE
geliy turius, galima teigti, jog NEPHGE geliai turi ~5 kartus didesne baltymy
talpa.

2.1.4. Bendras IPG ir NEPHGE pagristy 2DE metody palyginimas

Atsizvelgiant | visus gautus duomenis, NEPHGE pagristas 2DE
metodas atrodo pranaSesnis sudétingy baltymy mi$iniy analizei pla¢iame pH
diapazone (pH 3-10). IPG pagrjsta 2DE yra pranasesné atskiriant nedidelj
kiekj baltymy riigstinéje puséje, taCiau prastai atskiria bazinius baltymus.
Akivaizdu, kad atliekant IPG 2DE su standartiniu baltymy kiekiu, atskirty
baltymy skaiCius yra per Zemas, norint tyrinéti sudétingus baltymy miSinius,
o uzneSus padidintg kiekj IPG juostelés perkraunamos, prarandama dalis
baltymuy, bei suprastéja baltymy tasky kokybé. Tuo tarpu, NEPHGE metodas
geriau atskiria ne tik bazinius baltymus uznesus nedidelj jy kiekj, bet ir yra
visokeriopai pranasesnis analizuojant didesnj baltymy kiekj dél Zymiai
didesnés baltymy talpos, bei geresnés baltymy tasky rezoliucijos. Sie
duomenys leidzia teigti, jog NEPHGE pagrista 2DE yra labiau tinkamas
metodas mieliy proteomos analizei. RysSkiausias to pavyzdys yra, jog
NEPHGE pagrijsta 2DE atskleidé pasikartojancig ir statistiSkai reik§Sminga,
smarkiai bazinio bei labai negausaus baltymo Sis1p, dalyvaujanc¢io UPR-Cyto
atsake skirtingg sintezés lygj, 0 IPG pagrjsta 2DE analizé to nesugebéjo.
Akivaizdu, kad tokiy sudétingy baltymy méginiy, kaip proteomos, analizei,
yra bitinas jautrus metodas pasizymintis atsikartojamumu tam, kad suteikty
kuo daugiau vizualinés informacijos apie visus lgstelinius baltymus. Misy
rezultatai rodo, jog NEPHGE pagrjsta 2DE ir yra tam tinkamas metodas.

2.2. Karsc¢io Sokas esant didesniam lgsteliy kultiiros tankiui pagerina tymy
viruso hemagliutinino baltymo translokacija S. cerevisiae
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Nors S. cerevisiae mielés yra pladiai naudojamos rekombinantiniy
baltymy gamybai bei sugeba atlikti potransliacines baltymy modifikacijas,
taciau zmogaus virusy pavirSiniy glikoproteiny bei kity sudétingy zinduoliy
baltymy sintezé Siame modeliniame organizme vis dar yra labai apsunkinta.
Ankstesniais tyrimais buvo parodyta, kad aktyvaus TVH baltymo gamyba
mielése S. cerevisiae yra neefektyvi dél butelio kaklelio efekto baltymo
pirmtaky translokacijoje | ET, bei UPR-Cyto atsako indukcijos. UPR-Cyto
lastelinis streso atsakas indukuoja baltymy susijusiu su kar$c¢io Soko atsaku,
sinteze¢ (Ciplys et al., 2011). Temperatiira reguliuojamy Saperony aktyvavimas
siilo, kad pati kultiros auginimo temperatira gali turéti jtakos
rekombinantiniy baltymy gamybai. Aplinkos poky¢iai, tokie, kaip
temperatira, maisto medziagos, oksidacija, pH bei osmoliariskumas, jprastai
indukuoja drastiskus daugelio mieliy geny raiskos poky¢ius (Causton et al.,
2001). Potencialiai, bet kurios i$ §iy salygy gali biti panaudotos jtakoti
rekombinantinio baltymo biosinteze. Sio darbo tikslas buvo pagerinti TVH
translokacijg S. cerevisiae mielése, kei¢iant kulttiros augimo sglygas.

Rekombinantinis TVH yra patogus modelis translokacijos j mieliy ET
efektyvumui jvertinti. Sintetinamas mielése, Sis baltymas randamas
neglikozilinto pirmtako (~65 kDa), bei N glikozilinto TVH baltymo (~75
kDa) formose, kurias lengva atskirti Vestern baltymy hibridizacijos metodu.
Neglikozilinti TVH pirmtakai yra lokalizuoti citozolyje, kur kartu su
citozoliniais mieliy baltymais formuoja netirpius agregatus (Ciplys et al.,
2011), tuo tarpu glikozilintas TVH baltymas atstovauja baltyma translokuota
i ET (Ciplys et al.,, 2011). Tokiu bidu, TVH glikobaltymo kiekis rodo
translokacijos apkrova, o N-glikozilinto TVH santykis su visu TVH baltymo
kiekiu, rodo translokacijos efektyvuma.

Siame darbe mes tyréme kar$éio $oko bei Igsteliy kultiiros tankio jtaka
rekombinantinio TVH translokacijai. Kar§¢io Soko taikymas didesnio tankio
lasteliy kultarai, su tolesne baltymo biosinteze 37 °C, pagerino tiek
translokacijos efektyvuma, tieck TVH glikobaltymo kiekj 3 kartus. Toliau seké
NEPHGE pagrista 2DE analizé siekiant identifikuoti gausius lastelinius
baltymus, kuriy sintezés poky¢iai koreliuoja su pageréjusia TVH translokacija
1 ET. Tolesniam rekombinantiniy baltymy gamybos mielése gerinimui,
identifikuoti 15 Igsteliniy baltymy-taikiniy

2.2.1. Karscio Soko bei lgsteliy kultiiros tankio jtaka rekombinantinio TVH
baltymo translokacijai j mieliy ET

Siame darbe naudota galaktoze indukuojama raiskos sistema suteikia
platy langg pasirinkti kars¢io Soko taikymo laika, bei trukme¢. Mes taikéme
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karsc¢io Soka jvairiais laiko momentais prie§ rekombinantio baltymo sintezés
indukcijg, o tuomet perkeldavome lasteliy kultirg j 37 °C tolesniam
auginimui. Didziausig glikozilinto TVH kiekio padidéjima nustatéme, kuomet
karscio Soka atlikome 5 valandos iki TVH sintezés indukcijos, bei toliau
lasteles auginome 37 °C. Tokios salygos padidino glikozilinto, j ET
translokuoto TVH kiekj 3 kartus, lyginant su kontrolinémis lastelémis
nuolatos augintomis 30 °C. Kitos kars¢io Soko taikymo salygos parodé
silpnesnj efekta, o mieliy lgsteliy perkélimas j 20 °C, vietoje 37 °C, sumazino
glikozilinto TVH kiekj 4-5 kartus. Duomeny apie aukstesniy temperatiiry
itaka rekombinantiniy baltymy sintezei yra labai mazai, ta¢iau buvo parodyta,
kad pakelta temperattra padidino hipertermofilinio fermento kiekj iki 440 %
S. cerevisiae lastelése (Smith et al., 2005). Mes manome, kad teigiamas
kar§¢io Soko efektas rekombinantiniy baltymy gamybai nebuvo pastebétas,
nes tyrimai daugumaoje buvo atliekami ankstyvojoje ar vidurinéje logaritminio
augimo fazése, kuriose glikozilinto TVH kiekis taip pat nepadidéjo.

Temperatiiriniy eksperimenty metu mes pastebéjome, kad glikozilinto
TVH kiekio padidéjimui jtakos turi ne tik kar$¢io Sokas, bet ir tai kokiame
lasteliy kultiiros tankyje jis buvo taikytas. Sis pastebéjimas atskleidé, jog ne
tik kars¢io Soko taikymo trukmé, bet ir mieliy kultGros augimo fazé gali turéti
jtakos translokacijos efektyvumui.

Tam, kad nustatyti miisy naudojamy mieliy kamieno augimo fazes, mes
iSmatavome kultiiros optinj tankj, gliukozés bei etanolio koncentracijas bei
sudaréme augimo kreives. Tuomet jvairiose kultiiros augimo fazése taikéme
anksciau atrinktas kar$¢io Soko salygas, ir radome, kad karscio Sokas pagerina
TVH translokacija didesnio tankio kultiirose. Santykinis glikozilinto TVH
kiekis padidéjo 3 kartus, kuomet kars$cio Sokas buvo taikytas vélyvosiose
gliukozés ir etanolio fazése.

Glikozilinto TVH baltymo santykinio kiekio lyginimas su
kontrolinémis lastelémis augintomis 30 °C, neapima neglikozilinto TVH
baltymo kiekio jvertinimo. Todél, mes taip pat jvertinome translokacijos
efektyvuma, kaip santykj tarp glikozilinto ir bendro TVH kiekio.
Apibendrinus, karscio Sokas pagerina TVH translokacijg didesniuose kultiros
tankiuose. Taciau, translokacijos efektyvumas ne visuomet koreliavo su
glikozilinto TVH kiekio padidéjimu. Translokacijos efektyvumas padidéjo 2
kartus vélyvojoje gliukozés fazéje, bei tik ~25 % vélyvojoje etanolio fazéje,
nors Siame taske fiksuotas didziausias glikozilinto TVH kiekis. DidZiausias
translokacijos efektyvumas buvo stebétas diauksinés kaitos fazéje, tac¢iau Siam
rezultatui jtakos turéjo bendras neglikozilintos TVH formos kiekio
sumaz¢jimas.
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Literattiroje apraSomas panaSus efektas, kur kar§¢io Soko atsakas (angl.
Heat Shock Response, HSR) pagerino heterologinio baltymo sekrecijg S.
cerevisiae (Hou et al., 2013). Straipsnio autoriai stipriai padidino mutantinio
HSF1 geno, kuris konstitutyviai aktyvuoja kars$¢io Soko atsaka lasteles
auginant 30 °C, raiska ir tai Zenkliai pagerino heterologinés a-amilazes iSeiga.
Miisy rezultatai rodo, kad viena i§ priezasCiy kodél karsc¢io Soko atsakas
pagerina baltymy sekrecija, gali buti padidéjes translokacijos greitis. Tai
sutampa su anksciau publikuotais jrodymais, kad karS¢io Soko atsakas
palengvina naujy polipeptidy translokacija j ET (Liu ir Chang, 2008). Zinoma,
misy taikytas karS¢io Sokas skiriasi nuo konstitutyvaus karscio Soko atsako
(Hou et al., 2013), tadiau abi studijos rodo, kaip kar$¢io Sokas gali biti
pritaikytas norint pagerinti heterologiniy baltymy biosinteze S. cerevisiae
mielése.

Atrinke karS¢io Soko taikymo salygas, kurios 1émé didziausig
glikozilinto TVH kiekj, atlikome papildoma nepriklausomg eksperimenta,

leidusj patvirtinti gautus rezultatus (3 Paveikslas).
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3 Paveikslas. Rezultaty patvirtinimas papildomu nepriklausomu eksperimentu. Grubus Iasteliy,
gaminanc¢iy TVH (H) baltymy bei kontroliniy lasteliy transformuoty tusc¢iu vektoriumi (K),
lizatai buvo analizuoti NDS-PAGE (virSuje) ir Western baltymy hibridizavimo (apacioje)
metodais. Kolbos su Iasteliy subkultiiromis gautomis i$ tos pacios pradinés kultiiros buvo
augintos paraleliai iki 10 arba 25 ODsgoo kultiiros tankiy. Tuomet lasteliy kultiiros buvo perkeltos
i kars¢io Soko salygas (42 °C 2 min) ir toliau augintos 5 valandas 37 °C iki kultGros augimo
terpés keitimo. Pakeitus terpe lastelés toliau augintos 37 °C iki TVH sintezés pabaigos. TVH
kiekis “10 OD 30 °C” lastelése buvo prilygintas 100 %, ir nuo jo skaiciuotas TVH kiekio
pokytis kitose salygose.
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2.2.2. Lasteliniy baltymy, kuriy kiekio poky¢iai koreliuoja su pagerinta TVH
translokacija, identifikavimas

Norint nustatyti, kurie lgsteliniai baltymai gali biti susij¢ su
efektyvesne TVH translokacija, mes atlikome palyginamaja, IPG ir NEPHGE
2DE pagrjsta, proteoming analize. Siam tikslui noréjome i$analizuoti mieliy
lasteliy kultiros augimo saglygas, kuomet TVH translokacija yra pati
efektyviausia, bei saglygas kuomet translokacija neefektyvi, kas leisty nustatyti
stipriausius pokycius proteomoje. Mes nustatéme, kad kuomet mieliy Iasteliy
kultiira buvo perkeliama j 20 °C vélyvojoje diauksinés kaitos fazéje, su tolesne
indukcija ir auginimu toje pacioje temperatiiroje, TVH translokacija buvo
beveik pilnai nuslopinta. Glikozilinto TVH kiekis buvo 80 karty didesnis, o
o translokacija 60 karty efektyvesné tarp lasteliy auginty 20 °C ir 37 °C. Sis
drastiSkas pokytis leido mums iSanalizuoti gausiy mieliy baltymy proteoma,
kai TVH translokacija buvo ,,jjungta® arba ,,i§jungta“.

Abiejomis 2DE technikomis buvo analizuoti viso devyni
eksperimentiniai  variantai (mielés gaminancios TVH, TVN, bei
transformuotos tusciu vektoriumi, kiekvienas variantas augintas 20 °C, 30 °C
ir 37 °C). Pasirinktomis salygomis apie 20 % gausiausiy lasteliniy baltymy
tasky, pasizymeéjo skirtingu sintezés lygiu. NEPHGE pagrjsta 2DE patikimiau
atskyré baltymy taskus, todél baltymai buvo identifikuojami i§ Siuo metodu
gauty geliy. Lyginant ,,jjungta“/“iSjungta® salygas, tripsinizuoty peptidy
masiy pirsty antspaudy metodu (angl. tryptic peptide mass fingerprinting),
buvo identifikuota 40 baltymy tasky. Atmetus dalinai degraduotas formas,
izoformas bei mazai tikétinus baltymus, like ~15 lasteliniy baltymy buvo
pasirinkti, kaip galimai susije¢ su pageréjusia TVH translokacija. Remiantis
literatiira, keturi i§ jy laikomi pagrindiniais taikiniais. Nors Siame tyrime
kiekybiSkai analizavome tik gausius lgstelinius baltymus, mes manome, kad
stipri virusiniy baltymy gamyba turéty biiti lydima ir palyginamai stipresne
lasteliniy baltymy sinteze. Taip pat, ypa¢ gausis Igsteliniai baltymai tarnauja,
kaip biologiniy procesy zymenys bei parodo galimus mechanizmus susijusius
su heterologiniy baltymy translokacija abiejose ET membranos pusése.

Pirmasis kars¢io Soko paveiktas ir TVH translokacijg pagerinantis, gali
biiti pats translokacijos mechanizmas. IS visy identifikuoty galimai susijusiy
su TVH translokacija baltymy, Kar2/BiP yra pats gausiausias padidintos
biosintezés (>3 kartus) baltymas. Yra gerai Zinoma, kad nesulankstyty
baltymy atsako (UPR) neturin¢iose ire1D lgstelése, Kar2p yra biitinas baltymy
translokacijai j mieliy ET ir atlieka kriting role palengvindamas baltymy
translokacijg kars¢io Soko atsako metu (Liu ir Chang, 2008). Taciau, vienas
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Kar2p gali tik dalinai pagelbéti karscio Soko atsako jtakojamam ET streso
slopinimui (Hou et al., 2014). Tikétina, jog norint stipriai pagerinti
rekombinantiniy baltymy translokacija, reikty kartu padidinti ir ET ko-
Saperony raiska.

Kiti stipria skirtinga sinteze pasizymintys galimi baltymai-taikiniai
buvo didieji citozoliniai Hsp90 ir Hspl110 Seimy Saperonai. Padidéjusi
Hsp104p Saperono gamyba gali uztikrinti didesng termotolerancijg ir kartu
atsparumg daugeliui lastelinio streso formy (Sanchez et al., 1992). Sis
Saperonas taip pat reikalingas kar$¢iu denattiruoty baltymy konformaciniam
taisymui mieliy ET (Hénninen et al., 1999). Galima Sio Saperono rolé baltymy
translokacijoje gali iSrySkinti HsplO4p sasaja su baltymy perlankstymo
mechanizmu ET.

Dar vienas svarbus identifikuotas baltymas-taikinys galimai susijgs su
pageréjusia TVH translokacija yra Teflp, dar zinomas kaip eukarioty
transliacijos elongacijos faktorius 1 (eEF1A). Tai yra pirmasis lgstelinis
baltymas dalyvaujantis naujai susintetinty baltymy pirmtaky kokybeés
kontroléje, po jy paleidimo i§ ribosomos (Hotokezaka et al., 2002).
Ankstesniame misy darbe, mes parodéme, kad eEF1A tiesiogiai saveikauja
su TVH baltymo pirmtakais ir formuoja didelius, disulfidiniais rySiais
sujungtus multimerus (Ciplys et al., 2011). Zinduoliy lastelése kars¢io $oko
metu Sis transkripcijos faktorius yra biitinas kar$¢io Soko transkripcijos
faktoriaus 1 (angl. Heat-Shock Factor, HSF1) aktyvacijai (Shamovsky et al.,
2006), bei dalyvauja visame kar$¢io Soko atsako procese nuo transkripcijos
iki transliacijos (Vera et al., 2014). Jei mielése Sis transkripcijos faktorius
funkcionuoja panaSiai, jis gali padéti TVH pirmtaky translokacijai j ET,
pateikdamas translokuoti tinkamus TVH polipeptidus bei koordinuodamas
karscio Soko atsakg, kuris palengvina translokacijos procesg slopindamas ET
stresa.

Sio tyrimo metu identifikuoti baltymai-taikiniai turéty bati toliau
nagrinéjami geny inzinerijos metodais.

2.3. NEPHGE metodo atkirimas

2DE yra patikimas aukstos rezoliucijos metodas leidziantis analizuoti
visg baltymy rinkinj ar proteoma, jskaitant baltymy izoformas bei po-
transliaciS8kai modifikuotus baltymus (Rabilloud, 2009). Nors NEPHGE
pagrista 2DE yra ne taip placiai naudojamas, bei daugiau ranky darbo
reikalaujantis metodas negu IPG pagrjsta 2DE, jis vis dar naudojamas
specializuotose laboratorijose. NEPHGE 2DE metodo sugebéjimas geriau
atskirti bazinius baltymy taskus, lyginant su IPG 2DE, yra panaudojamas
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funkcinés proteomikos eksperimentuose pla¢iame pH diapazone, bei
eksperimentuose dirbant su stipriai baziniais baltymais (Bjarnadottir ir
Flengsrud, 2014; Kreipke et al., 2007). Nors atnaujintas NEPHGE 2DE
protokolas buvo apraSytas 1995 metais Klose ir Kobalz (Klose ir Kobalz,
1995), jis komercializuotas daug véliau WITA GmbH jmonés (Wittmann-
Liebold et al., 2006), kuomet buvo sukurta ,, WITAvision“ 2DE sistema. Deja,
§i kompanija nutrauké savo veikla, o Sios jrangos naudotojai neteko galimybés
Isigyti reikiamy reagenty. IS anksto paruosty geliy tirpaly neprieinamumas,
dar labiau sumazino §io metodo naudojima, todél mums atrodé svarbu atkurti
AN sudét] pirmos krypties geliuose bei pavieSinti jg kitiems Sio metodo
naudotojams. AN sudétis, WITA GmbH pardavinégjamuose IEF geliuose
nickuomet nebuvo pavieSinta, o atkurti originalig AN sudétj paskelbtg Klose
ir Kobalz taip pat buvo isstkis dél daugumos tuo metu naudoty amfolity
gamybos nutraukimo. Nepaisant to, ¢ia mes pristatome atkurtg AN sudét]
NEPHGE pagrjstai 2DE, kuri rodo stiprig koreliacijg su anks¢iau komerciskai
prieinamais geliais.

Misy atkurto AN ,,Naujojo misinio* sudétis pirmos krypties NEPHGE
geliams apraSyta skyriuje Tyrimo metodai.

2.3.1. Atkurty NEPHGE geliy pirmos krypties atskyrimui palyginimas su
komerciniais ,,WITA* geliais

Toliau, mes palyginome pirmos krypties gelius pagamintus su misy
»Naujuoju misiniu“ bei komercinius, uZpiltus naudojant ,,WITA® geliy
tirpalus (4 Paveikslas). Siame eksperimente méginys, leidimo nustatymai bei
antros krypties procediros buvo atliktos taip pat identiSkai. Mes
iSanalizavome dél statistinio patikimumo triplikuotus 2DE gelius naudodami
PDQuest (BioRad) 2-D analizés programing jrangg. Pirsono Kkoreliacijos
koeficiento (r) tarp geliy apskaiciavimui, sulyginome visus SeSis gelius
tarpusavyije.
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4 Paveikslas. To paties méginio (80 pg S. cerevisiae AH22 kamieno, transformuoto pFGG3
vektoriumi, lizatas) baltymy atskyrimo 2DE triplikacija, naudojant miisy atkurtg “Naujaji
misinj” arba komercinius “WITA” tirpalus, NEPHGE pagristam pirmos krypties IEF. Atskirty
baltymy pl diapazonas suzymétas geliy apaciose, kairéje suzymétos apytikslés molekulinés
maseés, kDa.

Visi geliai rodé stiprig teigiama koreliacija (r > 0,7) tarpusavyje, su
mazais nuokrypiais. Geliy grupés, pagamintos su “WITA” tirpalais, viduje,
koreliacija svyravo nuo 0,81 iki 0,85, o tarp geliy pagaminty su misy
“Naujuoju misiniu” koreliacijos koeficientas buvo truputj didesnis ir svyravo
nuo 0,87 iki 0,9. Lyginant gelius tarp $iy dviejy grupiy, koreliacijos
koeficientas buvo zemesnis (r=0,71-0,77), nei grupiy viduje (r=0,87-0,9 ir
r=0,81-0,85). To buvo galima tikétis turint omenyje, jog AN sudétis geliuose
greiCiausiai yra skirtinga, nes “WITA” geliy sudétis niekuomet nebuvo
pavieSinta. Truptj geresné koreliacija tarp “Naujojo miSinio” geliy perSa
i8vada, jog atsikartojamumas tarp techniniy repliky taip pat geresnis. Nors
koreliacija tarp “WITA” ir muisy atkurto recepto geliy néra ideali, jie vis tiek
rodo stiprig teigiamg koreliacijg. Todél mes manome, jog miisy atkurtas AN
misinys bei geliy tirpaly sudétis NEPHGE pirmos krypties baltymy atskyrimui
gali biti pilnai naudojamas proteominiuose 2DE  pagristuose
eksperimentuose, vietoje komercisSkai nebeprieinamy tirpaly. Atskirty
baltymy tasky skaicius taip pat buvo labai panasus — apie 800 atskirty baltymy
tasky misy “Naujojo miSinio” (vidutiniSkai 795 taskai) ir “WITA”
(vidutiniSkai 807 taskai) geliuose.

Siekiant iStestuoti miisy atkurta NEPHGE pirmos krypties geliy sudétj,
mes panaudojome juos palyginamajam proteominiam eksperimentui
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analizuojanc¢iam rekombinantinio Zmogaus CALR baltymo sekrecija i§ mieliy
S. cerevisiae (Skyrius 2.4.).

2.4. Palyginamoji auksto lygio rekombinantinio zmogaus CALR baltymo
sekrecijos mielése S. cerevisiae analizé

Zmogaus CALR baltymas yra ET $aperonas, kuris taip pat turi ir
ekstralgsteliniy funkcijy. IvairGs streso faktoriai gali sukelti Sio baltymo
sekrecija i§ zinduoliy lgstelés, nors tikslus mechanizmas, kaip tai jvyksta néra
aiSkus. Mielés S. cerevisiae sekretuoja §j baltyma labai efektyviai ir Sios
sekrecijos analizé gali padéti iSaiskinti, kaip CALR iSeina i§ eukariotinés
lastelés. Sio tyrimo tikslas buvo atlikti palyginamaja, CALR sekretuojanciy
mieliy S. cerevisiae bei kontroliniy mieliy lasteliy transformuoty tuséiu
vektoriumi, visos proteomos analize pasitelkiant NEPHGE pagrista 2DE bei
LC-MSE identifikuojant Igstelinius baltymus galimai susijusius su CALR
sekrecija.

Siame proteominiame eksperimente lygindami CALR sekretuojancias
bei kontrolines lgsteles transformuotas tusciu vektoriumi, kiekybiskai
jvertinome baltymy gausa i§ 2DE geliy pagaminty su misy atkurtu AN
misiniu, bei kiekybiskai jvertinome visus LC-MSE metodu identifikuotus
peptidus esancius pilnuose proteomos méginiuose, naudodami beetiketj TOP3
metoda. Nustatéme, jog efektyvi CALR sekrecija neindukuoja nei lastelinio
streso nei sekrecinio kelio baltymy raiskos, ir tik truputj padidina energijos bei
maisto medziagy poreikj S. cerevisiae mielése.

2.4.1. Rekombinantinio zmogaus CALR baltymo biosintezé bei sekrecija S.
cerevisiae

Siekiant gauti méginius palyginamajam 2DE eksperimentui, mes S.
cerevisiae AH22 mieliy kamiene transformuotame plazmide neSancia Sio
baltymo gena, indukavome pilno ilgio zmogaus rekombinantinio CALR
baltymo pirmtako su natyvia signaline seka, sintezg. Mieliy lasteliy kultiirai
esant diauksinés kaitos fazéje baltymo sintezés indukcija buvo gauta
pakeiciant augimo | terp¢ | YEPG. Densitometriné NDS-PAGE kultiiros
terpés analizé atskleidé, jog 18 val po rekombinantinio baltymo gamybos
indukcijos, brandaus CALR baltymo iSeiga yra 138 mg i§ 1 L kultiiros augimo
terpés (120-160 mg/L ribose). Augimo fazés, kuomet CALR sekrecija buvo
efektyviausia, nustatymui, densitometriskai jvertinome kultiiros terpés
méginius imtus kas tris valandas nuo baltymo sintezés indukcijos. ISmatave
santykinius CALR juosteliy tiiriy poky¢ius nustatéme, jog didziausias CALR
kiekio pokytis terpéje atsiranda tarp 0 ir 3, bei tarp 3 ir 6 valandy (~2,8 karto)
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po indukcijos. Mes galvojome, jog tais laiko momentais, kai CALR sekrecija
buvo efektyviausia, lasteliniy baltymy padedanciy jai vykti gausa irgi turi buti
didesné. Méginiai 2DE paimti 3 ir 6 valandos po CALR raiSkos indukcijos.

Gautas 138 mg/L sekrecijos titras du kartus virSijo miisy seniau
publikuotus rezultatus, kuomet rekombinantinio Zmogaus CALR baltymo
iSeiga buvo 60-66 mg i§ 1 L kultaros terpés, jo geno raiska reguliuojant PGK1
ir PFGADH1 promotoriais S. cerevisiae mielése (Ciplys et al., 2015, 2021).
Nors naudoti promotoriai skyrési, mieliy kamienas, kultiiros auginimo terpés
bei auginimo salygos buvo identiskos, kas leidzia mums tiesiogiai lyginti iy
eksperimenty rezultatus. Sj sekretuojamo CALR kiekio padidéjimg lémé
indukuojamas promotorius, bei tai, jog indukcija buvo vykdyta dideshiame
lasteliy kultiiros tankyje, o tai leido lasteléms efektyviai augti iki jy augima
potencialiai apsunkinancios baltymo sintezés fazés (Weinhandl et al., 2014).

Efektyvi CALR sekrecija mielése gali biiti saglygota ir paties baltymo
savybiy — yra parodyta, jog CALR budingas mazesnis vidulgstelinis
sulaikymas, lyginant su kitais panasiai sekretuojamais ET Saperonais BiP ir
ERp57 (Ciplys et al., 2013, 2014, 2015). Dar viena efektyvios CALR
sekrecijos priezastis gali biiti zema laisvo Ca?" koncentracija mieliy ET.
Zmonése ET Ca®* iSeikvojimas indukuoja CALR sckrecija (Peters ir
Raghavan, 2011), o mieliy ET yra 10-100 karty maziau laisvo Ca®* (Strayle et
al., 1999), lyginant su zmogaus ET.

Aukstas sekrecijos titras taip pat zenkliai priklauso nuo baltymo
stabilumo. Neseniai misy grupés publikuotame tyrime, kuriame buvo
analizuoti 50-ies CALR baltymo mutanty sekrecijos titrai, stabilumas bei kiti
parametrai S. cerevisiae, buvo parodyta, kad vieno taSko mutantai, kurie
pasizyméjo zemesniais sekrecijos titrais, taip pat pasizymeéjo Zemesniu
stabilumu (Ciplys et al., 2021). Tokiu biidu, misy gauta itin efektyvi 138
mg/L CALR sekrecija jrodo, kad §is rekombinantinis baltymas yra labai
stabilus bei teisingai sulankstytas.

2.4.2. Palyginamoji, 2DE pagrjsta, CALR sekretuojanciy ir kontroliniy
lasteliy analizé

Lygindami CALR sekretuojanciy bei kontroliniy 1asteliy méginiy 2DE
gelius, 3 ir 6 valandy po baltymo sintezés indukcijos augimo taskuose (uZnesta
200 pg mieliy S. cerevisiae AH22 kamieno sekretuojan¢io CALR baltyma
arba transformuoto tusciu vektoriumi, lizato), gavome i§ viso 811 skirtingy
baltymy tasky, i$ kuriy 734 sutapo visuose geliuose. Jverting skirtinga sinteze
pasizymin¢iy baltymy tasky kiekio pokytj kartais, bei statistinj pokyc¢io
reikSminguma (Stjudento t-testas), mes radome, kad 35 taskai rod¢ statistiskai
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patikima (p-reik§mé < 0,05) Kiekio pokytj ir tik 8 i§ jy pasizyméjo itin
statistiSkai patikimu (p-reik§mé < 0,01) kiekio poky¢iu. Deja, dauguma jy
buvo labai smulkis bei neryskis arba jy pozicijos buvo geliy krastuose, todél
jie buvo netinkami iSpjovimui ir identifikavimui.

Papildoma baltymy tasky duomeny analizé DESeq2 isskyré 11-a
labiausiai statistiSkai patikimy baltymy tasky, kurie atitiko misy 1,5 karto
slenkstinj kiekio pokytj. 8-i i$ jy (nr. 749-756), kurie pasizyméjo didZiausiu
kiekio pokyc¢iu kartais (4 Paveikslas), mums buvo patys jdomiausi, bei tai
buvo tie patys statistiSkai patikim skirtingu sintezés lygiu pasizyméje
baltymai nustatyti Stjudento t-testu.

Sintezés poky€io kartais logaritmas

T T T T
5¢10* 210°  510° 2¢10%  5¢10° 2107

1BA € U TIVO
1BA 3 4TV

Tasko reik&me

|BA £ B|01jU0Y]
[eA 9 8joAuo)|

4 Paveikslas. Skirtingu kiekiu pasizyméjusiy baltymy tasky NEPHGE 2DE pagrjsto, CALR
sekretuojanéiy ir kontroliniy lasteliy palyginimo, reprezentacija. Baltymy taskai 749—756 rodo
labiausiai reik$minga Kiekio pokytj. A — MA brézinys (log santykio (M) bei vidutinio vidurkio
(A) skaliy brézinys)-baltymy tasky vidutinio sintezés lygio (x-asis) priklausomybé nuo log2
kiekio pokycio kartais (y-asis) po DeSeq2 analizés, atspindinti skirtingos baltymy sintezés
stipruma. Stipria skirtinga sinteze pasizyméje baltymy taskai, su auk$ciausiu kiekio poky¢iu
kartais, pazymeéti raudonais trikampiais. Punktyrinés linijos atspindi 0,58 log2 poky¢io kartais
slenksCius: mélyna linijja Zymi sumaZzéjusios sintezés slenkstj, o raudona linijja Zzymi
padidéjusios baltymy sintezés CALR méginiuose, slenkstj. Taskai su numeriu zymi baltymus,
kuriy sintezés pokytis buvo statistiskai reikSmingas (p-reik§mé < 0,05), raudoni taskai zymi
baltymus su pakoreguota p-reik§me DeSeq2 analizéje (padj < 0,1). B — 30 baltymy tasky su
zemiausia p-reikSme, Silumos zemélapio reprezentacija. Spalvos intensyvumas zymi kiek tasko
verté yra didesné (raudona) arba mazesné (mélyna) nei vidurkis.
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Minéti taskai 749-756, pasizyméje statistiSkai reikSmingiausiu sintezés
poky€iu buvo pasirinkti LC-MSFE identifikacijai. Taskai 751-756 buvo
identifikuoti, kaip zZmogaus CALR baltymas (Prisijungimo nr. P27797, jrasas
CALR_HUMAN, MW 48111, pl 4,09, Calreticulin OS=Homo sapiens).
Vienas taskas atitinka brandy CALR baltyma, kurio molekuliné masé yra ~46
kDa, o kitas taSkas atitinka pilno ilgio netranslokuota baltymo pirmtaka su
nepazeistu signaliniu peptidu, kurio molekuliné masé¢ yra ~48 kDa.
Identifikuoty peptidy seky analizé atskleidé, jog taskai identifikuoti, kaip
CALR, bet esantys skirtingose MW ir pl pozicijose, yra CALR degradacijos
produktai. Analizuoty peptidy sekos atitiko N-galing, C-galing bei centring
CALR baltymao dalis, tokie rezultatai galimi tik vykstant baltymo degradacijai.

Sie duomenys rodo, jog nepaisant efektyvios pilno ilgio CALR
sekrecijos, lastelés viduje vistiek vyksta degradacija. Degradavusio ir
nepazeisto CALR baltymo kiekiai lasteléje atrodo labai panass, o tai reiskia,
jog degradacija néra nezymi. CALR degradacijos produktai néra sekretuojami
ir turi biiti metabolizuoti Igsteléje. Kol kas mes nezinome j kokij degradacijos
kelig dalis CALR baltymo patenka, bet efektyvi sekrecija leidzia manyti, jog
degradacija neturi negatyvaus poveikio lastelei.

Taskai 749-750 buvo identifikuoti, kaip mieliy citozoliné superoksido
dismutazé (SOD1) (Prisijungimo nr.: P00445, jraSas SODC YEAST, MW
15844, pl 5,5708, Superoxide dismutase [Cu-Zn] OS=Saccharomyces
cerevisiae). Dél labai mazo atstumo nuo $iy tasky, nustatéme ir Salia esantj
taska, kuris pasirodé esantis tas pats SOD1 baltymas, nors nepasiZymeéjo
kiekio poky¢iu. Kiekio poky¢iu pasizyméje taskai 749 ir 750 buvo rasti tik
CALR sekretuojanciy mieliy méginiuose. Panasu, jog taskai atsirandantys
Salia pagrindinio SOD1 tasko yra Sio baltymo izoformos, taciau kol kas
neaisSku, kaip jy atsiradimas susijes su CALR sekrecija. CALR sintezé
deleciniame ASODI kamiene nesutrikdé sekrecijos, lyginant su sinteze
motininiame kontroliniame BY4741 kamiene, o tai rodo, jog SOD1 néra
butinas CALR sekrecijai mielése.

Nepaisant to, atsirandantys SODI1 izoformy taskai neturi jtakos
pagrindinio SOD1 tasko ttriui, o tai gali reiksti bendrg Sio baltymo kiekio
padidéjima Iasteléje. Heterologiniy baltymy sintezé mielése generuoja
didelius kiekius aktyviy deguonies formy (angl. Reactive Oxygen Species,
ROS), bei indukuoja lgstelinj oksidacinj stresa (Martinez et al., 2016). Tai
atsitinka arba Saperonams lankstant padidintos sintezés baltymus ir
formuojant disulfidinius ry$ius (Tyo et al., 2012) arba mitochondrijoms
gaminant didelius kiekius ATP $iam procesui vykti (Haynes et al., 2004). Tai
gali paaiskinti SODI1 kiekio padidéjimg CALR sekretuojanciose lgstelése.
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2DE pagrista proteominé analizé visumoje atstovauja tik nedidelg
analizuojamos proteomos dalj — tik gausius baltymus, kurie rodo tik didelio
laipsnio poky¢ius proteomoje ir dazniausiai turi biologing reiksme (Twyman
et al., 2013). Si analizé mums taip pat suteikia vizualinj analizuojamos
proteomos konteksta — lengva buida nustatyti kiek lastelés yra paveiktos
rekombinantinio baltymo raiskos. Sio tyrimo atveju, 2DE pagrijsta proteominé
analizé parodé labai zemo laipsnio gausiy baltymy kiekio pokyti. Baltymy
tasky rastai ir intensyvumai varijavo labai nedaug tarp CALR sekretuojanéiy
ir kontroliniy mieliy Igsteliy méginiy, su minéty 8 tasky iSimtimi.

2.4.3. Palyginamoji, LC-MSF pagrjsta, CALR sekretuojanciy bei kontroliniy
lasteliy analizé

Jeigu NEPHGE pagrijsta 2DE analizé buvo limituota tik gausiy baltymy
reprezentacija, LC-MSE metodas leido mums istyrinéti didele dalj CALR
sekretuojanciy bei kontroliniy lasteliy proteomy. Buvo atlikta palyginamoji
tripsinu skaldyto pilno baltymy méginio analizé. Sio eksperimento metu
analizavome baltymy méginj paimta 3 valandos po CALR sintezés indukcijos
bei kontrolinj méginj gautg i§ lasteliy transformuoty tusciu vektoriumi.
Biologinés ir metodologinés variacijos jvertinimui triplikavome tuos pacius
meéginius. I§ viso mums pavyko identifikuoti 1726 unikalius baltymus, i§ kuriy
1574 buvo rasti visuose méginiuose. Identifikuoty baltymy skaiéius sudaré
apie trecdalj visos haploidiniy mieliy proteomos (de Godoy et al., 2008; Ho
et al., 2018). Pasirinkus slenkstines ribas (raiskos pokytis kartais >1,5
(0,58log2 raiskos pokytis), p < 0,01, FDR < 0,05) i§ visy 1574 baltymy, tik 20
atitiko miisy nusistatytus kriterijus.

I§ atrinkty 20 baltymy, dalis buvo aptikta tik vienoje ar kitoje méginiy
grupéje (tik CALR sekretuojanciy arba tik kontroliniy Igsteliy méginiuose).
9 baltymai buvo neaptikti kontroliniuose méginiuose ir aptikti tik CALR
sekretuojanciuose méginiuose. Kiti 4 buvo neaptikti CALR méginiuose. 60S
ribosominiai baltymai L17-B, L26-A, L15-B, ribozés fosfato pirofosfokinazé
2 (KPR2), citochromo ¢ oksidazés polipeptidas 5B (COXS5b), nuo cAMP
priklausoma 3-io tipo baltymy kinazé (KAPC) ir heksoziy transporteris 15
(HXT15) nebuvo aptikti kontroliniuose méginiuose. 3-hidroksi-3-
metilglutaril kofermento A reduktazé (HMDH2) ir Y' elemento nuo ATP
priklausoma helikaz¢ YIL177C buvo neaptiktos CALR sekretuojanc¢iy mieliy
méginiuose. Turint omenyje, jog visi paminéti baltymai yra esminiai lgstelés
baziniy funkcijy palaikymui, mes laikéme jy neaptikimg viename méginyje ir
aptikimg kitame, kaip padidéjusig sinteze.
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Didzioji dalis baltymy, kurie pasizyméjo skirtinga sinteze CALR
sekretuojanciy mieliy méginiuose lyginant su kontrole, buvo atsakingi uz
baltymy transliacija, energija, nukleotidy, aminoriig§¢iy bei riebaly
metabolizmg. Baltymy, susijusiy su centriniu anglies metabolizmu, baltymy
lansktymu ar perneSimu, kurie sudaré pagrindinius skirtinga sinteze
pasizyméjusius baltymus aptiktus atliekant panaSius palyginamuosius
proteominius tyrimus analizuojanéius mieliy Pichia pastoris su padidinta
ksilanazés A gamyba (Lin et al., 2013) bei mieliy Schizosaccharomyces
pombe gaminanciy a-gliukozidazés maltaze (Hung et al., 2016) proteomas,
kiekio pokyCiy neaptikome. Kartu su skirtingais funkciniais baltymy
profiliais, stipriai skiriasi ir rekombinantiniy baltymy sintezés jtakoty
lasteliniy baltymy skaicius. S. pombe mieliy gaminanciy o-gliukozidazés
maltaze proteomos analizé atskleidé, jog pakito 30-40 lasteliniy baltymy
gamyba, o Pichia pastoris mielése su padidinta ksilanazés A produkcija, buvo
stebimi Simty lgsteliniy baltymy sintezés pokyciai, tame tarpe ir visy UPR
Zzymeny. Salyginai nedidelis skaicius skirtingu kiekiu pasizyméjusiy baltymy
rasty Siame darbe tik patvirtina, jog CALR sintezé bei sekrecija mielése
neindukuoja dideliy pokyciy proteomoje.

Didziausia nuostabg kelig tai, jog nepavyko rasti jokiy su sekreciniu
keliu susijusiy baltymy, kurie biity pasizyméje kiekio pokyciais. Mes
tikéjomes, jog su tokia auksto lygio CALR sekrecija, bent vieno sekrecinio
kelio mechanizmo baltymy sintezé taip pat turéty biiti padidéjusi. Kaip buvo
minéta anksciau, yra nezinoma kaip tiksliai CALR palieka Zinduoliy lasteles.
Pagrinde, Sio baltymo patekimas j iSor¢ biina sukeltas ET destabilizacijos arba
lastelinio streso (Kielbik et al., 2021), kuris sglygoja UPR atsiradima. Vis
délto, neradome jokiy Iastelinio streso, sukelto CALR sekrecijos i§ mieliy
lasteliy, jrodymy. Mieléms gaminancioms rekombinantinius baltymus yra
normalu patirti tam tikrg stresg, dazniausiai susijusj su baltymy lankstymu ir
sekrecija (Gasser et al., 2008; Mattanovich et al., 2004). Neefektyvi baltymy
translokacija | ET sukelia baltymy pirmtaky akumuliacijg citozolyje,
indukuoja UPR-Cyto ir formuoja netirpius baltymy agregatus (Ciplys et al.,
2011). Neefektyvus arba neteisingas baltymy lankstymas sukelia UPR ET-e
(Kauffman et al., 2002), kuris yra tiesiogiai susijes su baltymy ET-asocijuotu
baltymy degradacijos (angl. ER-Associated protein Degradation, (ERAD))
keliu (Hiller et al., 1996) ir oksidaciniu stresu (Gasser et al., 2008). Bendrai,
lastelinio streso Zymenys gali buti naudojami nustatyti kokj stresg patiria
lastelé. Pavyzdziui, UPR-Cyto atveju stebima padidéjusi citozoliniy Hsp70,
Hsp90, Hsp110 Seimy, kar$¢io Soko Saperony gamyba (Ciplys et al., 2011), o
esant UPR streso atsakui, stebima ET baltymy BiP ir PDI skirtinga sintezé
(Kauffman et al., 2002; Mattanovich et al., 2004). Yra zinoma, jog ET
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baltymas BiP nukreipia neteisingai sulankstytus baltymus j ERAD
dregradacijos kelig (Nishikawa et al., 2001). Tai, jog mes neradome jokiy BiP
baltymo kiekio poky¢iy leidzia manyti, jog CALR sekretuojanciose lastelése
néra aktyvaus UPR, bei CALR degradacija néra ERAD pasekmé. Taip pat,
mes nenustatéme jokiy kity ET ar citozoliniy ERAD komponenty, kaip Derlp,
Der3p/Hrd1p, Hrd3p ar Sec6lp, kiekio poky¢iy (Bordallo et al., 1998;
Hampton et al., 1996; Knop et al., 1996; Pilon M et al., 1997). Taipogi,
nepastebéjome jokio lasteliy sekretuojan¢iy CALR augimo sutrikimy, kas
dazniausiai yra lgstelinio streso poZzymis. Lasteliniy baltymy nebuvimas
kultiiros augimo terpéje taip pat atmeta apoptozés galimybe.

Apibendrinus, auksto lygio rekombinantinio zmogaus CALR baltymo
sekrecija S. cerevisiae mielése buvo daugumoje paremta baltymy transliacijos
mechanizmy persitvarkymu bei nedideliais, lasteliniy baltymy atsakingy uz
energija ir metabolizma, Kiekio pokyciais. Kity reik§mingy sekrecinio kelio
baltymy kiekio poky¢iy nebuvimas rodo, jog normalioje biisenoje, mieliy
sekrecinis aparatas yra pakankamas palaikyti auksto lygio CALR sekrecija.
Atrodo, kad tokia lengvos sekrecijos savybé turéty biuti labiau biidinga
nattraliai sekreciniam baltymui, o ne vidulgsteliniam ET Saperonui. Norint
isigilinti  Sig netiping CALR sekrecija, reikalingi tolesni darbai, pavyzdziui
atliekant panaSius tyrimus su natiiraliai sekreciniais Zmogaus ar mieliy
baltymais. Palyginamieji proteominiai tyrimai gali padéti atskleisti specifinius
itin  efektyvios rekombinantiniy baltymy sekrecijos mechanizmus
eukariotinése lgstelése ir galbut paaiskinti dvilype CALR prigimtj, kuris yra
ir sekretuojama ektralasteliné molekulé ir vidulastelinis ET Saperonas.
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ISVADOS

Plac¢iame pH 3-10 diapazone, NEPHGE pagrjsta 2DE yra tinkamesnis
metodas mieliy proteomos analizei, nei [PG pagrista 2DE.

Karscio Sokas taikytas didesnio tankio lasteliy kulttirai bei tolesné
baltymo sintezé 37 °C temperatiiroje, tris kartus padidina
translokacijos efektyvumg ir TVH glikobaltymo kieki. NEPHGE
pagristos 2DE metodu buvo identifikuoti kiekio pokyciais
pasizyméjusiy 15 lgsteliniy baltymy, kurie galimai yra susij¢ su
pageréjusia TVH baltymo translokacija.

Atkurtas AN “Naujasis miSinys” ir geliy tirpalai NEPHGE pagristai
2DE, pasizymi geresniu atsikartojamumu ir gali biiti naudojami
proteomikos eksperimentuose vietoje komerciSkai nebeprieinamy
tirpaly.

Efektyvi rekombinantinio zmogaus CALR sekrecija neapsunkina
mieliy sekrecijos aparato, sukelia tik nedidelius poky¢ius lastelés
proteomoje ir nesukelia jokio akivaizdaus lastelinio streso.
Pagrindiniai baltymai, kuriy sintezé pakito buvo struktiiriniai
ribosomy baltymai dalyvaujantys baltymy transliacijoje.
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