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Abstract

The production of heterologous proteins of interest in microbial hosts such as Escherichia coli is
a cost-effective and vital tool for the biopharmaceutical and enzyme industries. Research and
development efforts over the past few decades have majorly focused on the Sec pathway for
recombinant protein secretion in E. coli. However, the Twin-arginine translocation (Tat) pathway
of E. coli has recently garnered interest for the periplasmic export of folded biopharmaceuticals
as it possesses a unique proofreading ability to export correctly folded proteins. Tat-based
translocation of biopharmaceuticals to the periplasm has the potential to greatly ease the
downstream processing by reducing the amount of contaminating proteins and nucleic acids,
thereby lowering the costs and time needed for their production. Furthermore, coupling Tat-
dependent protein secretion with the CyDisCo technology (cytoplasmic disulphide bond
formation in E. coli), which enables disulphide bond formation in the cytoplasm of E. coli,
provides a powerful platform for the production of industrially relevant and difficult-to-express

proteins.

Initially, a new experimental design for the export of multiple disulphide bond containing proteins
to the periplasm by Tat in the presence of CyDisCo was empirically tested and developed as a
starting point for future experiments. Later, a comparative study between Sec and Tat pathways
for periplasmic export of a single chain variable fragment (scFv) in E. coli BL21 and W3110 was
carried out. This led to an interesting comparison between the two strains based on soluble protein
yields and quality when exported by the Sec pathway in fermenters. We observed a stark
difference in the productivity profile of these two strains and a similar heterogeneity profile in the
final product in both strains that could not detected by mass spectrometry-based analysis but
confirmed by Differential Scanning Calorimetry (DSC) and 1D-1"-NMR spectroscopy.
Finally, in order to understand the limitations and maximize the applicability of the Tat pathway
for proteins that fail to get exported efficiently with the TorA signal peptide, we focused on
investigating alternative signal peptides. Here, we found that alternative signal peptides namely
AmiC and MdoD allow highly efficient secretion of a disulphide bond-containing protein (YebF)

to the periplasm of E. coli via Tat with CyDisCo. We report that these signal peptides are far more



efficient than the well-known Tat specific TorA signal peptide, and hence they are potentially
more suitable for large scale protein production than this more rigorous Tat-specific signal
peptide. Overall, the research work presented in this thesis suggests that the Tat pathway and the
CyDisCo system are attractive platforms for biotechnology and establishes highly efficient Tat-

dependent secretion of disulphide-bonded protein YebF to the E. coli periplasm.
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CHAPTER 1: Introduction

1.1. General introduction

Recombinant proteins are required in academic research, as well as the pharmaceutical, textile
and food industries and have several uses such as therapeutics, research proteins, industrial
enzymes and proteases in laundry detergents (Adrio & Demain, 2014). Since the production and
successful entry of the first recombinant protein into the market, several protein products have
been developed and approved for human use. Human insulin was the first recombinant protein
drug to be licensed and was also the first drug produced using recombinant DNA technology. The
so-called “Humulin” was approved by the US Food and Drug Administration (FDA) in 1982.
Insulin is composed of two peptide chains, insulin A and insulin B chain, which are linked
together by two disulphide bonds (DSB). At the time, insulin was expressed in a two-plasmid
system, the two peptide chains were purified and then bioactive insulin was obtained through in
vitro DSB formation (Johnson, 1983; Baeshen et al., 2014). Insulin accumulates within the cell
and after the growth process, the bacteria are lysed to purify the protein (Nilsson et al., 1996;
Baeshen et al., 2014). Before using Escherichia coli (E. coli) for the production of insulin, insulin
used to be purified from the pancreatic tissue of cows and pigs (Lens & Evertzen, 1952; Vecchio
etal., 2018). At that time, insulin quality was variable, and the yields were low (Lens & Evertzen,

1952). Additionally, the pancreatic tissue had to be kept frozen to be suitable for purification.

Since the early commercialization of the recombinant human insulin, the later recombinant human
growth hormone (hGH), and the recombinant bovine growth hormone, the field has expanded to
include over 174 US-approved therapeutic proteins, including 98 antibodies (FDA, 2020). The
year 2012 saw the highest approval of peptide drugs and protein-based drugs, reaching a global
market value of $174.7 billion in 2015 at a compound annual growth rate of 7.3% (Agyei et al.,
2017). Hence, the rising demand for new biopharmaceuticals requires increased production
capacities as well as new production processes, which also implies the use and development of
suitable expression systems (Muiller et al., 2006). Bacterial expression systems are historically the

first developed hosts for heterologous protein production. They are attractive because of their
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ability to grow rapidly and at high density on inexpensive media, their well-characterized genetics
and the availability of a large number of cloning vectors and mutant host strains (Terpe, 2006).
However, due to their inability to adequately process complex proteins and due to their
insufficient protein secretion capabilities, prokaryotic expression systems nowadays are mainly
used to produce simple proteins and peptides (Muller et al., 2006). Many engineering approaches
have emerged in the past decades to overcome these limitations in order to render bacteria even
more attractive for recombinant protein production, but a tendency towards mammalian cells
exists nowadays (Rettenbacher et al., 2021). Mammalian cells are the hosts of choice for proteins
that require humanized post-translational modifications (PTMs). The main drawbacks of these
hosts are the high costs brought by the slow cell growth, expensive media and specialized

equipment needed for culture conditions (Aricescu et al., 2006).

Bacterial systems can be broadly classified into Gram-positive and Gram-negative. Gram-positive
bacteria’s cell wall consists of a thin periplasmic space between a thick peptidoglycan layer and
the cell membrane (Figure 1) (Matias & Beveridge, 2005). On the other hand, the inner and outer
cell membranes of Gram-negative bacteria surround a periplasmic space that contains a thin
peptidoglycan layer (Silhavy et al., 2010) (Figure 1). In terms of recombinant protein production,
this difference is translated by the ease of protein secretion in Gram-positive compared to Gram-
negative bacteria. Indeed, Gram-positive bacteria such as Bacillus subtilis are frequently used for
the production of proteins to be secreted into the extra-cellular medium (Van Dijl et al., 2002).
Other bacterial expression hosts have emerged like the Gram-positive Lactococcus lactis and the
Gram-negative Pseudomonas (Chen, 2012; Rettenbacher et al., 2021). For instance, protein
production in Pseudomonas fluorescens is less oxygen-dependent, does not accumulate acetate

and can give a yield 30 times higher compared to production in E. coli (Huang et al., 2007).

Even though these emerging microorganisms present a promising alternative to the better-
established microorganisms in the field, E. coli is still the most preferred microorganism to
express heterologous proteins for therapeutic use. Around 30% of the approved therapeutic
proteins, particularly non-glycosylated proteins, are being produced using E. coli as a host

(Baeshen et al., 2015). These include insulin, interferons, monoclonal antibodies and interleukins
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among other therapeutics (Kamionka, 2011; Baeshen et al., 2015; Jozala et al., 2016; Sanchez-
Garcia et al., 2016). E. coli offers several additional advantages including fast growth, high yield
of the product, cost-effectiveness, easy scale-up and the availability of non-pathogenic species

(Rosano & Ceccarelli, 2014; Baeshen et al., 2015).

Gram-positive cell

Gram-negative cell

Cytoplasm Cytoplasm

Inner membrane
Inner membrane

Peptidoglycan

Periplasm Periplasm

Peptidoglycan Outer membrane

Figure 1. Diagram of Gram-positive and Gram-negative envelopes. Schematic representation of a
Gram-positive cell (left) and Gram-negative cell (right). The cytoplasm of both cell types is contained by
the inner membrane, enclosed by periplasm and the peptidoglycan wall. In comparison to Gram-negative
cell, Gram-positive cell has a thicker peptidoglycan wall. The outer membrane is an extra feature of Gram-
negative cell.

1.2. Escherichia coli strains in the biopharmaceutical industry

Nowadays almost all biopharmaceuticals are produced in bacteria, yeast and mammalian cells,
with the former two grouped as microbial systems. In recent years, due to the rising dominance
of monoclonal antibodies (mAbs), which require humanized PTMs, a tendency towards
mammalian cell lines has arisen. This recent microbial system displacement by mammalian cells
is very well reviewed in Rettenbacher et al. (2021) (Annex 1), which discusses the future of
recombinant production with a holistic comparison of four of the most lucrative microbial

production hosts (E. coli, Bacillus subtilis, Saccharomyces cerevisiae and Pichia pastoris),
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mammalian hosts, new upcoming biotherapeutics and the impact of emerging tools such omics

and systems biology.

E. coli has been extensively studied and is the most used microorganism in biological research
laboratories and the biopharmaceutical industry. Its physiology and molecular biology have been
very well characterized, and therefore a large number of cloning or expression vectors, mutants
and protocols of cultivation have been developed. This knowledge about E. coli allows
researchers to better employ it for the production of recombinant proteins as well as for the
production of other metabolites such as biofuels, amino acids, diamines and others. Moreover,
and due to this extensive use in biotechnology, many different strains have been developed
(Marisch et al., 2013; Blount, 2015; Idalia & Bernardo, 2017; Pham et al., 2019). Choosing the
ideal host to produce a specific protein of interest (POIl) is a critical step when developing a
production process. Among all the E. coli strains available, some of them pathogenic to humans
(Croxen et al., 2013), the most widely used E. coli strains for recombinant protein production
have been those derived from B and K-12 strains. Both representative strains have distinctive
differences in genotypic and phenotypic features associated with key cellular functions including
cell growth, protein production and quality, motility, and cellular resistance (Yoon et al., 2012;
Rosano & Ceccarelli, 2014). E. coli B, especially BL21, accumulates less acetate in minimal
media, grows faster and lacks flagella and some proteases. These characteristics make it highly
suitable for the enhanced production of recombinant proteins, as it does not use the extra energy
required by the bacterial flagellar motor (Studier et al., 2009; Lozano Terol et al., 2019; Rosano
et al., 2019). Moreover, the B strain has a more permeable membrane and an additional type Il
secretion system, making it more favourable for protein secretion (Yoon et al., 2012). On the
other hand, the K-12 strains have a solid membrane structure with flagellar motility and higher
levels of proteins that respond to stress, making them more resistant to stress conditions (Han et
al., 2014). E. coli BL21 (DE3) is commonly used as a host because it is believed that higher
protein yields can be achieved in E. coli B strains compared to E. coli K-12 derived strains
(Rosano & Ceccarelli, 2014). However, researchers in both academia and industry have

encountered obstacles for protein production in BL21 (DE3), such as for example plasmid loss,
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which limits or completely prevents protein production. As a result, protein production in non-B
strains has gathered a lot of interest in recent years (Pan & Malcolm, 2000; Rosano & Ceccarelli,
2014). E. coli K-12 have given rise to strains such as MG1655 and W3110 and nowadays, these
are routinely used for recombinant protein expression (Daegelen et al., 2009). Many examples of
successful protein expression in E. coli K-12 strains can be found at laboratory scale such as
interleukin 3 (Hercus et al., 2013), myosins (Pylypenko et al., 2016), amylases (Zafar et al., 2016),
and therapeutics at industrial scale such as hGH (de Oliveira et al., 1999) and Fab fragments (Goel

& Stephan, 2010), among others.

Due to the aforementioned advantages that B strains seem to offer in recombinant protein
production, it was selected as a host for most of the research experiments in this thesis. However,
in Chapter 3, an insight of the differences in yield and product quality found in the production of

a single-chain variable-fragment (scFv) in industrially relevant conditions can be found.

Nevertheless, the interaction of the target protein with cell metabolism remains little understood,
and this slows an efficient process design. Even though the selection of the host strain is very
important for enhancing the production of the POI, a plethora of other parameters should be
considered when optimizing the recombinant protein production process. A summary of such
parameters is reviewed by Tungekar et al. (2021). These parameters will vary for each process
and for each target protein and will differ if seeking for soluble production or insoluble production

for refolding (section 1.4.).

1.3. Post-translational modifications in E. coli

One of the major limitations in the production of recombinant proteins are post-translational
modifications (PTMs). PTMs occur either after or during protein synthesis and they change the
activity and physicochemical properties of the protein. They range from simple chemical
modifications in the amino acid chain, to the addition of complex branching structures on the

protein backbone. The most widely found PTMs in recombinant proteins are glycosylation and
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DSB formation. These two are frequently required for correct protein folding and bioactivity

(Bhatwa et al., 2021; Ramazi & Zahiri, 2021).

Glycosylation is one of the most challenging PTMs and consists of the addition of a sugar to the
polypeptide chain or lipid. Its nomenclature is based on its linkage type, and the most widely
distributed glycosylations are N- and O- glycosylations. As E. coli does not own a natural
glycosylation pathway, it makes this predominant eukaryotic PTM difficult to replicate (Wong.
2005; Nothaft & Szymanski, 2010). Some glycoproteins still can be expressed without their native
glycans in their active form, such as interleukin-2 (IL-2) (Roifman et al., 1985). However,
successful attempts to transfer the Campylobacter jejuni bacteria (Wacker et al., 2002) or yeast
glycosylation systems (Valderrama-Rincon et al., 2012) to E. coli have been made so it can N-
glycosylate to some extent. Successful efforts to achieve O-glycosylation were also made by the

expression of human genes in E. coli (Du et al., 2019).

On the other hand, E. coli does have an endogenous system for DSB formation in the periplasm.
Many pharmaceutically relevant proteins have DSBs in their structure, and E. coli can struggle
with the production of disulphide-rich proteins with complex folding patterns (Rettenbacher et
al., 2021). Nonetheless, it is possible to achieve high titers of disulphide-bonded proteins in E.
coli (Guerrrero Montero et al., 2019). DSB formation in the target protein is especially important
for the correct folding of the POI and its lack can cause the unfolded protein to become insoluble
and create inclusion bodies (IBs). Thankfully there are some ways to circumvent this issue, the
main one being to target the POI to the periplasmic space of the cell, as the cytoplasmic space is
a reducing environment where DSB formation is difficult (Rosano and Ceccarelli, 2014). The
periplasm, however, is an oxidizing compartment rich in DSB oxidoreductases, which catalyse
the disulphide bridge formation (Mergulhao et al., 2005; de Marco, 2009). In an industrial process,
a signal peptide (SP) recognized by the general secretory (Sec) pathway is attached to the N-
terminus of the POI, and the POI is translocated from the cytoplasm to the periplasm in an
unfolded state (section 1.5.). Later in the periplasmic compartment, the protein acquires its DSBs
(Mirzadeh et al., 2020) (Figure 2). For example, in a case-study, the overexpression of E. coli’s

periplasmic chaperones SurA and FkpA in combination in the same plasmid with a copy of DsbC
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and DsbA that catalyse the formation and isomerization of disulphide bridges, improved the
multi-DSB containing antibody fragment yields by correcting improper DSB formation in E. coli
(Shriver-Lake et al., 2017). As expected, and since the biotherapeutics list is long and varied,

many have a fast-folding mechanism that will disqualify them for export via Sec pathway.

Signal

peptide
Translation Q
W mRNA

Y
Figure 2. Schematic representation of periplasmic translocation for the production of DSB containing

proteins in E. coli. After translation in the cytoplasm, the protein is translocated into the periplasm via the
Sec translocase system. During translocation, the signal peptide is removed (red) and the mature protein
(orange) is released to the periplasm. DsbA, DsbB, DsbC, and DsbD proteins aid in disulphide-bond
formation. Adapted from Klint et al. (2013).

When the protein cannot be translocated by Sec system to the periplasm, DSBs need to be formed
within the cytoplasm. As mentioned before, this cannot naturally occur. First and foremost, the
cytoplasm's thiol-disulfide redox potential is insufficient to provide a driving force for the
formation of stable disulphides. Second, there are no enzymes that can catalyse protein thiol
oxidation under physiological conditions. The cytoplasm of Escherichia coli contains two
thioredoxins, TrxA and TrxC, as well as three glutaredoxins. These proteins, in their oxidized
form, can stimulate the formation of disulphide bonds of products. However, both thioredoxins
and glutaredoxins are kept in a reduced state in the cytosol by the actions of thioredoxin reductase
(TrxB) and glutathione, respectively. Glutathione in E. coli is synthesized by the gshA and gshB
genes. The gor gene product, glutathione oxidoreductase, is necessary to reduce oxidized
glutathione and complete the catalytic cycle of the glutathione-glutaredoxin system (Bessette et
al., 1999). To overcome the impossibility of DSB formation in the cytoplasm, originally, the
dysfunction of the natural reducing pathways was carried out. The removal or mutation of gor

and trxB genes (Bessette et al., 1999) resulted in the commercially available Origami strain
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(Novagen). Later, SHuffle strain (New England Biolabs) was launched, which expresses a
chromosomal copy of the periplasmic DsbC in the cytoplasm in addition to the mutations in the
reducing pathways thus, further improving cytoplasmic DSB formation (Lobstein et al., 2012).
Even though they both help in the DSB formation of some heterologous proteins in the cytoplasm,
yields are rather low and industrially dismissible due to their growth fitness (Ren et al., 2016). In
the last decade, CyDisCo system (cytoplasmic disulphide bond formation in E. coli), which bases
its technology on the expression of a eukaryotic (Saccharomyces cerevisiae) catalyst of DSB
formation, sulfhydryl oxidase (Erv1p) and a catalyst of disulphide isomerization, human protein
disulphide isomerase (PDI) from a plasmid, leaves the natural reducing pathways of the cells
intact (Figure 3) (Matos et al., 2014). This system has allowed high yield production of different
industrially relevant proteins such as avidin, single chain IgA: antibody fragment, hGH,
interleukin 6 and other scFvs and Fabs (Gaciarz et al., 2016; Gaciarz et al., 2017; Gaciarz &
Ruddock, 2017). Even a highly complex 44-DSB containing extracellular matrix protein was

correctly folded by this system (Sohail et al., 2020).
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Figure 3. Schematic representation of the folding of a protein by CyDisCo system. PDI should be
available in an oxidized state for the correct folding of the target protein. In order to maintain PDI in

oxidized form, Ervlp must be present. Figure adapted from Tiphany de Bessa (2018).
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1.4. Protein harvest in E. coli

1.4.1. Protein harvest from the cytoplasm

Once the correctly folded and disulphide-bonded protein has been obtained, harvesting and
purifying are the next steps. As the main purpose of recombinant protein production is to harvest
as much of the target protein from the cytoplasm, one of the major obstacles found is the protein
accumulation in insoluble deposits (Thomas & Baneyx, 1996). The reasons for the formation of
these 1Bs are varied and include insufficient chaperones to assist the protein folding, absence of
other essential PTMs, especially DSB formation due to the reducing environment of the
cytoplasm, and a high local protein concentration that results in precipitation. The literature
describes different approaches to try to solubilise 1Bs and yield active protein when produced in
the cytoplasm. Overall, they can be divided into procedures where the production protocol or
protein target is modified to obtain the soluble expression in the cytoplasm and procedures to

refold and solubilize the protein from IBs (in vitro) (Sandomenico et al., 2020).

As summarised by Correa & Oppezzo (2015), there are different ways to improve protein
solubility in vivo. However, there is especially one that represents in some cases an advantage for
structural biology, simplifying protein purification and allowing protein detection too: fusion
partners. There are many fusion tags available, many of them under development and novel, and
their optimal performance is highly dependent on the heterologous protein to be expressed which
often requires a trial-and-error approach. Maltose Binding Protein (MBP) (40 kDa) and NusA
(54.8 kDa) are ranked as two of the best tags for producing soluble proteins. Both have been used
for the solubilization of highly insoluble scFvs in the cytoplasm of E. coli (Costa et al., 2013).
MBP, for example, can also be used as a purification tag as it binds to the amylose resin (Reuten
et al., 2016). Trx fusion partner, apart from enhancing the solubility of the recombinant protein,
can also be useful in protein crystallization of certain target proteins because it forms several
crystals itself, and it sticks rigidly to the target protein. The FLAG tag works both for purification
and protein detection. All these tags can be removed from its passenger protein, as usually a

protease recognition site allows the tag removal when the protein is used as a therapeutic, because
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the tag can potentially interfere with the proper conformation and function of the target protein

(Costa et al., 2014).

Quite the opposite, when IBs formation of the target protein is to be enhanced, IBs can be
harvested by differential centrifugation (Palmer & Wingfield, 2004). Separating the POI from the
rest of the cytoplasmic content can be beneficial to protect the cells from over-expressed toxic
POls or vice versa: protect the target proteins that are prone to degradation. The solubilization of
IBs can be a simple operation in which they are solubilized by using chaotropic agents and
detergents (Yang et al., 2011). The major drawbacks are the low yield of refolding, the need to
optimise refolding conditions for each POI, and the possibility that the integrity of refolded
proteins is compromised in the solubilisation procedures (Yamaguchi & Miyazaki, 2014).
Moreover, the purification of highly expressed soluble proteins is more affordable and less time-
consuming than refolding and purification of I1Bs. Maximising the production of soluble
heterologous proteins is consequently an attractive alternative to in vitro refolding technigques

(Serensen & Mortensen, 2005).

1.4.2. Secretion to the periplasm and extracellular medium

The cytoplasm contains more host cell proteins including proteases which in turn impacts product
purification. Periplasmic or medium secretion, on the other hand, improves folding, minimizes
proteolysis and improves purification. Previously, periplasmic expression was associated with
low yield of the product (mainly due to the small compartment that the periplasmic space is and
the intrinsic limitation of the translocation machinery) (Kleiner-Grote et al., 2018), but recent
studies demonstrated that up to 2.4 g/L of a Fab can be harvested using an engineered strain and

co-expressing a chaperone (Ellis et al., 2017).

E. coli possesses several pathways to transport protein to the periplasm and to the extra-cellular
medium. These are the Sec pathway (Sec), Twin-arginine translocation (Tat), Type I, Type II,
Type 11, Type IV, Type V and Type VI secretion systems (T1-6SS). Sec and Tat pathway (section
1.5. and 1.6. respectively) have been widely exploited for the production of heterologous proteins

and will be extensively discussed in individual sections due to their high importance in this thesis
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research. The rest are known to be involved in bacterial virulence, communication or interactions
in the environment (Kleiner-Grote et al., 2018). Recently, T3SS has been repurposed as a protein

delivery tool for a broad range of biomedical applications (Bai et al., 2018). T1SS, which
translocates unfolded substrates across the cell envelope from the cytoplasm to the extracellular
medium in a one-step process, has also been exploited for heterologous protein production (Linton

etal., 2012).

Some recombinant proteins have demonstrated different secretory capacities that have not yet
been explained. For example, L-asparaginase, an enzyme used to cure leukaemia, has been
produced in E. coli (Khushoo et al., 2004). The protein was produced in fusion with the Sec-
exported PelB SP and was found in high yields in the extracellular medium in cultures with a high
cell density. The cause of the recombinant protein's translocation across the outer membrane
(OM) is still unknown (Khushoo et al., 2004). This phenomenon does not seem to be unique, as
it has also been seen when translocating other recombinant proteins into the periplasm in high-
cell density cultures (Rinas & Hoffmann, 2004) and even in shaken E. coli cultures promoted by
low aeration (Ukkonen et al., 2013). Numerous theories have been proposed as to why periplasmic
leakage occurs, including cell division before the formation of outer membrane, the build-up of
recombinant proteins in the periplasm that disrupt the membrane due to an increase of osmotic
pressure, or lysis induced by periplasmic secretion, particularly in older cultures (Mergulhéo et

al., 2005).

1.5. The general secretory pathway (Sec)

Approximately 98% of the E. coli secretome uses the Sec route, of which 60% are proteins from
the inner membrane (1M), while the remaining 40% are from the OM, periplasm, and extracellular
proteins (Yu et al., 2010; Orfanoudaki & Economou, 2014). The Sec system permits the
translocation of unfolded substrates to the periplasmic space or into the inner membrane by using
two different mechanisms: the SecB and signal recognition particle (SRP) pathways (Pugsley,

1993). Since its discovery, the Sec system in E. coli has been exploited for the export of
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recombinant proteins to the periplasm. According to the nature of the Sec SP attached to the N-
terminus of the POI, heterologous proteins can be translocated either by the SecB or the SRP
route. For instance, the T cell receptor glycoprotein, parathyroid hormone, and the active human
epidermal growth factor were all effectively transported to the periplasm by SecB utilizing the
native SP of the E. coli outer membrane protein, OmpA (OmpA SP) (Wong & Sutherlan, 1993).
Remarkably high yields of secreted proteins (in the 5-10 g/L range) after an exhaustive
optimization of high cell density fermentation are well documented in the literature. Nonetheless,
for most of the target proteins compatible with E. coli expression and folding machinery,

reasonable titers starting from 0.5-0.8 g/L can be expected (Georgiou & Segatori, 2005).
1.5.1. Sec-specific signal peptides

Sec translocated proteins carry a Sec specific SP at the N- terminus (Green & Mecsas, 2016).
While SecB detects less hydrophobic SPs, SRP targets highly hydrophobic SPs to the SecYEG
channel. Sec-specific SPs may be divided into three parts, as shown in Figure 4, and are generally
18-27 residues long (Gouridis et al., 2009). The n-region, located in the amino terminal region,
is distinguished by a net positive charge. One or more basic residues are responsible for the
positive charge(s) of the region and permit the insertion of the SP into the SecYEG translocon.
The net charge varies from substrate to substrate, and it has been found that it can influence the
synthesis and translocation rates of the protein (Caspers et al.,, 2010). Furthermore, the
translocation rate may be significantly reduced if the net charge is not maintained at a positive

value (Inouye et al., 1982).
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Figure 4. General Sec-specific signal peptide features. A Sec signal peptide is composed of a positively
charged n-region (green), a central hydrophobic helix-shape h-region (blue), and a polar c-region (orange)
at the carboxyl-terminal that contains the signal peptidase cleavage motif (AxA). The length is indicated in

amino acid residues and “++” means positively charged.

The next region, named as h-region, possesses 8 to 12 amino acid residues and is characterized
by its hydrophobicity and its helical propensity (Figure 4). When decreasing the hydrophobicity
of this region, by mutation or deletion of amino acids, protein export decreases considerably often
resulting in accumulation of the misfolded protein in the cytoplasm (Suominen et al., 1995). On
the contrary, mutating the h-region to make it more hydrophobic has proven to increase the
translocation efficiency (Chen et al., 1996). Adams et al. (2002) saw that introducing a helix
breaker in this region reduces the affinity of SRP for the highly hydrophobic SPs. When extending

the helix, the affinity of the SP shifted towards the SRP route.

The Sec SP’s "c-region™ at the C-terminus has a cleavage site that allows the mature domain to
be released into the periplasm or into the IM (Figure 4). To ensure export and cleavage
effectiveness, this region must be at least five residues long (Suominen et al., 1995). The SP is
inserted into the SecYEG translocon for export, and when the nascent polypeptide has fully been
translocated into the periplasm, the signal peptidase | on the outer leaf of the IM, LepB, cleaves
it (Date, 1983). This peptidase recognizes a three amino acid motif referred as AxA, named this
way since alanine (A) is the typical residue at these locations (Karamyshev et al., 1998). This

region tends to have an almost neutral charge in Sec specific SPs (Berks et al., 2003). Protein
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export levels can be optimized by the alteration of the c-region of the SP, as this region has a
significant impact on SP cleavage efficiency (Low et al., 2013). Overall, it is important to note
that there is no universal SP that will export all heterologous proteins through Sec, Tat or
extracellular-medium pathways. Hence, a screening and optimization process to find the most

adequate SP for each unique target protein to obtain the highest yields is required (Freudl, 2018).

1.5.2. The SecB pathway

Sec substrates are transported post-translationally through the IM via the SecB pathway to the
periplasm or to the extracellular medium (Tsirigotaki et al., 2016). SecB protein is a non-essential
protein; although its deletions show a hypersensitive phenotype to both cold and hot temperatures
(bellow 23 °C and above 45 °C) and antibiotics (Ullers et al., 2007). The SecB protein, a
homotetrameric chaperone located in the cytoplasm, binds to the SP of nascent polypeptides
(Green & Mecsas, 2016). This interaction is the reason why the polypeptide remains unfolded
and then, the complex binds to SecA. Translocation is initiated by the essential cytoplasmic
translocation motor protein SecA that pulls the complex (the substrate and SecB) into the SecYEG
channel (Figure 5). This process requires ATP hydrolysis as the energy source. In the later stage
of the substrate translocation, SecA detaches from the SP and is returned to the cytoplasm
(Tsirigotaki et al., 2016). Finally, the proton motive force, enabled by the accessory factor SecDF
embedded in the inner membrane, pulls the polypeptide completely across the channel (Tsukazaki
et al., 2011). The SP is then cleaved by the signal peptidase | (LepB) or by the membrane-
anchored signal peptidase Il (LspA) for lipoproteins, which enables the release of the polypeptide
to the periplasmic space (Yu et al., 1984). Once in the periplasm, the mature protein is folded and

can be further secreted to the extracellular medium.

1.5.3. The SRP pathway

The SRP pathway exports to the periplasm those polypeptides that SecB cannot maintain in an
unfolded status or inserts into the membrane those substrates that possess hydrophobic regions
(such as transmembrane domains) (Green & Mecsas, 2016). The SRP system is a

ribonucleoprotein complex constituted by the fifty-four homologue (Ffh) protein and a small 4.5S
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RNA. SRP attaches to ribosomes but is only kinetically stabilized by nascent polypeptide when
recognizing a specific SP or transmembrane domain, and at that point it momentarily stops
translation at the ribosome (Tsirigotaki et al., 2016). The SRP-polypeptide complex subsequently
attaches to the docking protein FtsY, which is present in the IM and transports the complex to the
SecYEG channel (Figure 5). The hydrolysis of GTP by the Ffh and FtsY GTPase domains
provides the required energy for this process, which in turn causes the release of SRP and restarts
translation. The polypeptide is directly synthesised within the SecYEG channel that employs the
proton motive force to pull the developing chain through. When a membrane protein is inserted,
YidC drives the integration of nascent transmembrane helixes into the inner membrane while
PpiD chaperone is thought to provide a quality check on transmembrane domains that are leaving
the SecYEG channel (Sachelaru et al., 2014). In the final steps, LepB cleaves the SP and the

mature protein is released to the periplasm or inserted in the membrane (Auclair et al., 2012).

Folded protein PERIPLASM

Unfolded
polypetide

CYTOPLASM

Figure 5. Sec mediated protein translocation in bacteria. The movement of unfolded proteins through
the IM is mediated by the SecYEG complex. There are two recognition pathways that enable either the
protein's translocation into the periplasm or its insertion into the IM. SecB recognizes post-translationally
secreted polypeptides and keeps them in their unfolded condition while delivering them to the SecYEG
complex via an interaction with SecA. The polypeptide is translocated by SecYEG. Signal peptidase |
(SPase) cleaves the SP upon secretion, releasing the polypeptide into the periplasm where it can fold or be
shielded by chaperones until OM insertion. When compared, SRP complex (made of the Ffh protein and

the small 4.5S RNA) recognizes the extremely hydrophobic signal sequence of co-translationally secreted
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proteins, and by interacting with FtsY, the SRP receptor, brings the translating ribosome to SecYEG. As
the protein is translated, Sec introduces the transmembrane helixes of the IM proteins into the membrane
or releases the mature protein to the periplasm. The figure excludes accessory Sec proteins for simplicity.
Figure adapted from Silhavy & Mitchell (2019).

1.6. The Twin-Arginine Translocase pathway (Tat)

The twin-arginine translocation pathway (Tat pathway) is an alternative to the Sec pathway for
protein translocation from cytoplasm to periplasm. The main distinction between the two routes
is that Tat exclusively transports folded proteins, whereas Sec exports unfolded polypeptide
chains into the periplasm (Patel et al., 2014). About 98% of the E. coli secretome is translocated
through Sec and only the remaining 2% (around 30 substrates) are exported by the Tat pathway

(Tullman-Ercek et al., 2007; Palmer & Berks, 2012).

The proteins exported by the Tat pathway are involved in important functions e.g., cell wall
formation, phosphate, copper, and iron metabolism, pathogenicity and respiratory metabolism
(Berks et al., 2005; Palmer & Berks, 2012). Tat translocation of the proteins provides a
physiological advantage over Sec translocation in these five cases: (i) the insertion of complex
cofactors, (ii) the prevention of periplasmic metal ions competing for insertion into the active site,
(iii) the transport of hetero-oligomeric complexes that require cytoplasmic assembly, (iv) the
requirement of cytoplasmic proteins for folding and maturation and (v) the instability of some
unfolded proteins in the periplasm (Palmer & Berks, 2012). It's interesting to note that some redox
proteins, despite not possessing their own signal sequence, are found to be transported through
the Tat pathway. These proteins create a multimeric complex with another protein that has a Tat
SP and use the so-called "hitchhiker mechanism™ in order to be translocated by Tat (Rodrigue et

al. 1999).

It is predicted that E. coli encodes around 30 Tat-dependent substrates, but there is a lack of
experimental confirmation of the bioinformatic predictions. Moreover, some of the predicted Tat

substrates are “promiscuous”, meaning they can either go to the periplasm by Tat or Sec or both
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(Blaudeck et al., 2001; Stanley et al., 2002; Blaudeck et al., 2003; Tullman-Ercek et al., 2007).

See Table 1 for a list of 27 Tat-secreted proteins.

TorA is an example of a protein exported by the Tat pathway. TorA, a trimethylamine N-oxide
(TMADO) reductase encoded by the torCAD operon (Méjean et al., 1994), was one of the earliest
Tat substrates found. TorA’s SP has a twin-arginine motif (RR) and the protein is located in the
periplasm (Weiner et al., 1998; Santini et al., 1998). The protein does, in fact, have a role in
anaerobic respiration, which explains why it is found in the periplasm. For TorA to function, a
cytoplasmically-inserted molybdenum cofactor is required, which justifies the need for Tat
translocation. Additionally, TorA needs the chaperone TorD for cofactor binding and cytoplasmic
maturation. Moreover, TorD also enhances targeting and translocation via the Tat pathway
(Sargent et al., 2002; Ilbert et al., 2004; Jack et al., 2004; Lee et al., 2010) by providing activity

against protein aggregation or/and proteolysis (Lee et al., 2010).

Even though the Tat protein export system is not essential for E. coli, the absence of a functional
pathway results in serious growth abnormalities. Tat-dependent proteins become mislocalized
when the Tat pathway is blocked. For example, amidases AmiA and AmiC are crucial for the cell
division process and a functional cell envelope phenotype, and they are naturally located in the
periplasm of E. coli (Bernhardt & de Boer 2003; Ize et al., 2003). Long chains of cells are formed
as a result of their improper localisation; therefore, cells lack proper cell separation (Harrison et

al., 2005).

From a biotechnology point of view, since Tat exports completely folded proteins, it means that
it has a system for quality control and proofreading. Due to this unique ability, it is likely that the
Tat system naturally produces high quality, active proteins, making this system a very valuable

tool for heterologous protein production (Walker et al., 2015).
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Table 1. List of Tat substrates in E. coli. List of 27 natural Tat substrates supplemented with UniProt
entry numbers (www.uniprot.org) and a short protein description. The selected candidates for this research

study are highlighted in green. The Tat substrate list was obtained from Sargent et al. (2005).

Tat substrate Uniprot Protein description
Entry
HyaA P69739 [NiFe] hydrogenase-1 subunit
HybO P69741 [NiFe] hydrogenase-2 subunit
HybA POAAJ8 Electron transfer from hydrogenase-2
NapG POAAL3 Electron transfer to nitrate reductase
NrfC POAAKY Electron transfer to nitrite reductase
PaoA/YagT P77165 Aldehyde oxidoreductase iron-sulfur-binding subunit
YdhX P77375 Uncharacterized ferredoxin-like protein
TorA P33225 TMAO reductase catalytic subunit
TorZ P46923 TMAO reductase-2 catalytic subunit
NapA P33937 Nitrate reductase catalytic subunit
YnfE P77374 Dimethyl sulfoxide (DMSO) reductase homolog
YnfF P77783 DMSO reductase homolog
DmsA P18775 DMSO reductase catalytic subunit
FdnG P24183 Formate dehydrogenase-N catalytic subunit
FdoG P32176 Formate dehydrogenase-O catalytic subunit
MsrP/YedY P76342 Protein-methionine-sulfoxide reductase catalytic subunit
CueO P36649 Multi-copper oxidase
Sufl/FtsP P26648 Cell division protein
YahJ P77554 Uncharacterized protein
WcaM P71244 Biosynthesis of colanic acid
MdoD/YdcG P40120 Glucans biosynthesis protein D
EfeB/YcdB P31545 Deferrochelatase/peroxidase
EfeO/YcdO POAB24 Iron uptake system component
Yael P37049 Phosphodiesterase
AmiA P36548 N-acetylmuramoyl-L-alanine amidase (Cell wall amidase)
AmiC P63883 N-acetylmuramoyl-L-alanine amidase (Cell wall amidase)
FhuD P07822 Ferrichrome binding protein

1.6.1. Tat-specific signal peptides

Similar to Sec, Tat substrates have a particular N-terminal SP to target export (Patel et al., 2014).
Both SP types share a tripartite structure: the n-, h-, and c-regions, including the AxA motif to
release the mature domain upon translocation (Figure 6). The ability to selectively target the
protein through its proper pathway is made possible by a number of distinctions between the SPs.
Compared to Sec SPs, which have an average length of 24 amino acids, Tat SPs are typically 14

residues longer, with an average length of 38 amino acids (Cristobal et al., 1999). The decreased
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hydrophobicity of the h-region, a conserved motif, and the basic residues of the c-region are the
major characteristics that prevent Tat substrates from being mistakenly targeted to Sec (Berks et
al., 2000, Palmer & Berks, 2012). It has been seen that an increase in the hydrophobicity of the
h-region of a Tat SP can convert it into a substrate for the Sec pathway and at the same time

prevent the export through Tat pathway (Cristobal et al., 1999).

At the intersection of the n- and h-regions lies the conserved S/T-R-R-X-F-L-K motif which
contains the distinctive twin-arginine (RR) that gives the translocase its name (Figure 6) (Berks,
1996). When one arginine of the motif was mutated to lysine, the Tat efficiency decreased
(Stanley et al., 2000). However, Tat-mediated export was totally prevented when both arginine
residues were mutated to lysine on the native Sufl's Tat SP (Yahr & Wickner, 2001). The presence
of positively charged residues in the c-region is the final Sec-repelling characteristic. In fact,
converting these residues to uncharged polar amino acids enables Sec export (Cristobal et al.,
1999). Despite these “Sec avoidance” features, 16 out of the 27 predicted Tat SPs have been
discovered to be promiscuous when fused to MBP as a target protein, meaning that these SPs

fused to this POI can also be exported by Sec pathway (Tullman-Ercek et al., 2007).

AxA

Mature
L h-region _1-1egI0 C-[EC protein
Property basic hydrophobic polar

Figure 6. General Tat-specific signal peptide features. The Tat signal peptide is composed of a basic n-
region (green), a hydrophobic h-region (blue), and a polar c-region (orange) at the carboxyl-terminal that
contains the signal peptidase cleavage site (AxA). The S/T-R-R-X-F-L-K consensus motif is located at the

junction between the n- and the h-regions.

1.6.2. Tat export mechanism

The Tat pathway in E. coli consists of five different proteins: four integral membrane proteins

TatA, TatB, TatC and TatE and the cytoplasmic protein TatD. The first four are encoded in
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tatABCD operon and TatE is encoded as a single gene (Sargent et al., 1998). There is a lot of
uncertainty regarding the mechanism through which Tat exports folded proteins across the IM,
and some of the Tat components' protein structures are being used to glean information. NMR
has been used to determine the structure of the E. coli proteins TatA and TatB (Rodriguez et al.,
2013; Zhang et al., 2014a; Zhang et al., 2014b), but no other structures of isolated Tat proteins
have been published. Additionaly, TatBC complex of E. coli with and without substrate binding

has also been published (Tarry et al., 2009).

TatA, TatB, and TatE are sequence-related and only have a single N-terminal transmembrane
helix (Baglieri et al., 2012), whereas TatC is the most conserved of the Tat proteins and has six
transmembrane helices (Behrendt et al., 2004). TatA and TatE are the putative pore-forming
components that facilitate the actual protein translocation process, whereas TatC and TatB form
a complex that serves as the first recognition site for Tat substrates (Frobel et al., 2012). TatA and
TatE have overlapping roles and their amino acid sequences are more than 50% identical (Sargent
et al., 1998). It has been demonstrated that the TatA/B/C components' stoichiometry is essential
for the Tat pathway's proper operation (Leake et al., 2008) and Tat-dependent protein flow can
only increase when TatABC are concurrently overexpressed (Browning et al., 2017). TatB and
TatC interact with a 1:1 stoichiometry and there are multiple copies of the two proteins (Bolhuis
etal., 2001). In order to elucidate the function of Tat components, a variety of mutants have been
constructed. It seems that TatB and TatC are both crucial parts of the Tat system, and their loss
results in a total mislocalization of a particular Tat substrate (Lee et al., 2002; Wexler et al., 2000).
AtatA or AtatE mutants, in contrast, cause a variety of cell abnormalities but do not completely
impair the Tat mediated export. Finally, TatD protein was found to be nonessential as a TatD
knock-out strain did not impact Tat translocation (Wexler et al., 2000), but it takes part in the

quality control mechanism (Matos et al., 2009).

In the presence of folded Tat substrates in the cytoplasm containing the N-terminal Tat-specific
SP, the reversible recruitment of the translocon components for translocation starts (Rose et al.,
2013). The interaction of TatB and TatC proteins as dimers in the membrane, which serve as

receptors for the substrates, is the initial stage of Tat translocation (Alami et al., 2003; Frobel et
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al., 2019). The interaction of these two proteins is crucial to avoid the substrate's premature
release. Without TatB, the insertase TatC alone can also recognize Tat substrates by their SP but
can prematurely trigger their cleavage (Frobel et al., 2012). TatB is consequently necessary for
the proper initiation of the translocation by preventing early cleavage of the SP. Together, they
create a hydrophobic cavity in the lipid bilayer that allows the Tat signal peptides to dock there
(Blimmel et al., 2017). Next, the Tat SP is fully inserted into a cavity that the TatBC complex

has created (Figure 7) (Lausberg et al., 2012; Blummel et al., 2015).

After substrate binding to the TatBC complexes, the TatA proteins are recruited and oligomerized
(Alcock et al., 2013). This recruitment is mediated by the proton motive force (Patel et al., 2014).
From this point, two models are currently being explored to explain the translocation of the
substrate: the translocation pore model (Figure 7) (Palmer & Berks, 2012) and the membrane
destabilisation model (Berks, 2015; Cline, 2015). According to the translocation pore theory,
TatA proteins oligomerize at the TatBC/substrate complex to create a size-variable pore that is
tailored for the bound substrate (Lange et al., 2007; Patel et al., 2014). In contrast, the second
concept proposes that, following the oligomerization of TatA proteins, the membrane is thinned
and destabilized as a result of these proteins' N-termini, and a temporary pore into the lipid bilayer
is opened, allowing the substrate to pass through (Hou et al., 2018). The combination of the two
models is likely to be the explanation for Tat translocation, as this system translocates diverse

molecular weight substrates ranging from 10 to 150 kDa (Berks et al., 2000).

Signal peptide Binding of substrate Passenger domain Signal peptide
binding to TatBC, and TatA crossing the cleavage and TatA
polymerization membrane via TatA depolymerization
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Figure 7. Translocation pore model of the Tat pathway of E. coli. At the start of the translocation, TatB

Periplasm

and TatC are associated as a complex, while TatA is presented as dispersed protomers. In the first step (1)
the TatBC complex binds the SP of the already folded substrate; the twin-arginine (RR) motif in the SP is
recognized by a site in TatC. The rest of the SP and protein passenger domain are close to TatB. In the

second step (2) the substrate SP becomes more tightly bound to the TatBC complex, however the N-

33



terminus of the SP remains in the cytoplasm. TatA protomers are recruited and polymerized to the TatBC
complex. The resulting TatABC complex is the active translocation site and at this step, the SP is already
in contact with these three Tat components. In the step three (3) the passenger domain of the protein crosses
the membrane via TatA, while the SP remains bound to the TatBC complex. In the last step (4), the
passenger domain has crossed the membrane and the SP is removed by a signal peptidase at the periplasmic
face of the membrane. After successful translocation and SP cleavage, TatA dissociates from TatBC and

depolymerizes back to free protomers. Adapted from Palmer & Berks (2012).

1.6.3. The proofreading and quality control mechanism

As mentioned before, Tat pathway has also a quality control and proofreading ability. Only fully
folded substrates containing their designated cofactor (if necessary) can exit the cytoplasm via
the Tat pathway (DeLisa et al., 2003; Sutherland et al., 2018). To ensure that cofactors are
correctly assembled, specific cytoplasmic chaperones (redox enzyme maturation protein
(REMP)) are involved. Without their chaperones, these Tat substrates cannot achieve a natural
conformation which is detected by the Tat translocon preventing their transport (Turner et al.,
2004). Therefore, we could define "quality control” or "proofreading" mechanism as the capacity
to detect the folded state of Tat-targeted proteins. A misfolded substrate, alkaline phosphatase
(PhoA), was fused to the SP from TorA, reached the Tat translocase but was not exported (Richter
& Bruser, 2005). Pre-mature PhoA was associated with TatBC complex but did not trigger the
recruitment of the TatA proteins. It seems that the Tat translocase “senses” the substrates that
cannot reach their native conformation and triggers their degradation (Matos et al., 2008).
Additionally, Rocco et al. (2012) identified specific mutations in the TatABC proteins which

allows a misfolded model protein to be transported by Tat pathway to the periplasm.

The conformational tolerance of the Tat proofreading mechanism has been studied in recent
investigations. The natural E. coli Tat substrate, multicopper oxidase (CueQO), can be exported
without its copper cofactor which is acquired in the periplasm. The apo form of CueO is nearly
structurally identical to its holo form, what means the Tat senses this protein sufficiently folded
to pass the proofreading mechanism (Djoko et al., 2010; Stolle et al., 2016). This tolerance has
been further demonstrated many other times with heterologous proteins. Alanen et al. (2015) saw

that hGH, interferon a2b and two scFvs were exported with high efficiency even in the absence
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of cytoplasmic disulphide bond formation, while PhoA, AppA and a dimeric Fab construct
employed in the study of DeL.isa et al. (2003), which are larger proteins containing more DSBS,
could not “fool” the Tat proofreading mechanism and hence were not transported by Tat. The
ones employed by Alanen et al. (2015), on the other hand, were smaller, and did not contain more
than two DSBs. It might be that the simple structure of the proteins enables them to acquire native
or near-native structures in the absence of DSBs, therefore, allowing Tat to recognize them as
fully folded and permitting its translocation to the periplasm. Sutherland et al. (2018) observed a
correlation between Tat export efficiency and the increase of the substrate’s rigidity when using
a heme-binding protein known as BT6 maquette. They observed that the rising abundance of
periplasmic protein was clearly correlated with increasing heme-binding capacity (three variants
of BT6 binding either two, one or no heme(s)). This was already shown before by Jones et al.
(2016). They realized that Tat preferentially exports the more rigid structure, thus, it senses the
conformational flexibility: even when their model protein, an scFv, was stably folded and active
even in its reduced form, the formation of its two DSBs (by CyDisCo) enhanced Tat-dependent
export 10-fold. Furthermore, they found that this scFv was not translocated when fusing 26-
residue unstructured tail at the C-terminus, suggesting that even this small change could be sensed
by Tat quality control mechanism. Additionally, they claimed that the Tat proofreading system
can tolerate major changes in surface charge or hydrophobicity, when they mutated the same

model protein.

How certain proteins are rejected by the proofreading mechanism is still unclear. The co-
purification of a mutant PhoA with the TatBC complex showed that misfolded proteins still
interact with the Tat translocon (Richter & Bruser, 2005). Hence, Tat may not have an inbuilt
mechanism for proofreading but might be instead connected to an efficient degradation system as

it has been seen in Tat export in Bacillus subtilis (Frain et al., 2019).

1.6.4. A more efficient Tat export: TatExpress

The Tat pathway is only employed to export a small number of proteins to the periplasm, and
because it is constitutively expressed in E. coli (Jack et al., 2001), the availability of Tat-forming

proteins will always be a limitation when trying to exploit this system for heterologous protein
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production. Trying to solve this limitation, a new strain was developed with a tac promoter right
before the original promoter of Tat in the genome of the most used E. coli strains in industry (e.g.,
BL21 and W3110). This new-developed strain, name as TatExpress (TE) strain, significantly
improved the Tat-dependent secretion of hGH and an scFv into the bacterial periplasm, boosting
the commercial and industrial relevance of the Tat pathway (Browning et al., 2017; Guerrero

Montero et al., 2019).

1.7. Aims of this project

The primary aim of this research project was to achieve efficient export of industrially usable
prefolded, disulphide-bonded proteins by the Tat export pathway of E. coli CyDisCo strains;

initially at shake-flask and later at fed-batch fermentation scale.

Export of DSB containing proteins to the periplasm, an oxidising environment, presents an
advantage over the cytoplasm production, as DSBs can naturally form. The periplasm also
contains chaperones that can enhance the correct folding of the POI, contains less proteases than
the cytoplasm and facilitates downstream processing (Mergulhéo et al., 2005; Balasundaram et
al., 2009). Moreover, Tat pathway offers an attractive alternative to the Sec pathway, because it
translocates cytoplasmic folded proteins and contains a proofreading mechanism that only permits
correctly folded proteins to be exported. This pathway alongside CyDisCo technology might be

a welcome alternative for quicker and cost-effective production of high-value proteins.

Firstly, the export of cytoplasmic prefolded proteins by CyDisCo was assessed by the Tat
pathway. Until now, only small, simple biopharmaceutical proteins and AppA and PhoA model
proteins have been exported with the help of CyDisCo, and there is a knowledge gap on how
efficient CyDisCo is at promoting translocation of other target protein through the Tat pathway,
especially when it comes to multi-DSB containing POls (Chapter 2). In Chapter 3, we set out to
test whether Tat + CyDisCo could be scaled-up for industrial fermentation and produce competing
yields compared to its counterpart Sec pathway. For this, a previously tested Tat-dependent scFv

was chosen and experiments were carried out in two different E. coli strains: BL21 and W3110.
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Moreover, we compared those E. coli strains in terms of product yields and product heterogeneity
when exporting by Sec pathway in 5 L bioreactors. Finally, in the Chapter 4, we report it is
possible to get very high level of secretion to the periplasm and media of a disulphide-bonded
protein (YebF) by Tat pathway when fusing AmiC and MdoD SPs in a CyDisCo-dependent

manner.
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CHAPTER 2: Proteins with multiple disulphide bonds as a

substrate for the Tat pathway

2.1. Introduction

Escherichia coli is a favored choice of host to produce biopharmaceutical proteins, and protein
export is almost invariably carried out by the Sec pathway. Sec transports proteins through the
membrane-bound translocase in an unfolded form, and once in the periplasm, the DSBs of the
protein are formed (Karyolaimos et al., 2019). Targeting the POI to the periplasm offers several
advantages to produce therapeutic proteins, including simplification of downstream processing
via a reduction in the amount of contaminating proteins and nucleic acids (Bagherinejad et al.,
2016). The Sec system cannot efficiently export some industrially relevant proteins usually
because of premature folding in the cytoplasm, or inability to correctly fold in the periplasm. The
Tat pathway offers a potentially important alternative to the Sec system. This pathway also
exports proteins to the periplasm. As with Sec substrates, Tat substrates are synthesised with N-
terminal signal peptides, but these contain Tat-specific determinants including the presence of a
highly conserved twin-arginine motif (Kleiner-Grote et al., 2018). Tat dependent native substrates
range in size from 10 kDa to 150 kDa (Berks et al., 2000). The most important difference between
the Sec and the Tat pathways to stress upon is that the Sec pathway exports unfolded proteins
while the Tat pathway translocates proteins that have been folded in the cytoplasm (Green &

Mecsas, 2016).

Moreover, the Tat machinery has an inherent preference not only to export folded proteins, but to
export correctly folded proteins, in the sense that misfolded proteins purposely fail to get
exported. This trait implies a quality control element that may lead to a more homogeneous
product (DeLisa et al., 2003; Fisher et al., 2008). A recent study showed that Tat could export
human growth hormone (hGH) at high levels and that the TatExpress (TE) cells could be
employed under fermentation conditions (Guerrero-Montero et al., 2019). TE strains, over-
express the tatABC genes (encoding the Tat system) from the chromosome and boost the

industrial potential of this pathway (Browning et al., 2017). Prior to this work, studies reported
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Tat to be capable of exporting several biotherapeutics, including single chain antibody fragments,
and interferons (DeL.isa et al., 2003; Tullman-Ercek et al., 2007; Alanen et al., 2015; Browning
et al., 2017). Other simple proteins such as green fluorescent protein (GFP) have been also

successfully exported by Tat (Thomas et al., 2001; Matos et al., 2012).

However, this feature poses problems for the export of disulphide-bonded proteins, because these
types of proteins often only achieve a native conformation after formation of the DSBs. In wild-
type E. coli cells, this only occurs in the periplasm (Matos et al., 2014). One study confirmed this
by expressing multiple disulphide bond-containing proteins in a mutant strain, Agor/AtrxB, that
does allow DSB formation in the cytoplasm. It was shown that if a Tat-specific signal peptide
was attached, the proteins could be exported by Tat, but the same constructs were not exported in
wild-type strains. Agor/AtrxB strains enable the formation of DSBs in proteins in the cytoplasm
by the removal of the two naturally occurring reducing pathways (Prinz et al., 1997).
Nevertheless, they are inefficient at making disulphide bond-containing proteins as they do not
contain any DSB formation catalyst. CyDisCo (cytoplasmic disulphide bond formation in E. coli)
mimics these natural systems by introducing a catalyst of disulphide bond formation, usually the
sulfhydryl oxidase Ervlp, and a catalyst of disulphide isomerization, usually human protein
disulphide isomerase (PDI). This system allows disulphide bond formation in wild-type E. coli
with the reducing pathways intact and allows efficient production of disulphide bond containing
eukaryotic proteins in the cytoplasm (Hatahet et al., 2010). In 2014, an alkaline phosphatase
(PhoA, two DSBs), a phytase containing four disulphide bonds (AppA) and anti-interleukin 1
scFv proteins (two DSBs) were exported in an active form by Tat in the presence of CyDisCo
components, and mass spectrometry showed that the majority of the scFv protein was disulphide-
bonded and correctly cleaved (Matos et al., 2014). This evidence indicates that the combination
of Tat + CyDisCo offers a novel means of exporting active, correctly folded disulphide bonded

proteins to the periplasm.

Brazzein is a promising natural, low-caloric sweetener candidate appreciated for its intense
sweetness, sugar-like taste (Assadi-Porter et al., 2000). Brazzein is the smallest sweet protein and

has a molecular mass of 6.4 kDa. This protein contains one short a-helix and three strands of
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antiparallel B-sheet held together by four disulphide bonds (Caldwell et al., 1998) (Annex 2). For
food industry applications, high-level production of Brazzein is necessary. The recombinant
expression of Brazzein was described in various hosts, such as E. coli (Assadi-Porter et al., 2000;
Assadi-Porter et al., 2008; Lee et al., 2010), Lactococcus lactis (Berlec et al., 2006), Pichia
pastoris (Poirier et al., 2012) and Kluyveromyces lactis (Jo et al., 2013). The functional
production of Brazzein was frequently low because the protein contains four disulphide bonds
and needs a specific terminal sequence (confers its sweet taste). In E. coli, the recombinant
Brazzein was expressed as a fusion protein that was produced in an insoluble form in the
cytoplasm what increased the difficulty of purification. Alternatively, Tat-mediated secretion was

reported in Bacillus subtilis (Barnett et al., 2009).

The first Fc fusion protein to receive FDA approval was dulaglutide. In 2014, this therapeutic
started to be sold for weekly administration for treatment of type 2 diabetes. It consists of two
identical single chain subunits linked by two interchain DSBs and four intrachain DSBs (six DSBs
in total). This protein has a mass of almost 60 kDa in oxidized conditions and is produced for

commercialization in CHO cells (Jimenez-Solem et al., 2010; Sanford, 2014) (Annex 2).

Romiplostim, is a Fc-peptide fusion protein (peptibody) that binds to and activates the
thrombopoietin receptor, thereby increasing platelet production. Similar to Dulaglutide,
Romiplostim consists of two identical single chain subunits linked by two interchain DSBs and
four intrachain DSBs (six DSBs in total). This protein has a mass of almost 60 kDa in oxidized
conditions and is expressed intracellularly in E. coli as inclusion bodies using high cell density

fed batch fermentation for commercialization (Frampton et al., 2009; Keating, 2012) (Annex 2).

Here, we examine whether CyDisCo can be combined with the Tat pathway for the efficient
export of more complex, high-value, disulphide-bonded difficult-to-express proteins: Brazzein,
Dulaglutide and Romiplostim. Tat secretion system was considered as it can secrete folded
proteins which might simplify and lower the cost of recovery of the proteins. At the same time,
the proofreading mechanism of Tat has never been tested for more complex proteins, so valuable
information of Tat translocation mechanism will be obtained and stoichiometries for the

CyDisCo, Tat and substrate proteins will be evaluated.
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2.2. Materials and methods

2.2.1. Suppliers of chemicals

All chemicals used in this study were supplied by Fisher Scientific UK (Thermo Fisher Scientific

Inc, USA), Sigma (Sigma-Aldrich, USA) or Formedium (UK) unless otherwise stated.
2.2.2. DNA Techniques
2.2.2.1. Preparation of plasmid DNA

All plasmids were isolated through mini preparation using QlAprep spin miniprep kit (Qiagen,
Hilden, Germany) as per the manufacturer’s instructions. Plasmids were recovered in 50 pL
elution buffer (10 mM Tris-Cl pH 8.5) and concentration was determined using NanoDrop 2000c

(Thermo Fisher Scientific Inc, USA) before use immediately or stored at -20°C until needed.
2.2.2.2. Polymerase Chain Reaction (PCR)

PCR reaction mixes were made using 1 uL template DNA (80-100 ng), 1 uL dNTP mix (200 uM,
Promega, USA), 10 pL GC buffer, 0.3 pL of each primer (0.5 uM), 1.5 uL DMSO (3%), 0.5 pL
Phusion high fidelity DNA polymerase (2 U/uL, New England Biolabs, UK) and made up to a
final volume of 50 pL with Milli-Q H.O (GenPure UV/UF water purification system). PCRs were
generally carried out in a Bio-Rad T100™ Thermal Cycler (Thermo Fisher Scientific Inc, USA)
and then analysed through agarose gel electrophoresis (2.2.2.3.). The primers used in this study

are presented in Table 2. An example cycle is given below:

Initial denaturation 98 °C 30 sec

Denaturation 98 °C 10 sec

Annealing Primer T 30 sec } 30x
Elongation 72°C 30 sec/kb

Final elongation 72°C 5 min

Hold 4°C 0
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Table 2. Cloning primers used in this work. Primers have been supplied by integrated DNA technologies.

Primer Sequence 5> 3’

TorA_R CGCAGTCGCACGTCGCGGC

His_F CACCATCACCATCACCATTAATAAG

TorA + brazzein_F CGCCGCGACGTGCGACTGCGCAGGACAAGTGCAAGAAA

His + brazzein_R TAATGGTGATGGTGATGGTGATATTCGCAGTAATCGCA

TorA + romiplostim_F CGCCGCGACGTGCGACTGCGATGGACAAGACCCATACCTGCCCGC
His + romiplostim_R TAATGGTGATGGTGATGGTGCGCACGCGCCGCCAGCCACT

Tor A + dulaglutide_F CGCCGCGACGTGCGACTGCGCACGGCGAGGGTACCTT

His + dulaglutide_R TAATGGTGATGGTGATGGTGACCCAGGCTCAGGCTCAG

Plasmid + TorA_F AACTTTAAGAAGGAGATATAATGAACAATAACGATCTCTTTCAG
Plasmid + His_R CTAGTGAATTCGGATCCTTATTAATGGTGATGGTGATGGTG
Plasmidl_PMJS162_R TATATCTCCTTCTTAAAGTTAAACAAAA

Plasmid2_PMJS162_F CACCATCACCATCACCATTAATAAG

2.2.2.3. Agarose gel electrophoresis

DNA was run on agarose gels containing 1% (w/v) agarose dissolved in 1x TAE buffer. 1x TAE
buffer was made from 50x TAE stock solution (242 g/L Tris, 57.1 mL/L glacial acetic acid, 100
mL/L 0.5 M EDTA pH 8). Typically, 0.5 g agarose and 50 mL 1 x TAE buffer were put into a
conical flask and microwaved for 1 min until the agarose had dissolved. The solidified gel was
then placed in the tank, submerged in 1 x TAE buffer. The DNA samples were mixed with SYBR
Green Nucleic Acid Gel stain and 6x Gel loading buffer before loading into the wells of the
solidified gel. Electrophoresis was carried out at 120 V for 30 to 50 mins depending on the
expected sizes. For the visualisation of the agarose gels a Bio-Rad Gel doc (Bio-Rad Laboratories

Ltd, USA) was used.

2.2.2.4. Purification of DNA from agarose gels

Appropriate bands were excised from agarose gels under UV transilluminescence using a sharp

scalpel blade. Agarose was then removed using QIAprep gel extraction kit (Qiagen, Hilden,
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Germany) as per manufacturer’s instructions. DNA was recovered in 30 pL elution buffer before

use or stored at -20 °C until needed.
2.2.2.5. Gibson assembly cloning

For constructs designed by Gibson cloning, a 20 pL reaction mix was prepared using a 1:10
dilution of the primers. PCRs were performed using Bio-Rad T100™ Thermal Cycler. Each
contained, 0.3 pL template DNA (80-100 ng). Furthermore 0.1 pL Phusion high fidelity DNA
polymerase (2U / mL), 0.4 uL dNTP mix (10 mM), 4 uL 5X Phusion HF buffer, and 0.8 uL each
of forward and reverse primer (10 uM) were added and the mix was made up with 13.6 pL with
autoclaved dH.O. As previously described the samples were visualized using agarose
electrophoresis. After adding 0.5 L Dpnl to each sample, the samples were incubated for 1 hour
at 37°C. The Gibson assembly mix was set up as described in Table 3 and the assembly mix was

incubated for an hour at 50°C before transformation into NEB Turbo competent cells.

Table 3. Gibson assembly composition.

DNA fragments 0.02 - 0.5 pmols
Gibson Assembly Master Mix (2x) 10 uL
Add dH20 up to 20 pL

2.2.2.6. Sequencing of plasmid DNA

For this study, the sequencing service of GENEWIZ was used. Typically, 80 to 100 ng of DNA
was mixed with 5 pL of 5 mM sequencing primer (pTacF: 5’-

GAGCGGATAACAATTTCACACAGG- 3%)

2.2.2.7. Constructs generated and used in this study

A variety of constructs has been used in this study, which are presented in Table 4.
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Table 4. Construct used and generated in this study.

Plasmid Function Tag Promoter | Antibiotic Reference
name resistance
pKA1l PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Romiplostim-His6
pKA2 PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Romiplostim-His6 +
CyDisCo
pKA3 PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Dulaglutide-His6
pKA4 PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Dulaglutide-His6 +
CyDisCo
pKA5 PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Brazzein-His6
pKAB PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin | This study
Brazzein-His6 + CyDisCo
pKA7 PET23 derivative / TorA- | His6 (C-terminal) tac Ampicillin This study
Brazzein-His6
pKAS8 PET23 derivative / TorA- | His6 (C-terminal) tac Ampicillin This study
Dulaglutide-His6
pKA9 pPET23 derivative / TorA- | His6 (C-terminal) tac Ampicillin This study
Romiplostim-His6
pAAT1 pET23 derivative / His6- | His6 (N-terminal) tac Ampicillin Prof. Ruddock
Romiplostim (University  of
Oulu)
PAAT7 PET23 derivative / His6- | His6 (N-terminal) tac Ampicillin Prof. Ruddock
Dulaglutide (University  of
Oulu)
PMJS256 | pET23 derivative / His6- | His6 (N-terminal) tac Ampicillin Prof. Ruddock
Brazzein (University  of
Oulu)
PMJS205 | CyDisCo: Ervlp and PDI - tac Chloramphe | Gaciarz A et al.
nicol (2016)
pKRK?7 PEXT22 derivative / TorA- | His6 (C-terminal) tac Kanamycin Browning et al.
hGH-His6 (2017)
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2.2.3. Growth and maintenance of E. coli cultures

2.2.3.1. Glycerol stocks

The constructs used in this study were transformed in NEB Turbo cells and stored as glycerol
stocks at —80 °C. Glycerol stocks were prepared using 750 pL 50% glycerol and 750 pL stationary

phase culture.

2.2.3.2. Preparation of competent cells

A5 mL LB pre-culture, with appropriate antibiotics (at 1:1000 concentration), was inoculated
with E. coli strain and incubated o/n at 30°C, 200 rpm in a shaking incubator (Multitron Pro
shaking incubator, Infors, Switzerland). The next day 10 mL fresh LB was inoculated from the
pre-culture and incubated at 30°C 200 rpm until OD600 = 0.3 — 0.4 at which point cells were
pelleted by centrifugation (Thermo Fisher Scientific Inc, USA) at 1690 x g, 4°C, 10 min.
Supernatant was discarded and the cell pellets were resuspended in 10 mL ice-cold 100 mM
MgCI; and incubated on ice for 5 min. Cells were re-pelleted before resuspending in 1 mL ice-

cold 100 mM CacCl; and stored at 4°C for 1 — 24 hrs before use.

2.2.3.3. E. coli strains used in this study

The E. coli strains presented in Table 5 were used in this study.

Table 5. Strains used in this study.

Strain Genotype Reference/ Source
NEB® Turbo F’ proA™B* lacl? AlacZM15 / fhud2 A(lac-
Competent E. coli proAB) gInV galK16 galE15 R(zgb- NEB®
210::Tn10) TetS endAl thi- A(hsdS-mcrB)5
BL21 E. coli B strain. fhuA2 [lon] ompT gal [dcm] NEB®
AhsdS
BL21 TatExpress BL21 carrying a pTac promotor upstream of Browing et al. (2017)
tatABCD
2.2.3.4. Media

For growth of E. coli in liquid media, Lysogeny Broth (LB) medium (10 g/L sodium chloride, 10

g/L tryptone and 5 g/L yeast extract) was used for the experiments in 2.3.1 as a main culture. For
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growth on agar plates, Luria Bertani agar (LBA) (10 g/L sodium chloride, 10 g/L tryptone, 5 g/L
yeast extract and 10 g/L bacto-agar) was used. At the end of the section 2.3.1 and onwards, the E.
coli cells were grown in rich autoinduction medium as a main culture (12 g/L tryptone, 24 g/L
yeast extract, 3.3 g/L (NH4)2SO4, 6.8 g/L KH,PO4, 7.1 g/L Na;HPQO4, 0.5 g/L glucose, 2 g/L
lactose, 0.15 g/L MgSO4 and 0.03 g/L Trace Elements, giving a total of 55.85 g/L). The final mix
of 55.85 g of powdered medium was dissolved in 1 L of distilled water. A final concentration of
0.8% glycerol was added to the prepared media. Suitable antibiotics based on the vector were
used at the following concentrations: Kanamycin (50 pg/mL), Ampicillin (100 pg/mL) and

Chloramphenicol (35 pg/mL).
2.2.3.5. Transformation of competent E. coli cells

To transform E. coli competent cells, 1-2 pL of DNA (100 ng/pL) was gently mixed with 30 pL
competent cells and incubated on ice for 30 minutes. The cells were then placed in a water bath
(Grant Instruments, Cambridge, UK) at 42°C for exactly 30 seconds before placing back on ice
for 5 min. Next 0.5 mL LB was added, and cells incubated at 37°C for 60 min. Total cell
suspension was plated on LBA plates containing appropriate antibiotic(s) which were incubated

in plate incubator (MLR-162-PE, Panasonic, Japan) inverted, at 37°C overnight.

2.2.4. Protein production

2.2.4.1. Culture of E. coli and plasmid induction

For fractionation of E. coli cells (section 2.2.4.2.) in LB media expression experiments, 5mL LB
with appropriate antibiotics was inoculated and grown aerobically at 30°C, 220 rpm overnight.
The following day cultures were diluted to ODggo= 0.05 in 50 mL fresh LB with antibiotic(s) in
250 mL Erlenmeyer flask before incubation at 30°C until OD600= 0.4 — 0.6 (mid-log phase). At

this point, the cells were induced with 100 uM IPTG for 3 hours or o/n (typically 16 hours).

For fractionation of E. coli cells grown in rich autoinduction media for protein expression, after
plate overnight incubation at 37°C, the colonies were used to inoculate 2-5 mL of LB media
supplemented with 2 g/L of glucose. These starter cultures were grown for 6 hours at 30°C, 250

rpm and were used to seed the main cultures in a 1:100 ratio. Main cultures cells were grown in
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100 mL flasks with 10 mL culture in each flask. The flasks were covered with sponge as oxygen
permeable membrane and grown at 30°C, 250 rpm for 22-24 hours and harvested for

fractionation.

2.2.4.2. Fractionation of the E. coli cells

After the induction period, the cells equal to 10/ODggo Were harvested by centrifugation at 1690
rpm for 10 min at 4 °C (Eppendorf centrifuge, 5417R, Hamburg) and EDTA/ lysozyme/ cold
osmotic shock protocol for periplasmic extraction was carried out (Randall & Hardy, 1986) with
some modifications (Pierce et al., 1997). Samples were placed on ice and the supernatant was
discarded. The pellets were resuspended in ice cold 500 puL Buffer 1 (100 mM Tris-acetate pH
8.2, 500 mM sucrose, 5mM EDTA). In addition, 500 pL ice cold MilliQ H2O and 40 pL lysozyme
(from egg-white, 1 mg/mL stock (Sigma Aldrich, UK)) was added, and the suspension was
incubated on ice for 5 min. After 5 mins, 20 uL 1 M MgCl, was added to stabilise the cytoplasmic
membrane, and cells were centrifuged at 20800 x g, 4 °C for 2 mins. The supernatant, periplasmic
fraction (P) was collected in a 1.5 mL Eppendorf without disturbing the cell pellet. The remaining
supernatant around the pellet was discarded and the pellet was washed with 1 mL ice cold Buffer
2 (50 mM Tris-acetate pH 8.2, 250 mM sucrose, 10 mM MgSO4) and centrifuged at 20800 x g,
4 °C for 5 mins. The supernatant was discarded, and the pellet was resuspended in 1 mL Buffer 3
(50 mM Tris-acetate pH 8.2, 2.5 mM EDTA). To fully lyse the cells, they were sonicated (10 secs
on / 10 secs off 4x) and then ultra-centrifuged at 264,360 x g, 4 °C for 30 mins. This guarantees
the separation of the cytoplasm and insoluble material. The supernatant was collected as
cytoplasmic fraction (C) in a 1.5 mL Eppendorf without disturbing the cell pellet. The remaining
supernatant was discarded, and the pellet was resuspended in 1 mL Buffer 3 (50 mM Tris-acetate
pH 8.2, 2.5 mM EDTA), giving the insoluble fraction (I). For further analysis of membrane
fraction (MB), after sonication, samples are centrifuged at 20800 x g at 4 °C for 15 mins. The
supernatant obtained was ultra-centrifuged at 264,360 x g, 4 °C for 30 mins (the final pellet was
again resuspended 1 mL Buffer 3 giving MB fraction), and the pellet was resuspended in 1 mL

Buffer 3 (inclusion bodies, I1B). All cell fractions were stored frozen at — 20 °C.
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2.2.5. Protein separation

2.2.5.1. SDS poly-acrylamide gel electrophoresis (SDS-PAGE)

Protein separation was carried out using a vertical gel apparatus from Bio-Rad Mini-PROTEAN®
Tetra System (UK), the gels were cast and run according to manufactures instructions. Typically,
0.75 mm gels were used. The separation gel was composed of 15% acrylamide, 0.3% bis-
acrylamide (37.5:1, BioRad, Herts, UK), 375 mM Tris-HCI pH 8.85 and 0.1 % SDS. Stacking gel
was composed of 5% acrylamide, 0.0375 % bis-acrylamide 125 mM Tris-HCI pH 6.8 and 0.001%
SDS. Before loading, samples were mixed with protein gel loading buffer (125 mM Tris-HCI pH
6.8, 20% glycerol, 4% SDS, 0.02% bromophenol blue, 5% B-mercaptoethanol) and heated for 5
minutes at 95°C. Protein gel running buffer was 25 mM Tris, 192 mM Glycine and 0.1% SDS at

a pH of 8.3. Gels were run until the dye-front had run off the gel, typically 40 minutes at 60 mA.
2.2.5.2. Detection of proteins with Coomassie

The protein profile of samples was visualised with Coomassie stain (10% acetic acid, 40%
methanol and 1 g/L Coomassie Brilliant Blue R-250 blue (Bio-Rad, Herts, UK)). Newly run SDS
gels were covered in Coomassie stain and incubated at room temperature for 1 h. The stain was

removed by washing the gel in destaining solution (5% ethanol, 7.5% acetic acid).

2.2.6. Protein imaging

2.2.6.1. Western-blotting

Proteins of interest were also visualised using electrophoresis for wet-western blotting. Proteins
were transferred to PVVDF-membrane (GE Healthcare, Buckinghamshire, UK) using the Bio-Rad
system. The SDS-PAGE was placed on top of the membrane in between two sheets of Whatman
paper and two sponges whilst being soaked in western blot transfer buffer (192 mM Glycine, 25
mM Tris and 10% ethanol). Membrane was prepared by soaking in methanol prior to contact with

the gel. Proteins were transferred at 90 V for 1 hr.
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2.2.6.2. Detection of proteins by immunoblotting

After transfer, the PVDF membrane was immersed in a blocking buffer (2.5% (w/v) skimmed
milk powder in 50 mL 1x PBS-tween20 (0.1%)) at 4°C overnight. On the following day, the
blocked membrane was washed 3x 5 min with 1x PBS-tween20 (0.1%) before incubating with
1:5000 primary antibody (anti-His C-terminal, Invitrogen) in 20 mL 1x PBS-tween20 (0.1%) for
1 hour at room temperature on shaking table (GyroTwister, Labnet, New Jersey, USA). The
membrane was then washed for 3x 5 min with 1x PBS-tween20 (0.1%) before incubating with
1:5000 secondary antibody (anti-Mouse-HRP, Promega) in 20 mL 1x PBS-tween20 (0.1%)) for
1 hour at room temperature on a shaking table. Finally, the membrane was washed for 6x 5 min
with 1x PBS-tween20 (0.1%) before imaging. Immunoreactive bands were detected using
enhanced chemiluminescence detection kit (ECL, Bio-Rad, Herts, UK) according to the
manufacturer’s instructions. Bands were visualised using BioRad Gel-doc chemiluminescence

imager and associated software.
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2.3. Results

2.3.1. Low copy number polycistronic one-plasmid based format (pEXT22)

for Tat dependent export of disulphide-bonded proteins

Gene expression in bacteria is organised into operons that contains polycistronic mMRNASs which
encode several proteins. This has the advantage of allowing the simultaneous control of the
production of several proteins using a single promoter and terminator. This avoids, for example,
the multiple uses of identical promoters and terminators, which may diminish overall promoter
activity and increase the metabolic burden on the cell during protein production (Mintjes et al.,
2020). At the same time, many vectors used for expression of proteins are low copy number
plasmids as having a reduced copy number (lower gene dosage) can decrease basal, or uninduced,
intracellular levels of an expressed protein. This is advantageous because some foreign proteins
are toxic even at very low levels and therefore can inhibit growth of the E. coli cells (Wood et al.,
2017). Also, for the aim of this research, it was hypothesized that low copy number plasmid
(PEXT22) would avoid overloading the Tat system and permit the translocation of the POI to the

periplasm (Sutherland et al., 2018).

Previously, the successful export of various prefolded, disulphide-bonded recombinant proteins
to the periplasm by the Tat pathway with CyDisCo strains has been reported (Matos et al., 2014).
Based on this research, we aimed to successfully transport prefolded industrially relevant proteins
namely Brazzein, Dulaglutide, Romiplostim as POIs from the cytoplasm to the periplasm by the

Tat pathway.

For this aim, the TorA Tat specific SP was attached to the N-terminus of each POI for export and
a C-terminal 6x-His tag was used for detection (referred as TorA-Brazzein, TorA-Dulaglutide and
TorA-Romiplostim). Constructs were expressed in a one-plasmid based format, specifically a
polycistronic modified pEXT22 with a pTac promoter and kanamycin resistance (Dykxhoorn et
al., 1996) that carries also genes for co-expression of Erv1p (Saccharomyces cerevisiae) and PDI
(human), CyDisCo components (Matos et al., 2014). CyDisCo would catalyze disulphide-bond

formation in the cytoplasm and Tat pathway would recognize the proteins as correctly folded and
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export them to the periplasm from where they could be harvested and used for analytical and
downstream experiments. As a negative control, a plasmid with the same features but without

CyDisCo components was cloned for each POI.

For these first experiments, POIs were expressed with TorA SP in LB media at 30°C for 3hin an
E. coli B strain (BL21) in shake-flask at 220 rpm and tac promoter was induced with 100 uM of
IPTG in the presence and absence of CyDisCo. Strains employing CyDisCo system must be
cultivated at 30°C or lower temperatures during protein induction phase because Ervlp shows
temperature dependent folding. After harvesting, the cells were fractionated as described in the
section 2.2.4.2. in Materials and Methods and protein production was assessed by SDS-PAGE.
Protein identification was done by SDS-PAGE stained with Coomassie and visually, cells'
fractions were compare with the aim of assessing fractionation technique quality. POI detection

was carried out by blotting against the C-terminal His tag (Western blot, WB).

Figure 8A shows a WB of the fractionation of TorA-Brazzein in a polycistronic plasmid in the
absence and presence of CyDisCo in LB media in the conditions described above. We expected
that in the absence of CyDisCo, and considering that Brazzein has four essential DSBs (Caldwell
et al., 1998) (see Annex 2 for structure and sequence data), the protein would be insolubly
produced and not transported to the periplasm. In the presence of CyDisCo, disulphide bonds
would be catalyzed, and Tat would transport the protein to the periplasm. The TorA SP does not
appear to support Brazzein export, and no protein could be visualised on the WB either in the
absence or in the presence of CyDisCo in any of the cell fractions. TorA SP-Brazzein-His
(precursor) is expected to be 11.5 kDa in reducing conditions, while Brazzein-His (mature) is 7.3

kDa in reducing conditions.

Figure 8B shows a Coomassie-stained gel of the cytoplasm (C), insoluble fraction (1) and
periplasm (P) from a 3 h induction of TorA-Dulaglutide and TorA-Romiplostim in the same
polycistronic plasmid in the absence and presence of CyDisCo in the conditions described above
(see Annex 2 for structure and sequence data). Our collaborators at University of Oulu report high
soluble yields in the presence of CyDisCo of these two POls expressed in the cytoplasm without

a SP. In the Coomassie-stained gel in Figure 8B, it is evident that the protein profiles of each cell
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fraction are distinct, and the pre-POI (pre-Dulaglutide and pre-Romiplostim) are presumably
identified in the insoluble fraction of the cell. This suggests no export or low export efficiency of
the POIs by Tat pathway with TorA SP, while the WB of the same gel as in Figure 8B, confirms
the insoluble state of the pre-POls and the absence of export to the periplasm (Figure 8C). TorA
SP-Dulaglutide-His (precursor) is expected to be 34.4 kDa in reducing conditions, while
Dulaglutide-His (mature) is 30.2 kDa in reducing conditions. TorA SP-Romiplostim-His
(precursor) is expected to be 34.8 kDa in reducing conditions, while Dulaglutide-His (mature) is

30.6 kDa in reducing conditions.

Furthermore, expression of the same constructs was carried out under the same conditions as
explained before but lowering the culture temperature to 25°C. Lower expression temperatures
have been shown to facilitate the production of folded, soluble proteins (Francis & Page, 2010).
In the 25°C expression experiments, samples were taken 3 hours post induction, and after
overnight expression (approximately 16 hours post-induction). TorA-Brazzein was not found to
be expressed at 25°C as seen in the WB in Figure 9A and different harvesting points do not show

any differences in the yields of this POI.
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Figure 8. Expression of TorA-Brazzein, TorA-Dulaglutide and TorA-Romiplostim in a polycistronic
plasmid in the presence/absence of CyDisCo in LB media at 30°C. C-terminal His-tagged TorA-
Brazzein, TorA-Dulaglutide and TorA-Romiplostim were expressed in the presence (+) and absence (-) of
CyDisCo in BL21 strain in 250 mL shake flask with 50 mL media at 220 rpm with a sponge as a O;
permeable membrane. After 3 h induction, cultures were fractionated into cytoplasm (C), insoluble fraction
(1) and periplasm fraction (P) using EDTA/ lysozyme/ cold osmotic shock for periplasm extraction. The
rest of the cells were lysed by sonication. A: Blank WB for fractionation of cells expressing TorA-Brazzein

in the absence/presence of CyDisCo. B: Coomassie-stained gel of the fractionation of TorA-Dulaglutide
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and TorA SP-Romiplostim highlighting the distinct profile of C/I/P fractions. With arrows the pre-POls in
the insoluble fraction (1) of the cell. Mature POls (without the SP) are marked with an asterisk (*) in the
insoluble fraction of the cell. C: WB for fractionation of cells expressing TorA-Dulaglutide and TorA-
Romiplostim in the absence and presence of CyDisCo. In all cases samples were immunoblotted to the C-
terminal 6x histidine-tag. Molecular weight ladder (L) is shown on the left in kDa and immunoblot positive
control is labelled as “+ control”. All the cells’ fractions have been diluted in the same volume. The

reproducibility of the experiments has not been ascertained.

TorA-Dulaglutide expression at 25°C in the aforementioned conditions helped in the
solubilization of the POI. In the WB in Figure 9B, after 3 h post-induction, a doublet band
presumably corresponding to the uncleaved POI (pre-Dulaglutide) and to the mature protein
(Dulaglutide) were visible in the cytoplasmic (C) and some in the periplasmic fractions (P) of the
cells in the presence and absence of CyDisCo. In the insoluble fraction (I), a prominent band
could be detected, presumably corresponding to the precursor of the POI (pre-Dulaglutide).
Dulaglutide was found to be partially soluble in the cytoplasm of E. coli in the absence of
CyDisCo components. This could be attributed to the highly soluble nature of the IgG Fc region.
On the other hand, intermolecular DSBs that lead to dimerization, would not be catalyzed without
the presence of CyDisCo (see Annex 2 for structure and sequence data). Therefore, a native state
of the protein would not be reached, so we could not expect some export to the periplasm as Tat
should recognize them as not properly folded and reject them for export. After o/n induction, pre-
Dulaglutide is not visible any more in the C and P fraction and only the mature protein is
detectable in the C fraction. Insoluble TorA-Dulaglutide seems to be overall the most abundant
state of the POI (located in the insoluble fraction) in both time-points. In the Coomassie-stained
gel in Figure 9C of the same WB experiment as in Figure 9B, it is possible to identify the two
bands presumably corresponding to the uncleaved and mature POI. Also, in this gel we can
identify that the periplasmic fraction after 3 h post-induction is cross contaminated with
cytoplasmic proteins (compare with the o/n post-induction periplasmic fraction). This fact
together with the detection of the uncleaved form of the protein in the periplasm reject any

possible export to the periplasm by the Tat pathway.
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In Figure 9D, when TorA-Romiplostim is expressed in the same conditions as previously
explained, but at 25 °C, the POI is detected by WB in the insoluble fraction (1) of the cell in the
presence and absence of CyDisCo in both time points. To sum up, lowering the temperature does

not help in the solubility or export of TorA-Romiplostim under the tested conditions.

Overall, the expression of these three POIs with TorA SP in LB media in a polycistronic plasmid
in the presence of CyDisCo was not successful. Lowering the temperature culture to 25°C does
not help the export by Tat pathway. In the following experiments, CyDisCo optimal performance
should be a priority as its improper functioning could be the issue: without the proper activity of
CyDisCo, these disulphide-bonded proteins will not be properly folded, therefore, the

translocation through Tat system seems improbable.
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Figure 9. Expression of TorA-Brazzein, TorA-Dulaglutide and TorA -Romiplostim in a polycistronic
plasmid in the presence/absence of CyDisCo in LB media at 25°C. C-terminal His-tagged TorA-
Brazzein, TorA-Dulaglutide and TorA-Romiplostim were expressed in the presence (+) and absence (-) of
CyDisCo in BL21 strain in 250 mL shake flask at 220 rpm with a sponge as a O, permeable membrane.
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After 3 h induction and overnight (o/n) induction, cultures were fractionated into cytoplasm (C), insoluble
fraction (I) and periplasm fraction (P) using EDTA/ lysozyme/ cold osmotic shock for periplasm extraction.
The rest of the cells were lysed by sonication. A: Blank WB for fractionation of cells expressing TorA-
Brazzein in the absence/presence of CyDisCo. B: WB for fractionation of cells expressing TorA-
Dulaglutide in the absence and presence of CyDisCo. C: Coomassie-stained gel of TorA-Dulaglutide
fractionation in the absence and presence of CyDisCo. D: WB for fractionation of cells expressing TorA-
Romiplostim in the absence and presence of CyDisCo. In all cases samples were immunaoblotted to the C-
terminal 6x histidine-tag Molecular weight ladder (L) is shown on the left in kDa and immunoblot positive
control is labelled as “+ control”. All the cells’ fractions have been diluted in the same volume. The

reproducibility of the experiments has not been ascertained.

The production of recombinant proteins for research purposes is usually carried out in small
volumes of culture media, in microtiter plates or shake flasks. Such cultivations are usually batch
cultures in which all media components are added at the beginning of the culture. Changes in
conditions such as pH, dissolved oxygen and substrate concentration are not controlled. In small
scale cultivations, oxygen concentration in the media is often low due to insufficient agitation or
inefficient permeability of the flask cover in proportion to the oxygen demand of growing cells
(Vasala et al., 2006). E. coli is a facultative anaerobic organism that depending on the presence
of oxygen can switch between aerobic and anaerobic metabolism (Unden et al., 1994). Moreover,
oxygen is crucial for cultivation of strains employing CyDisCo system as Erv1p uses molecular

oxygen as the electron acceptor (Gaciarz et al., 2017).

Autoinduction medium (AIM) has recently acquired popularity, and there are several examples
in the literature of successful protein production by growing E. coli in this medium. At least two
carbon sources are present in autoinduction medium: glucose and lactose (glycerol is also added
to increase cell growth and hence yields). Glucose is the preferred carbon source, and once it is
depleted (usually during exponential growth), lactose starts being consumed. This, in turn,
induces protein production from lac promoter-based systems. Using autoinduction medium has
various advantages: higher bacterial densities are achieved, the time point of induction is highly
reproducible, and the culture no longer needs to be stopped for IPTG addition (Rosano et al.,
2019). These advantages that autoinduction media provides are desirable for our research in many

ways as it permits more similar bioreactor-like conditions and aeration is not stopped at any time
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in the incubators, assuring that Erv1p gets the oxygen needed for its optimal performance. Along
with changing the media, we also increased the shaking speed of our cultures to 250 rpm when
expressing our constructs for better aeration purposes. At the same time, a longer culture duration
will also permit CyDisCo components to be translated and to fully fold and start catalysing the

formation of DSBs in our POls.

Protein expression in rich AIM was tested for all six constructs. AIM was particularly suited to
this system as it is formulated to auto induce IPTG inducible promoters, and all constructs are
under tac promoter. Moreover, the media was developed for B strains (Studier, 2005). The cells
were pre-cultured in LB media supplemented with 2 g/L of glucose and corresponding antibiotic
for 6 hours and transferred to rich AIM for cell expression. After 22-24 h in this media at 30°C,
250 rpm, the cells were fractionated into cytoplasmic (C), periplasmic (P) and insoluble fractions
and the latter was further separated into inclusion bodies (1B) and membrane proteins (MB) with
the aim of further understanding whether our POIs were becoming insoluble or getting stuck in

the membrane on their way out to the periplasm. Figure 10 shows the results of these experiments.

Rich AIM allowed, for the first time, to identify TorA-Brazzein in inclusion bodies (IB) in a WB
only in the presence of CyDisCo (Figure 10A). TorA-Dulaglutide (Figure 10B) and TorA-
Romiplostim (Figure 10C) show very similar WB interpretation: both are expressed in inclusion
bodies (IB) in the absence and presence of CyDisCo. Overall, these proteins were not expressed
solubly in AIM with/without CyDisCo in a one-plasmid polycistronic system and no export to the

periplasm can be identified.

To sum up, it has not been possible to export TorA-Brazzein, TorA-Dulaglutide and TorA-
Romiplostim by Tat pathway in pEXT22 (low copy number polycistronic one-plasmid based
format). Different media and temperature did not help in the transport of the proteins to the

periplasm.
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Figure 10. Expression of TorA-Brazzein, TorA-Dulaglutide and TorA-Romiplostim in a polycistronic
plasmid in the presence/absence of CyDisCo in AIM at 30°C. C-terminal His-tagged TorA-Brazzein,
TorA-Dulaglutide and TorA-Romiplostim were expressed in the presence (+) and absence (-) of CyDisCo
in BL21 strain in 100 mL shake flask at 250 rpm with a sponge as a O2 permeable membrane. After 22-24
h of culture, cells were fractionated into, inclusion bodies (IB), cytoplasm (C), membrane (MB) and
periplasm fraction (P) using EDTA/ lysozyme/ cold osmotic shock for periplasm extraction. A: WB for
fractionation of cells expressing TorA-Brazzein in the absence/presence of CyDisCo. B: WB for
fractionation of cells expressing TorA-Dulaglutide in the absence and presence of CyDisCo. C: WB for
fractionation of cells expressing TorA-Romiplostim in the absence and presence of CyDisCo. In all cases
samples were immunoblotted to the C-terminal 6x histidine-tag. Molecular weight ladder (L) is shown on
the left in kDa and WB positive control is labelled as “+ control”. All the cells’ fractions have been diluted

in the same volume. The reproducibility of the experiments has not been ascertained.
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2.3.2. Two-plasmid based format for Tat dependent export of disulphide

bonded proteins

After numerous attempts to export our POIs and knowing that 70-90% of folding could be
achieved when expressing them in the cytoplasm in the presence of CyDisCo, we focused on

expressing enough CyDisCo components and/or making it functional.

Our collaborator in Oulu shared with us their standard operating procedure (SOP) for cytoplasmic
protein expression involving the usage of a two-plasmid system. In this system, the POI is
expressed from a pET23-based plasmid with a pTac promoter and CyDisCo components i.e.
Ervip and PDI are co-expressed from the second plasmid, pLysS-based vector, under a pTac

promoter and with a p15A origin of replication (Gaciarz et al., 2017) (Figure 11A).

pET23-based plasmid is a high copy number plasmid (carrying the POI), and pLysS-based vector
lies between low to medium copy number (carrying CyDisCo components). In previous work,
overexpressing the POI caused the overloading of Tat pathway, preventing the export to the
periplasm due to blockage of the system (Sutherland et al., 2018). For this reason, experiments in
two-plasmid based system were carried out with the aim of successfully exporting TorA-
Brazzein, TorA-Dulaglutide and TorA- Romiplostim to the periplasm, but instead of adopting
their POI plasmid, that could overload Tat pathway, we expressed the POIs in the previously
discussed pEXT22 (section 2.3.1) without CyDisCo (Figure 11A). For CyDisCo components,

their pLysS-based vector was used (tac promoter).

The co-expression was easily setup by a co-transformation of the recombinant plasmids into
expression strain E. coli BL21. The cells were pre-cultured in LB media supplemented with 2 g/L
of glucose and corresponding antibiotics for 6 hours and transferred to rich AIM for cell
expression. After 22-24 h in this media at 30°C at 250 rpm, the cells were fractionated in
cytoplasm (C), inclusion bodies (IB), periplasm (P) and insoluble fraction (I). This time, two
controls were set up apart from the actual experiment. i) the POI with CyDisCo (two-plasmid
system) without any SP as a positive control and ii) the TorA-POI without CyDisCo (one plasmid

system, section 2.3.1) as a negative control.

60



The POI without any SP and with CyDisCo (POI + CyDisCo) in the two-plasmid system will
confirm the CyDisCo functionality in our laboratory (positive control). These proteins without SP
should mainly remain soluble in the cytoplasm only if we are making enough CyDisCo and only
if CyDisCo is functional. In case of finding any of these three POls in inclusion bodies, a

misfunction/mishandling or other problem related to CyDisCo should be considered.

The TorA-POI expressed in pEXT22 system without CyDisCo (TorA-POI — CyDisCo) (hegative
control) would not be exported, as in the absence of CyDisCo, DSBs will not be catalysed,

preventing Tat mediated export.

In Figure 11A TorA-Brazzein export assessment in the aforementioned conditions is shown. The
positive control (in the figure as “POI + CyDisC0”), shows the fractionation of His-Brazzein in
the two plasmid-system in the presence of CyDisCo. As our collaborators at the University of
Oulu reported, and when CyDisCo stoichiometry matches what the POI needs and is on its
active form, we identified Brazzein in the cytoplasm of the positive control. In this fractionation,
periplasm fraction (P) was found to be contaminated with cytoplasmic proteins (C), as numerous
cytoplasmic proteins can be identified in the P fraction. This is probably because in this case,
Brazzein is expressed at a higher level than in the previous experiments shown in section 2.3.1,
as it was cloned in a high copy number plasmid (pET23) by our collaborators and this causes
stress to the cells, making them prone to lysis and more delicate when fractionating. The negative
control (in the figure as “TorA-POI - CyDisCo0”) shows the fractionation of TorA-Brazzein in
PEXT22 one plasmid system in the absence of CyDisCo. In this case, and in line with results in
section 2.3.1, no POI was identified. Finally, when TorA-Brazzein was tried for export by Tat
pathway in the two-plasmid system (CyDisCo components in one plasmid + low copy number
plasmid with the POI, in the Figure 11A as “TorA-Brazzein + CyDisCo”), Brazzein could not
been identified in any of the fractions of the cells. Unfortunately, periplasmic fractions in both
negative control and TorA-Brazzein + CyDisCo were contaminated with cytoplasmic fraction, as
it is deduced by the similarity of the two fractions. This is probably due to an inefficient practice

of the periplasmic extraction protocol.
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Figure 11. Expression of TorA-Brazzein, TorA-Dulaglutide and TorA-Romiplostim in a pEXT22
plasmid in the presence of CyDisCo in rich AIM at 30°C in two-plasmid system. A: Schematic
representation of the plasmids used in this study (Chapter 2). tac promoter (ptac) is shown as an orange
arrow, ribosome binding site (RBS) is shown in blue, protein of interest (POI) in green and terminator (T)
in grey. CyDisCo components, sulfhydryl oxidase (Ervlp) and disulphide isomerase (PDI) are shown in
brown and red respectively. N-terminal His-tagged Brazzein, Dulaglutide and Romiplostim (POl +
CyDisCo, positive control) in a two-plasmid system with CyDisCo; C-terminal His-tagged TorA-Brazzein,
TorA-Dulaglutide and TorA-Romiplostim were expressed in absence of CyDisCo in pEXT22 one plasmid
system (TorA-POI — CyDisCo, negative control); C-terminal His-tagged TorA-Brazzein, TorA-Dulaglutide
and TorA-Romiplostim were expressed in presence of CyDisCo in pEXT22 two-plasmid system in BL21
strain in 100 mL shake flask at 250 rpm with a sponge as a O2 permeable membrane. After 22-24 h of
culture, cells were fractionated into, inclusion bodies (IB), cytoplasm (C), membrane (MB) and periplasm
fraction (P) using EDTA/ lysozyme/ cold osmotic shock for periplasm extraction. B: Coomassie-stained
gel of TorA-Brazzein experiment highlighting by an arrow the POI without the SP in the cytoplasmic
fraction of the positive control (POl + CyDisCo). C: Coomassie-stained gel of TorA-Dulaglutide
experiment. D: Coomassie-stained gel of TorA-Romiplostim experiment. CyDisCo components, PDI and
Ervlp, are marked by a square and a circle, respectively. “<” marks the POI with TorA SP attached and
“~” the POI without the SP. Molecular weight ladder (L) is shown on the left in kDa. All the cells’ fractions

have been diluted in the same volume. The reproducibility of the experiments has not been ascertained.

In Figure 11B, TorA-Dulaglutide export assessment in this newly implemented two-plasmid
system was carried out. The positive control (in the figure as “POIl + CyDisCo0”), shows the
fractionation of His-Dulaglutide in the two plasmid-system in the presence of CyDisCo. As for
Brazzein, our collaborators at the University of Oulu reported that Dulaglutide is 70%-90%

soluble in the cytoplasm of the positive control. In our experiment, we can visually determine that
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we could only produce around a half of the total production in a soluble state (divided between
cytoplasm where it ideally should be located-, and periplasm due to cross-contamination of
fractions). The rest of the produced protein stays as inclusion bodies and in the membrane. For
the first time, Erv1p and PDI were easily identifiable in the SDS-PAGE (mainly in the cytoplasm,
but again, due to cross-contamination of the fractions, they are also visible in other fractions). The
negative control (in the figure as “TorA-POI — CyDisCo”) shows the fractionation of TorA-
Dulaglutide in the pEXT22 plasmid in the absence of CyDisCo. In this case, and as we expected,
the POI can be identified mostly as inclusion bodies (IB) in the cell. Finally, when two-plasmid
system was tried for the export by Tat pathway of TorA-Dulaglutide (CyDisCo components in
one plasmid + pEXT22 with the POI, in the Figure 11B as “TorA-Dulaglutide + CyDisCo0”),
TorA-Dulaglutide is identified in inclusion bodies. In the positive control, CyDisCo components
can also be identified. The periplasmic fractions in both “POI + CyDisCo” and “TorA-Dulaglutide
+ CyDisCo” were contaminated with cytoplasmic fraction, as it is deduced by the similarity of
the two fractions. This is probably due to an inefficient practice of the periplasmic extraction
protocol or overexpression, and consequent cell stress and weakness, of CyDisCo and the POI in

the two-plasmid system.

In Figure 11C TorA-Romiplostim export assessment in this newly implemented two-plasmid
system was carried out. The positive control (in the figure as “POI + CyDisCo0”), shows the
fractionation of His-Romiplostim in the two plasmid-system in the presence of CyDisCo. As for
Brazzein and Dulaglutide, our collaborators at the University of Oulu reported that Dulaglutide
is between 70% to 90% soluble in the cytoplasm of the positive control. Our results show
romiplostim in inclusion bodies only with no or very low production of this protein in the
cytoplasm. As before, Ervip and PDI are easily identifiable in the SDS-PAGE (mainly in the
cytoplasm, but also in the rest of the cell fractions due to cross-contamination of the fractions).
The negative control (in the figure as “TorA-POI - CyDisCo”) shows the fractionation of TorA-
Romiplostim in pEXT22 one plasmid system in the absence of CyDisCo. In this case, and as we
hypothesized, the POI can be identified mostly as IBs in the cell. Finally, when two-plasmid

system was tried for the export by Tat pathway of TorA-Romiplostim (CyDisCo components in
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one plasmid + pEXT22 with the POI, in the Figure 11C as “TorA-Romiplostim + CyDisCo”),
TorA-Romiplostim is identified in a low amount in inclusion bodies. Also, as in the positive
control, CyDisCo components are identified. Unfortunately, periplasmic fractions in both positive
control and TorA-Romiplostim + CyDisCo were contaminated with cytoplasmic fraction, as it is
deduced by the similarity of the two fractions. Once again, we hypothesise that this is probably
due to an inefficient practice of the periplasmic extraction protocol or overexpression of CyDisCo
and the POI in the two-plasmid system. The overexpression of these proteins might be causing
cell stress and consequently, cells become weak for fractionation, giving as a result a cross-

contaminated cell fractions.

Even though the ORI of the CyDisCo plasmid and our low copy number plasmid (pEXT22) are
different, therefore compatible, the export to the periplasm of the three POIls was unsuccessful.
For the first time, PDI and Erv1p were visible in the Coomassie gels, although not fully functional
(see Figure 11C as an example). CyDisCo plasmid might be depleting the resources of the cells,
as this is a low to medium copy number plasmid in comparison with the pEXT22 where the POls
have been expressed. If this is the case, the POl will barely be produced, and the yields will always

be very low.

To overcome this potential issue, and to maintain a high level of CyDisCo expression as the same
time as a high production of the target POI, the complete University of Oulu protein expression
protocol was adopted. For this, TorA-POls were cloned in pET23 previously used to produce
Brazzein, Dulaglutide and Romiplostim without a SP in Figure 11 and were co-expressed with
CyDisCo plasmid. Unlike in previous experiment, the BL21 TatExpress (TE) cells were used. TE
cells, over-expresses the tatABC genes (encoding the Tat system) from the chromosome and will
potentially avoid the saturation of the pathway when producing a large amount of protein to be

exported (Browning et al., 2017).

The co-expression was setup by co-transformation of the recombinant plasmids into expression
strain E. coli BL21 TE. The cells were pre-cultured in LB media supplemented with 2 g/L of
glucose and corresponding antibiotics for 6 hours and transferred to rich AIM for cell expression.

After 22-24 h in this media at 30°C at 250 rpm, the cells were fractionated in inclusion bodies
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(1B), cytoplasm (C), periplasm (P) and membrane fraction (MB). This time, TorA-hGH was also
expressed as a positive control to ensure that BL21 TE was growing and expressing in this media
as expected. E. coli TatExpress cells have been shown to export high levels of hGH but while this
protein contains two disulphide bonds, they are not required for proper folding and the Tat system
can efficiently export the protein in its reduced state without CyDisCo system. For unknown
reasons, the TorA SP is prematurely cleaved in the cytoplasm, which prevents Tat from exporting
all the protein produced to the periplasm (Guerrero Montero et al., 2019). Overall, the hGH was
found to be exported in high levels to the periplasm by TE cells in autoinduction media (Figure

12D).
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Figure 12. Expression of TorA-Brazzein, TorA-Dulaglutide and TorA-Romiplostim in a high copy
number plasmid (pET23) in the presence and absence of CyDisCo in rich AIM at 30°C in two-plasmid
system in BL21 TatExpress cells. TorA-Brazzein, TorA-Dulaglutide and TorA-Romiplostim were
expressed in the presence (+) and absence (-) of CyDisCo in BL21 TE strain in 100 mL shake flask at 250
rpm with a sponge as a O, permeable membrane. After 22-24 h of culture, cells were fractionated into,
inclusion bodies (IB), cytoplasm (C), membrane (MB) and periplasm fraction (P) using EDTA/ lysozyme/
cold osmotic shock for periplasm extraction. TorA-hGH was also expressed in the same conditions as a
positive control of the media for TE cells. A: WB for fractionation of cells expressing TorA-Brazzein in
the absence/presence of CyDisCo. B: WB for fractionation of cells expressing TorA-Dulaglutide in the
absence and presence of CyDisCo. C: WB for fractionation of cells expressing TorA-Romiplostim in the
absence and presence of CyDisCo. D: WB for fractionation of cells expressing TorA-hGH in a polycistronic
low copy number plasmid. In all cases samples were immunoblotted to the C-terminal 6x histidine-tag.
Molecular weight ladder (L) is shown on the left in kDa and WB positive control is labelled as “+ control”.
All the cells’ fractions have been diluted in the same volume. The reproducibility of the experiments has
not been ascertained.
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Figure 12A shows a WB of the fractionation of TorA-Brazzein in this newly adopted two-plasmid
system in the absence and presence of CyDisCo in the conditions described above. As we saw
previously in the expression of this POI in a pEXT22 plasmid, the TorA SP does not appear to
support Brazzein export, and a very low amount of protein could be visualised on the WB in the

IB fraction in the absence and presence of CyDisCo when using this two-plasmid system.

Figure 12B shows a WB of the fractionation of TorA-Dulaglutide also in a this newly adopted
two-plasmid system in the absence and presence of CyDisCo. TorA-Dulaglutide, that appeared
to be a promising Tat apparatus substrate, underperformed in these conditions. In the absence of
CyDisCo, a duplet band corresponding to the uncleaved POI (pre-Dulaglutide) and to the mature
protein (Dulaglutide, without the SP) were visible in the IB fraction of the cell. Also, in the
absence of CyDisCo, some mature protein was detected in the C fraction of the cell. In the
presence of CyDisCo, a duplet band corresponding to the uncleaved POI (pre-Dulaglutide) and
to the mature protein (Dulaglutide, without the SP) were visible in the IB and MB fraction of the
cell. In the cytoplasmic fraction (C), a very high amount of mature Dulaglutide can be detected.
In the periplasmic (P) fraction some mature protein can be detected, most probably due to a
contamination with the C fraction. Ultimately, TorA-Dulaglutide was not exported or was very
inefficiently exported to the periplasm by Tat pathway in the presence and absence of CyDisCo
when using the original two-plasmid system. Although Dulaglutide is highly soluble in this
system in the presence of CyDisCo, for unknown reasons the TorA SP is prematurely cleaved in

the cytoplasm, which may prevent Tat from exporting the protein to the periplasm.

TorA-Romiplostim is only detected when co-expressed with CyDisCo in the form of 1Bs. Some
protein can also be identified in the MB fraction, presumably on its way to the periplasm in the
presence of CyDisCo. In conclusion, TorA-Romiplostim cannot be exported by Tat in the

presence or absence of CyDisCo (Figure 12C).
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2.4. Discussion

This study set out to analyse the capacity of Tat pathway to export disulphide-bonded proteins
that have been folded with the help of the CyDisCo system. For that, three disulphide-bonded
proteins were tested: Brazzein, Dulaglutide and Romiplostim. The chosen POIs are a very high-
value proteins and warrant the development of new, more efficient platform to reduce costs.
Therefore, we thought that the export of these POIs to the periplasm by Tat pathway in E. coli
can be beneficial. E. coli is known for its rapid growth, high product yield, cost effective
production and easy scale-up processes. At the same time, periplasm targeting facilitates protein
isolation from the relatively small periplasmic proteome, the control of the nature of the N-
terminus of the mature protein and minimizes the exposure to cytoplasmic proteases. When
choosing the Tat pathway as a system to export the protein to the periplasm, its proofreading
capability could allow for a more homogeneous product to be produced in the periplasm (Fisher
et al., 2008; Kleiner-Grote et al., 2018). In addition, the recent development of TatExpress strains
boosts the industrial potential of this pathway. Moreover, these POls are between 70% to 90%
solubly produced by CyDisCo (data not published, information provided by University of Oulu),
which makes them a very good target for the export by Tat, as Tat can only transport correctly

folded proteins.

When the export of these three POIs was initially assessed, they were expressed in a polycistronic
low-copy number plasmid (pEXT22) in LB media at 30°C in the presence and absence of
CyDisCo, following previous protocols where protein export was obtained by Tat pathway
(Guerrero Montero et al., 2019). Low copy number plasmid (pEXT22) would be expected to
prevent the Tat pathway from being overloaded (Sutherland et al., 2018). Unfortunately, none of
the proteins were successfully exported to the periplasm after 3 h post-induction. TorA-Brazzein
was not expressed at all, or it was degraded immediately. TorA SP even though it is a very well-
studied Tat specific SP, has been reported to induce degradation of the protein of interest, for
unknown reasons (Alanen et al., 2015). TorA-Dulaglutide and TorA-Romiplostim were
expressed insolubly in these conditions. We also reproduced the same experiment, lowering

expression temperatures to facilitate the production of folded, soluble protein (Francis & Page,
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2010), and therefore the translocation of the protein from the cytoplasm to the periplasm. In the
25 °C expression experiments, samples were taken 3 hours post induction, and after o/n expression
in order to monitor the production of the POI at different time points. Overall, lowering the
temperature did not help in the export of these disulphide-bonded proteins by Tat pathway and an
o/n sample did not show any difference for our purpose to the earliest time-point sample. A
follow-up experiment switching to rich AIM was meant to provide desirable conditions for the
export of our POls as it permits a more similar bioreactor-like conditions and aeration is not
stopped at any time in the incubators (Rosano et al., 2019), assuring that Erv1p gets the oxygen
needed for its optimal performance. Also, we expected that a longer culture time would permit
CyDisCo components to be active and catalyse the formation of DSBs of our POls. At the same
time, the shaking speed of our cultures was increased and the culture volume was reduced to
ensure efficient aeration. Unfortunately, AIM in these conditions did not help in the export of our
POls by Tat pathway, and they were insolubly produced in BL21. Positively, TorA-Brazzein was
detected in the presence of CyDisCo, nurturing the idea of AIM superiority for these experiments,
thus suggesting that TorA-Brazzein can be expressed and that TorA SP might be targeting for

degradation the protein in previous experiments.

When transiting to the two-plasmid system, we also realized that CyDisCo
performance/production was not the only issue for the export of the proposed POls by the Tat
pathway. Dulaglutide and Romiplostim without a SP, in our hands, were only half soluble (70%-
90% solubility has been achieved in similar conditions), strongly suggesting that AirOtop as an
O transferable membrane (not used in our experiments but used by our collaborators) plays a
very big role in the production of these. Although the amount of CyDisCo components expressed
should be enough to get some export to the periplasm especially in the case of Brazzein, the
simpler and smaller protein tried in this research. Brazzein was almost undetectable when fused
to the TorA-SP, TorA-Romiplostim was insoluble and the SP in TorA-Dulaglutide was found to
be cleaved before the export of the protein to the periplasm by Tat pathway. These observations
reinforce the hypothesis that the TorA SP could be one of the main obstacles for efficient export

of these POls.
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Thanks to this study, we found very important bottlenecks to consider when employing CyDisCo
for the export of recombinant proteins via the Tat pathway. Even though we did not successfully
export any of these three proteins to the periplasm, we optimized a protocol for the production of
high-value proteins that has been successfully employed and proved in Chapter 4. Our findings
suggest that CyDisCo must be employed in a two-plasmid system (CyDisCo components in one
plasmid and POI in a high copy number plasmid) when the proteins require a lot of Ervlp and
PDI for the correct formation of their DSBs. Also, we discovered that the production (or detection)
of CyDisCo components in the Coomassie gel does not always assure the correctly operation of
CyDisCo when folding the POls: aeration seems to be crucial for the correct function of CyDisCo
(Gaciarz et al., 2017). Using O transferable membrane like AirOtop, less media volume in the
flasks and high incubators orbital shaking will provide a better CyDisCo performance. At the
same time, LB does not seem to be the ideal media for the production of these proteins. Rich
autoinduction media instead, provides time enough for CyDisCo to be translated and function. In
addition, stopping the culture for IPTG addition can be avoided as it might be affecting the

aeration and dissolved oxygen levels of the culture medium.

As expected, this two-plasmid system also poses some drawbacks. When using this system, too
much POl is produced and can potentially block Tat system, preventing an efficient export of the
POI to the periplasm (Sutherland et al., 2018), even when using TE cells. Moreover, cells are
stressed due to the overproduction of the POI and tend to lyse while fractionating, resulting in
cross-contamination of cell fractions. To overcome this overproduction of the POI while still
using this promising two-plasmid system, point mutations in tac promoter is proposed (Browning
et al., 2019). These mutations could be a solution to lower the production of the POI in order to
avoid the saturation of Tat system and reduce the stress on the cells, but still assuring good yields.
Furthermore, when using the two-plasmid system it gets more and more important to have a good
periplasmic extraction protocol. When utilizing one-plasmid system, the periplasmic fraction
seemed to be comparatively less contaminated with cytoplasmic proteins than when using two-
plasmid system as this system can stress the cells and make them more delicate and prone to lysis

while fractionating. Therefore, a gentle and efficient periplasmic extraction protocol was
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developed by Malherbe and colleagues (2019), termed as PureFrac and will be applied for the

fractionation of the cells in the following experiments.

To conclude, we have laid the groundwork for the employment of CyDisCo in Tat pathway
export. While the findings presented in this chapter are fundamental for the future disulphide-
bonded protein expression, a further understanding of the limitations of Tat as a fully capable
protein export system is essential. The chosen POI were very interesting targets, but complicated
ones. To the best of our knowledge, Tat performance for export of proteins with more than four
DSBs has not been assessed. Therefore, the expression of a known Tat-dependent
biopharmaceutical could be the ideal model protein to find what is holding Tat back to be the

preferable pathway to export difficult-to-express proteins.
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CHAPTER 3: Equal first author publication. Yields and
product comparison between Escherichia coli BL21 and
W3110 in industrially relevant conditions: anti-c-Met scFv as a

case study

3.1. Contribution

For this project, | contributed to concept design, worked at Boehringer Ingelheim together with
Luisa Buscajoni to carry out the work, analysed the data, reviewed the literature available on
differences between B and K-12 strains in yields, growth/metabolism behaviour and product
differences, made the figures and wrote the manuscript in collaboration with Luisa Buscajoni.

The manuscript was revised by all the authors.

In this project, we carried out a comparative study of the two most widely used E. coli strains in
the biopharmaceutical industry: BL21 and W3110. We compared and analysed the yield
differences and the product structure and heterogeneity by a wide variety of techniques. All the
experiments for this manuscript were performed at Boehringer-Ingelheim (Austria) at Process
Science Downstream Development and Process Science Upstream Development laboratories,

except for NMR experiments that were performed at University of Kent (UK).

The original research project workflow aiming to compare Tat and Sec based periplasmic export
of scFvM was designed by Luisa Buscajoni and me with the help of our supervisors. | carried out
sample analysis for soluble and insoluble protein quantification by SDS-PAGE of the POI when
exported by Tat and Sec. | also fractionated 5 L fermenter samples to verify the export to the
periplasm and carried out the data evaluation. The following manuscript idea was also conceived
by us. Luisa Buscajoni’s major input was the downstream section, where | also took part in
purifying and dialysing the product (under her guidance) as well as analysing and correlating the
data. On the other hand, my major input was in the upstream section: designing experimental

culture conditions in multifermenters and 5 L bioreactors, preparation of samples obtained from
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fermentation for SDS-PAGE analysis and quantification, software data analysis, problem solving

and data interpretation.

Finally, mass spectrometry data was obtained by Laura Niederstaetter; Nicole Weiner performed
the DSC technique and Martin Voigtmann group performed the immunoassays (all of them
acknowledged at the end of the manuscript). NMR data was collected by Gary Thompson and
Karin Koch guided us and provided her help on the scientific steps of this collaboration. The
sample preparation and interpretation of the data obtained by the above-mentioned techniques

was carried out by Luisa Buscajoni and me.

3.2. Preface

Many high-value proteins are produced in Escherichia coli, and a favoured strategy is to export
the protein to the periplasm, usually by the well-characterized “Sec” pathway (Rosano &
Ceccarelli, 2014). However, the Sec pathway cannot transport some heterologous proteins
(Guerrero Montero et al., 2019). Alternatively, the Tat pathway transports fully folded proteins
by a completely different pathway (reviewed by Natale et al., 2008). Previous studies showed
that Tat was capable of exporting a model protein, GFP, at high levels and that the cells were
robust under fermentation conditions (Matos et al., 2012). This work was followed by additional
studies that showed Tat could export several biotherapeutics, including human growth hormone
(hGH) in fermenters (Guerrero-Montero et al., 2019), single chain antibody fragments, and
interferons at shake-flask level (DeLisa et al., 2003; Tullman-Ercek et al., 2007; Matos et
al., 2014; Alanen et al., 2015; Browning et al., 2017). Even though Tat pathway seems a very
promising system to export high-value proteins, Sec is still the preferred pathway and Tat has
rarely been used for high scale production of biopharmaceuticals. The novelty of comparing Sec
and Tat pathway when producing the same biopharmaceutical in bioreactors and characterization
of the product obtained can elucidate the drawbacks of Tat and give a real insight into the

differences in product yields and quality between these two pathways.

74


https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0013
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0021
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0012
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/bit.27147#bit27147-bib-0003

Jones et al. (2016) showed that the Tat pathway could export an scFv (named as scFvM in their
paper and in this chapter) in E. coli BL21 (DE3) when the TorA SP was attached. While a different
scFv has previously been shown to be efficiently exported by Tat in both the presence and absence
of CyDisCo components (Alanen et al., 2015), they found the export of scFvM to be almost totally
dependent on the presence of CyDisCo. This scFv (technically known as anti-c-Met scFv) is a
two disulphide-bonded protein expected to be useful in the clinical treatment or imaging of many
cancer cells. c-Met is a potential target in the development of therapeutic reagents of cancer as
well as in targeted therapies because of its biological roles in the proliferation of malignant tumour

cells (Qamsari et al., 2017).

Overall, scFvM seems to be a very interesting POI to understand the potential of the Tat pathway
in industrially relevant conditions. This is a simpler protein (two DSBS) in comparison to the ones
in Chapter 2, and its efficient Tat export has already been reported at the shake-flask scale. In
addition, it is a CyDisCo dependent and industrially relevant protein, so scale-up for its abundant
production is necessary. Furthermore, comparison with the periplasmic export of the same POI
through the Sec pathway allows a very realistic comparison of what each pathway can provide to
the biopharmaceutical industry and, to our knowledge, this has never been done before. The initial
aim of this study was to compare Sec and Tat pathway based periplasmic export of an scFv in
two widely employed industrial E. coli strains, namely BL21 (B strain) and W3110 (K-12 strain)
in 5 L fermenters. At the same time, expression in a miniaturised fermentation platform of 10 mL
(multifermenters, MF) was carried out to further understand Tat and Sec optimization and

scalability.

Tat underperformed and less than 0.1 g/L of scFvM was obtained in 5 L fermenters at the end of
fermentation (EoF) in both BL21 and W3110, while Sec exported 2.41 g/L and 1.01 g/L
respectively (all the conditions and methodology has been explained in Materials and Methods
section 3.3.). This means that the Sec pathway exports around 25 times and 10 times more scFvM
than the Tat pathway in E. coli BL21 and W3110 respectively (Figure 13), even though the end
of fermentation (EoF) ODsso is higher in experiments employing the Tat pathway in the B strain

(Sec pathway BL21: 212; Tat pathway BL21: 247). This underperformance of Tat pathway made
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the comparison of the two pathways futile and the comparison of product quality impossible.
However, BL21 and W3110 performed very differently when the Sec pathway was studied as the
means of export to the periplasm of the scFvM, providing interesting data and an opportunity to

understand novel aspects of industrially-relevant production (manuscript in section 3.3.).
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Figure 13. Soluble scFvM production in BL21 and W3110 in 5 L fermentations at the end of
fermentation (10-hours post-induction). Sec pathway is represented in black colour and Tat pathway in
grey. Soluble scFvM product was determined by automated immunoassay (Gyros) from suspension

samples (see Materials and Methods in section 3.3.). Representative data from duplicates is shown.

The Tat pathway seems to underperform more considerably in 5 L fermenters than in 10 mL
fermenters. To eliminate a possible impact of the different OD levels at both scales, the specific
soluble product titer at 7 hours post-induction (end of fermentation point in MF) was divided by
the ODssp at that specific time for both strains and scales (Figure 14). BL21 strain shows a specific
soluble product of 5.01 mg/OD in 10 mL fermenters and 0.43 mg/OD in benchmark 5 L
fermenters. The W3110 strain, on the other hand, shows a specific soluble product of 1.82 mg/OD
in 10 mL fermenters and 0.43 mg/OD in 5 L fermenters. Janzen et al. (2019) describes a slightly
higher specific soluble product in small- scale cultivations than in 5 L fermenters. In this case, we

hypothesize a scalability issue of Tat when scaling up from 10 mL fermenters to 5 L fermenters.
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Figure 14. Specific soluble product formation of scFvM in BL21 and W3110 in 10 mL and 5 L
fermentations. Specific soluble product is expressed in mg OD™L. To calculate these values, the 7 h post-
induction soluble scFvM titer from suspension samples is divided by the ODsso of the culture at that time
in both scale bioreactors and analysed by automated immunoassay (Gyros). MFs specific soluble product
formation values are the average of four times replicates; error bars have been added to the figure. BL21
strain is represented in black colour and W3110 in grey. All the Materials and Methods employed for the

MF and 5 L fermenters runs can be found in 3.3. section.

Despite these unanticipated results, we further analysed these results with the aim of
understanding why Tat failed in exporting high yields of this already studied Tat substrate. A loss
in the plasmid copy number (PCN) was suggested, but when assessing so, this possibility was
discarded. The PCN was found to be stable throughout the fermentations in both BL21 and
W3110 (PCN: 7-8 copies/cell) (refer to Material and Methods in Section 3.3. “Plasmid copy
number (PCN) estimation”). Also, the plasmid vector used (pYU49-ta-scFv-M-c6His-CyDisCo
from Jones et al., 2016) was sequenced and no mutations were found. CyDisCo poor performance
was also considered, however, CyDisCo has been found to work in a variety of media (Jones et
al., 2016; Gaciarz et al., 2017; Sohail et al., 2020) and the dissolved oxygen (DO) level was always
maintained to >35%, ensuring the correct folding and function of CyDisCo components. Tat
machinery could not be overwhelmed, as it is able to export more than 1 g/L of POI (Guerrero-
Montero et al., 2019), and no uncleaved protein could be detected in the insoluble fraction of the

cell. Therefore, we suggest that TorA SP might be causing the degradation of the POI. In the
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previous chapter we strongly suspected that TorA SP was degrading some of the POls and it
seems that this scFv is also one of them. This degradation is enhanced when scaling-up to 5 L

fermenters.

This last statement reinforces the idea that TorA SP is most probably one of the main reasons why
Tat is not an industrially relevant pathway to export the POIs in biopharmaceutical industry. TorA
SP is potentially causing the degradation of many target POIs, therefore low yields can be
expected. This idea opens Chapter 4, that tries to find an alternative to this Tat specific SP in order

to maximize the industrial relevance of the Tat pathway.

As explained before, BL21 and W3110 strain performance and product differences when using
Sec pathway permitted a further analysis of all the data obtained of these fermentations and is
presented as a manuscript in 3.3. section. In this section also, all the protocols carried out for small
scale and 5 L scale bioreactor cultivations, as well as analytical methods and PCN estimation

methodology are described.
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3.3. Publication

The paper is in preparation to be submitted to Microbial Cell Factories as follows:
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Abstract

Introduction: In the biopharmaceutical industry, Escherichia coli is one of the preferred
expression hosts for large-scale production of therapeutic proteins. Although increasing the
product yield is important, product quality is a major factor in this industry because greatest
productivity does not always correspond with the highest quality of the produced protein. While
some post-translational modifications, such as disulphide bonds, are required to achieve the
biologically active conformation, others may have a negative impact on the product’s activity,
effectiveness, and/or safety. Therefore, they are classified as product impurities, and they
represent a crucial quality parameter for regulatory authorities. In this study, we aim to compare
the yields and product quality of a single-chain variable fragment (scFv) in fermentation

conditions of two widely employed industrial E. coli strains, BL21 and W3110.

Results: In this study, fermentation conditions of two widely employed industrial E. coli strains,
BL21 and W3110 are compared for recombinant protein production of a single-chain variable
fragment (scFv) in an industrial setting. We found that the BL21 strain produces more soluble
scFv than the W3110 strain, even though W3110 produces more recombinant protein in total. A
quality assessment on the scFv recovered from the supernatant was then performed.
Unexpectedly, even when our scFv is correctly disulphide bonded and cleaved from its signal
peptide in both strains, the protein shows charge heterogeneity with up to seven distinguishable
variants on cation exchange chromatography. Biophysical characterization confirmed the

presence of altered conformations of the two main charged variants.

Conclusions: The findings indicated that BL21 is more productive for this specific scFv than
W3110. When assessing product quality, a distinctive profile of the protein was found which was
independent of the E. coli strain. This suggests that alterations are present in the recovered product
although the exact nature of them could not be determined. This similarity between the two
strains’ generated products also serves as a sign of their interchangeability. This study encourages

the development of innovative, fast, and inexpensive techniques for the detection of heterogeneity
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while also provoking a debate about whether intact mass spectrometry-based analysis of the

protein of interest is sufficient to detect heterogeneity in a product.

Keywords: Sec pathway, fermentation, Escherichia coli BL21 and W3110, disulphide bond,

product heterogeneity, protein purification

Introduction

Escherichia coli is one of the expression hosts of choice in the biopharmaceutical industry for
large-scale production of therapeutic proteins because of its rapid growth, high product yield, cost
effective production and easy scale-up processes (Rettenbacher et al. 2021). If the protein of
interest (POI) contains disulphide bonds (DSBS), as in the case of antibody fragments, periplasmic
expression via the Sec pathway is often preferred over cytoplasm expression (Sandomenico et al.
2020). Thereby the POI is transported in an unfolded state to the periplasm by fusing a signal
peptide (SP) to the N-terminus of the POI. Once in the periplasm, correct DSB formation is
achieved (Kipriyanov 2009). Furthermore, product translocation into the medium can be enforced

which also simplifies downstream processing (Zhang et al. 2006).

Traditional upstream bioprocess development involves the use of shaken bioreactor systems
(usually shake flask). Cultivation in shake flasks is normally performed in a batch manner,
provides very limited variable monitoring, and produces low cell densities and product yields.
Furthermore, they rely on uncontrolled surface aeration leading to limited oxygen transfer rates
and low batch-to-batch reproducibility (Ali et al. 2012). Therefore, cultivation conditions that are
used during shaken culture bioprocess development may be changed or completely discarded
once they are optimized at pilot scale (Panula-Perald et al. 2008). To overcome the limitations
described above, there has been a concerted effort to develop fully automated high-throughput
cultivation systems to significantly accelerate the identification of the optimal expression systems
and process conditions (Baumann and Hubbuch 2017; Janzen et al. 2019). A good understanding
of fermentation parameters and their impact on E. coli cell growth and final product yield is

critical in defining biopharmaceutical production processes. Until today, many process
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adaptations to maximise product yield are based on optimizations of temperature, dissolved
oxygen (DO) levels, pH, media composition, etc. (Tripathi and Shrivastava 2019). However,
maximum productivity does not always coincide with the highest quality of the recombinantly

expressed protein (Huleani et al. 2021).

Correct folding and in vivo stability of the recombinant protein are two crucial factors that must
be controlled while optimising the cultivation conditions. Correct folding includes both the
acquisition of the correct 3D structure as well as addition of post-translational modifications
(PTMs), such as DSB formation. In E. coli, PTMs that occur during and after protein synthesis
can represent a limitation when compared to other microorganisms. In the past decades several
approaches have been explored in E. coli to overcome this drawback, reviewed by Rettenbacher

et al. (Rettenbacher et al. 2021).

Some PTMs and physiochemical transformations of recombinant proteins can also originate from
non-enzymatic reactions at all steps of the production process from cell culture to purification and
storage (Beyer et al. 2018). In this case, PTMs are caused by chemical reactions occurring
between the amino acid side chain and reagents present in either culture media or buffers in
specific conditions of pH, temperature and oxygenation level. Some of these modifications can
negatively affect the activity, efficacy and safety of the desired product by altering the product
stability and its biological active conformation. Therefore, the percentage of product harbouring
these modifications, within the heterogenous product pool generated, is identified as product
related impurities and represents a crucial quality parameter for regulatory authorities (Rudge and
Nims 2017). Common PTMs are methionine oxidation, asparagine and glutamine deamidation,
and aspartate isomerization. The importance of such unwanted modifications has been evaluated
and ranked for recombinant monoclonal antibodies (mAbs) (Liu et al. 2014). While N-terminal
pyroglutamate, for example, is not considered as a critical quality attribute, modifications
occurring in the complementary determining regions are of high importance as they could affect

the antigen recognition capacity (Liu et al. 2014).

To investigate product heterogeneity, ion exchange chromatography (Moorhouse et al. 1997; Lee

et al. 2018; Nascimento et al. 2018) coupled with enzymatic digestion followed by mass
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spectrometry (MS) analysis (peptide mapping) (Khawli et al. 2010; Singh et al. 2021) are often
the methods of choice. The former allows the separation of the protein heterogeneity based on the
charge properties while the latter allows the identification of mass changes and the exact position
of the modification within the protein expressed. However, since peptide mapping requires
extensive work and can also generate artefactual modifications, the research for the improvement

of this method is ongoing (Gaza-Bulseco et al. 2008; Ren et al. 2009).

In this study, fermentation conditions of two widely employed industrial E. coli strains, namely
BL21 (B strain) and W3110 (K-12 strain) are compared for recombinant protein production of a
single-chain variable fragment (scFv) in an industrial setting. Rather than analysing the well-
known and studied performance and behavioural differences (Shiloach et al. 1996; Noronha et al.
2000; Shiloach and Rinas 2009; Marisch et al. 2013), we focused on yields, differences in product
structure and heterogeneity between strains grown in 5 L fed-batch bioreactors using a number of
different downstream and analytical techniques. The results reveal surprising difference in protein
quantity and quality between the two strains, and equally surprising heterogeneity in the final

preparations of this relatively simple biopharmaceutical.

Results and discussion

BL21 strain produces more soluble scFvM than W3110 strain

One of the major aims of this study was to directly compare the production of a biopharmaceutical
product under industrial conditions in the two extensively used E. coli strains; BL21 and W3110.
The viable and cost-effective production of a POI using E. coli varies enormously depending on
many different factors. POI related factors and upstream process parameters such as pH,
temperature, media composition, strain type and others influence the recombinant expression

(Tripathi 2016; Koopaei et al. 2018).

In our research, a screening of different conditions for the optimization of soluble yields of the
scFvM was carried out for both strains listed above combining different temperatures, pH and

inducer concentrations (described in Materials and Methods). However, a further optimization of
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media composition and induction time could not be carried out since the implementation of these
changes would require a complete revaluation of this automated protocol for 10 mL fermentation

(Janzen et al., 2019).

In Figure 1A, the specific soluble product (soluble target protein) formation was calculated for
BL21 and W3110 in 10 mL and 5 L bioreactors following the standard protocol at 7 h post-
induction (T7) (refer to Material and Methods). To eliminate a possible impact of the different
OD levels at both scales, the specific soluble product titer was determined by dividing soluble
product titer by ODsso for both strains and scales at time point T7 (end of fermentation in 10 mL
scale) (Figure 1A). The BL21 strain shows a specific soluble product titer of 23.5 mg/OD in 10
mL fermenters and 12.3 mg/OD in benchmark 5 L fermenters. Janzen et al. (Janzen et al. 2019)
also described a higher specific soluble product titer formation in small-scale cultivations than in
5 L fermenters when employing a B strain. It has been suggested that BL21 may suffer from DO
limitations when scaling up to 5 L fermenters (Kang et al. 2002). The W3110 strain, on the other
hand, shows a very similar specific soluble product titers in both scales: 5.7 mg/OD in 10 mL
fermenters and 4.9 mg/OD in 5 L fermenters. These results validate the robustness and
reproducibility that this strain provides in industry (Kang et al. 2002; Yoon et al. 2012). However,
with respect to the expression strains used, BL21 showed significantly higher titers in all direct
comparisons (Figure 1A). Specific soluble product titer comparison between scales was also
carried out with the optimized conditions after the screening experiments in 10 mL fermenters
(refer to Material and Methods). Since a very similar pattern of soluble protein was obtained when

comparing scales and strains, the data set is not shown because it had a comparable trend.

Looking more closely at the benchmark process, Figure 1B shows the soluble production of
scFvM in BL21 and W3110 in 5 L fermenters and standard conditions at different time points: O
h (TQ), 4 h (T4), 7 h (T7) and 10 h (T10) post-induction. Soluble scFvM was quantified by an
immunoassay from suspension samples. Overall, BL21 shows a higher soluble protein content
(two-fold) during the entire induction period in the 5 L fermentation system compared to W3110
(Figure 1B). In BL21, the peak production of soluble protein is achieved 4 h after induction (2.61

g/L) and it remains stable until T10 (end of fermentation, 2.41 g/L). BL21 shows a tighter
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regulation of the tac promoter under non-induced conditions (0 h post-induction): it leaks 0.33
g/L. On the other hand, W3110’s peak production of soluble protein is achieved 7 h after induction
(1.16 g/L) and it also remains stable until T10 (end of fermentation, 1.01 g/L). Unlike BL21,
W3110’s tac promoter is more leaky and produces more than half of the total soluble scFvM
before induction (0.72 g/L). This leaky expression in W3110 could be linked to plasmid
instability, which many times explains a poor yield of target protein (Rosano and Ceccarelli
2014). However, in this case, differences in yield between the chosen strains are not connected to
plasmid loss or instability, as plasmid copy number (PCN) remains stable and comparable
between them throughout the whole fermentation process (observed: ~ 12-18 copies/cell;
expected: 15-20 copies/cell). When plasmid instability is discarded, BL21 and W3110 critical
genome differences for recombinant protein production should be considered to understand these
yield differences. Even though BL21 and W3110 are both widely used in recombinant protein
production, B strains are deficient in the Lon protease, which degrades many recombinant
proteins. The B strain also lacks the outer membrane protease OmpT, whose function is to degrade
extracellular proteins (Rosano and Ceccarelli 2014). These genetic differences between strains
may explain the higher yields obtained with BL21. In addition, it should be noted that BL21
reaches a lower ODsso value than the W3110 strain (BL21: 212 and W3110: 272) at the end of
fermentation. These OD differences between the compared strains might correlate with the
metabolic burden caused by the continuous export to the periplasm by Sec pathway (Horga et al.
2018) and/or the lethal outer membrane punctures occurred as a result of limited periplasmic
capacity (Tong et al. 2000; Schofield et al. 2016) in BL21. A second run of bioreactors with
parameters optimised for BL21 (refer to Material and Methods) was carried out and similar
patterns for yields and ODsso values were obtained compared to standard conditions (data set is

not shown because it had a comparable trend).

Even when the focus is on soluble production, an additional inherent part of disulphide bonded
protein production in E. coli cannot be dismissed: inclusion body (IB) formation. The Coomassie
blue-stained gel in Figure 2 shows the lysates of BL21 and W3110 from 5 L fermenters when

expressing OmpA SP-scFvM at TO, T4, T7 and T10 time-points in standard conditions. Cell
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suspension was analysed and fractionated in total titer (TT, comprising soluble and insoluble
proteins), total soluble (TS, comprising intracellular and extracellular soluble proteins) and
supernatant samples (SN, only proteins located in the extracellular medium). The insoluble POI
production is remarkably different between the compared strains (Figure 2). When looking at the
Coomassie blue-stained gel, it is important to notice that total production of the POI (TT) is
visually higher in W3110 than in BL21 at all time points. This result suggests that the majority of
the protein is produced as IBs and only a small part is translocated to the periplasm and
extracellular medium and is therefore soluble (TS). As explained before in Figure 1B, and as it
can be noticed in the Coomassie blue-stained gel in Figure 2 (see and visually compare TO scFvM
production in both strains), W3110 pre-induction leakiness is higher than BL21’s. We hypothesise
that due to this early high-level expression in W3110, hydrophobic stretches in the polypeptide
are present at high concentrations very early in the cell and are available for interaction with
similar regions. This may lead to protein instability and aggregation (IB formation) (Carrié and
Villaverde 2002; Rosano and Ceccarelli 2014). Over time, and in both strains, but more
remarkably in BL21, the POI starts to be detectable in the supernatant due to the leakiness of the
outer membrane (Tong et al. 2000; Schofield et al. 2016), active export (Xia et al. 2008) and/or

lysis of the cells (Kleiner-Grote et al. 2018).

The purified scFvM shows multiple charged variants on a CEX

The second objective of this research was to determine whether the protein expressed by the two
strains, after translocation in the periplasm, was similarly folded and contained the same charge
heterogeneity. The produced scFvM was purified from periplasmic extract and from culture
supernatant by nickel IMAC affinity chromatography. Analysis via Coomassie blue-stained gel
(Figure 3A) shows that the scFvM was obtained with high purity, independently of the expression
host and purified compartment. For BL21 460 pg from the periplasmic extract and 45.9 mg from
the supernatant were obtained, while for W3110, the yields were 350 pg and 26.3 mg,
respectively. It should be noted that the intracellular soluble titer (periplasmic fraction) was higher
than the extracellular one in both strains (BL21: Intracellular 2.12 g/L Extracellular 0.47 g/L;

W3110: Intracellular 0.91 g/L Extracellular 0.20 g/L). However, this was not reflected in the
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product titer after purification. This difference depends on the low amount of periplasm that could
be extracted due to setting constraints in the maximal cell pellet that can be processed (see

Materials and Methods).

To further investigate the presence of possible heterogeneity of the expressed scFvM, the IMAC
purified material from culture supernatants was separated by cation exchange chromatography
(CEX) via gradient elution, since the scFvM has a basic isoelectric point of 7.8 (Expasy
Protparam). CEX is typically considered a gold standard technique to separate and purify charge
variants (Wagner-Rousset et al. 2017; Yce et al. 2021). However, the results from this technique
can be strongly influenced by differences in operational parameters such as column type, particle
size and flow rate (Fekete et al. 2015; Jing et al. 2020). Since previous studies demonstrated the
importance of the diameter of the resin particles and flow rate on the separation performance (Jing
et al. 2020; Yiice et al. 2021), a small resin particle (10 um diameter resin) coupled with a slow
flow rate (0.5 mL/min) was selected in our case. The results indicated a high separation
performance. The chromatograms show the presence of two main peaks: one more acidic (Main
A) and another one more basic (Main B), both coupled with some minor subforms (Figure 3B).
Between the two strains, the elution pattern is maintained, however, the relativity of the peaks
slightly changes BL21 being richer in acidic variants while W3110 in basic ones (Figure 3C). To
verify, firstly, if the multiple peaks showed different masses and impurities, a non-reducing gel

was assessed. However, no differences could be detected (Figure 3D).

scFvM is correctly disulphide bonded and cleaved from its SP in BL21 and W3110

In this study an offline approach was applied, consisting in the isolation of the separated forms
from CEX followed by individual analysis for better understanding of possible modifications.
The workflow involved coupling size-exclusion chromatography (SEC) directly to mass
spectrometry (LC-MS). This was done to verify that the scFvM was correctly folded and that
different peaks on CEX were not caused by a pool of species with free thiols or uncleaved SP.
IMAC and CEX purified samples (Main A and Main B) from both periplasm and supernatant
samples from BL21 and W3110 were analysed by LC-MS. This analysis confirmed that all sScFvM

samples had the expected molecular weight, consistent with the cleavage of the SP when the POI
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is exported from the cytoplasm to the periplasm and its four cysteines engaged in two DSBs
(Table 1). The main component in all these samples is the unmodified scFvM molecule. In
addition to it and as second species, both BL21 and W3110 samples show comparable reduction
of 17 Da, probably due to N-terminal pyroglutamate modification (pyroQ), while gluconoylation
is only seen in BL21 samples (+178 Da). PyroQ modification is generated after a non-enzymatic
cyclization of N-terminal glutamine whose rate of formation can be affected by various
environmental factors during purification and storage (Beyer et al. 2018; Beck and Liu 2019). In
previous studies, CEX has been reported as a method of choice for the separation of pyroQ
modifications since the loss of a primary amine causes an acidity shift of the antibody (Brorson
and Jia 2014; Beyer et al. 2018). However, in this study the use of a strong cation exchange did
not show the same results. In fact, LC-MS analysis run on each of the CEX peaks showed the
presence of a -17 Da modifications, ranging from 12-25 % of the total protein, in each sample
(Table 1). The strain selectivity of the non-enzymatic gluconoylation modification agrees with
previous literature. Because B strains accumulate 6-phosphogluconolactone due to a deficiency
of 6-phosphogluconolactonase (Meier et al. 2012), which promotes gluconoylation, it is not
surprising that this strain generates some gluconoylated proteins. Although this modification can
adversely affect protein quality, the gluconoylation is not very stable and can transform back into

unmodified protein and gluconate via a hydrolysis reaction (Martos-Maldonado et al. 2018).

In addition, possible mismatches of the DSBs were also analysed among the multiple peaks in
CEX (purified from BL21) by MS. In this case the purified protein from each CEX peak was
digested. However, no differences in the size of the peptides generated were identified both in
native conditions and after reduction, confirming that DSB shuffling is not essentially the reason
for the heterogeneous pattern in CEX (Table 1). Disulfide bond shuffling occurs when an S-S
bond between two cysteine residues is rearranged such that the residues are pairing with

unpredicted partners.
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Table 1: Analysis of free thiol content, SP cleavage and secondary modifications based on MS.

. . . N° of a b A +178 Da | -17/18 Da
Strain | Technique Location Cysteine Mox Theor Mexp mass | (5-11 %) | (12-25 %)
Periplasm 27478.27 | 27478.27 0 +¢ +
IMAC
Supernatant 27478.27 | 27478.27 0 + +
BL21
Main A 27478.27 | 27478.27 0 + +
CEX
Main B 27478.27 | 27478.27 0 + +
4
Periplasm 27478.27 | 27478.27 0 - +
IMAC
Supernatant 27478.27 | 27478.27 0 - +
W3110
Main A 27478.27 | 27478.27 0 - +
CEX
Main B 27478.27 | 27478.27 0 - +

3 Calculated theoretical oxidised molecular weight (Moxtheor)
b) Experimental molecular weight (Mexp)
° The sign “+” indicates the presence of the modification (+178 Da or -17 Da) while “-” indicates the

absence of it.

The stability of the two main peaks excludes a handling artefact

A reversibility analysis on the two main peaks was then performed to verify if these two main
CEX forms were not caused by downstream operation. The eluted single peaks were therefore
pooled from different purifications in Main A and B respectively, dialyzed against the
equilibration buffer and each pool was loaded again on the CEX. Figure 4A shows the comparison
of the elution profiles from each pool. In both cases the purification revealed a perfect
reproducibility of the peaks that seem to be only in a very slow reversible equilibrium with the
counterpart. Moreover, since with this experiment the heterogeneous pattern observed during the
CEX purification of the purified material (Figure 3B) was not visible, an artefact of the column
caused by overloading of the samples could be excluded. The two peaks therefore represent

scFvM isoforms that are stable under these conditions.

Biophysical characterization confirmed altered conformations of the two main charged variants

To further investigate potential conformational differences between the two main CEX forms,
and the exact comparability among the two strains, a biophysical assessment was established via

differential scanning calorimetry (DSC) and one-dimensional proton nuclear magnetic resonance
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(1D-H-NMR) spectroscopy. DSC is commonly employed to assess the thermal and
conformational stability of a protein under specific buffer conditions (Johnson 2013). The two
separated main peaks (Main A and B) were evaluated by DSC (Figure 4B). One single transition,
corresponding to the unfolding of the scFvM, was observed in all samples. The melting
temperatures of the single Main Peaks A and B (from both BL21 and W3110) were 68.7 °C and
69.1 °C, respectively and corresponds to a temperature difference of 0.4 °C. These results proved

a high comparability, in terms of thermal stability, of the POI produced by the two E. coli strains.

In addition to this thermal stability difference, a modification in the state of the protein from the
two main peaks from the CEX was detected via 1D-*H-NMR spectroscopy. This technique shows
signals for each hydrogen atom in the protein that is covalently bound or exchanging slowly with
water (for example amide signals will be present but those from -OH and NHs; groups will be
missing). These signals resonate at different frequencies (chemical shifts in ppm; parts per million
of the main field) and with different intensities based on the 3D structure, ligand binding state and
dynamics of the protein all of which affect local magnetic fields in the protein. The position of
peaks in the 1D-H-NMR depend at first order on the chemistry of the atoms (Kwan et al. 2011),
so for example CH; and CHjs groups from different amino acid types (e.g., Val vs Leu) appear at
different positions and also have small differences due to the primary sequence. On top of these
chemical effects from residue types and the primary sequence the spectrum is also extremely
sensitive to the 3D structure of the protein and very small changes in local environment and
dynamics (see for example Chen et al. 2013) can be detected, so 1D-*H-NMR can be used as a
fingerprint of the proteins 3D structure and to monitor small changes in the state of the protein.
In this case the spectra suggest both samples contain proteins that are well-folded as indicated by
the well resolved and dispersed signals in the amide region (Figure 5) and a series of well-resolved
methyl peaks at < O ppm which are indicative of stable methyl aromatic packing in the protein's
core (boxes in Figure 5). On top of this, the spectra are similar enough to conclude that there have
been no major changes in 3D structure and that the overall 3D fold is the same. However, while
the methyl peaks at < 0 ppm are well dispersed, they also show variations between the samples

with the peaks that resonate at -0.736 ppm and -0.981 ppm showing shifts of +0.04 ppm and -
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0.02 ppm and ~ 10 % weaker peak intensities (Figure 5A). As the samples were very thoroughly
dialysed these differences would indicate a change in conformation within the core of the protein

or the presence of a yet unidentified strongly bound ligand.

All these results combined suggested that the two strains produced a target protein with the same
overall 3D fold and thermal stability. However, the difference between the two main peaks of the
CEX seems to be generated by a conformational change of the protein that leaves the mass
unchanged as observed by MS analysis. Two main reasons could be behind this result: the
presence of a ligand tightly bound to the protein or a modification that leaves the mass unchanged.
With regards to the ligand, the reversibility analysis on the two main peaks suggests that, if
present, the ligand binds with high affinity to one of the two forms since it could not be removed
during the dialysis process. Moreover, at least, the presence of a high molecular mass molecule
as ligand could be excluded since, prior LC-MS analysis, the samples were desalted by size
exclusion chromatography (SEC) and no additional peaks were observed (data not available).
Concerning the second hypothesis, various types of modification can occur during protein
expression, manufacturing, and storage (Beyer et al. 2018; Beck and Liu 2019). Some of these
modifications can lead to mass shifts while some others can result in protein modifications leaving
the mass unchanged. Examples of the latter are DSB mismatch and aspartate isomerization which
can further generate aspartic acid racemization (Wagner-Rousset et al. 2017). The presence of
mismatched DSBs was excluded as a possible reason for multiple peaks in CEX, as described
above. Aspartate (Asp) isomerization is a non-enzymatic modification that can cause
conformational changes of the protein since it introduces an additional methyl group in the protein
backbone (Beyer et al. 2018; Beck and Liu 2019). Furthermore, the specific structural outcome
can lead to two isomeric products (L-isoAsp and D-isoAsp) where the D-amino acid can affect
the peptide function (Riggs et al. 2017). This reaction occurs at an optimal pH of 5, produces
succinimide (-18 Da specie) as a reaction intermediate and it is favoured on aspartate residues
that are followed by a glycine (Ouellette et al. 2010; Nowak et al. 2017; Gupta et al. 2021).
Moreover, it was shown in a previous study that antibody variants containing isoaspartate elute

later in CEX (Harris et al. 2001). The current analysis was carried out at pH 5.5, a second and
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more acid peak was present, in the protein sequence an aspartate close to a glycine is present and
a species with -17/18 Da was detected. Therefore, the presence of aspartate isomerization as a
possible modification cannot be excluded completely. There are some other methods to identify
this modification such as LC-MS peptide mapping and 2D NMR analysis. LC-MS peptide
mapping is becoming an important method for the characterization of primary sequences and
PTMs in antibody products. On the other hand, this technique is labour-intensive, time-consuming
and can introduce artificial PTMs, resulting in an overestimation of the target protein
modifications. During sample preparation, long digestions can generate unnecessary reactions
interfering with the quantitation of the peaks of interest, causing low reproducibility of the results.
Shortening digestion-time can cause incomplete peptide cleavages, thus low sequence coverage
and poor repeatability (Jiang et al. 2020). In this case study, where BL21 and W3110 protein
product comparison was the aim, this technique had to be discarded due to reproducibility issues.
On the other hand, 2D NMR analysis typically utilises labelled isotopes during the fermentation
process for proteins of this mass, and therefore, this approach was not available due to

experimental constraints.

Conclusion

In this case-study, we report that E. coli strain differences may have an influence on the final
product yield but not necessarily on its heterogeneity pattern. The results showed that BL21 and
W3110 have a very different productivity profile in the conditions employed, with BL21 being
more industrially relevant to produce this specific scFv in terms of yield. In terms of quality,
except for the B strain characteristic gluconoylation, the expressed scFvM displays a similar
heterogeneity profile. This resemblance of the produced product represents an indication of the
interchangeability between the two strains, a characteristic that presents an important perspective
for biosimilar and biobetter production. In our paper it is further shown that when scFvM product
quality was assessed by different analytical methods, a distinctive profile of the product was
obtained, suggesting that alterations in the recovered product are present independently of the
host strain. These alterations appear to be stable and significant, since the two forms elute at very

different salt concentrations during CEX. However, the exact identity of the cause of product
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heterogeneity could not be appropriately confirmed. This opens a discussion on whether MS
based intact mass analysis of the POI is enough to spot the heterogeneity in a product. At the same
time, we want to encourage the discoveries of new, fast and affordable methods for analysis of
heterogeneity other than 2D NMR and LC-MS based peptide mapping for the identification of

protein heterogeneity in biopharma, which are time-consuming.

Materials and Methods

All chemicals, reagents and enzymes were of highest quality and were obtained from Sigma-

Aldrich, Roth or Thermo Fisher Scientific, unless otherwise noted.
anti-c-Met scFv (scFvM) expression strain generation

E. coli DH5a (Invitrogen) was used for genetic manipulations. The anti-c-Met scFv (sequence
taken from Edwardraja et al. (Edwardraja et al. 2010)), with an N-terminal wild-type OmpA SP
and a C-terminal 6x His-tag was commercially synthesised (GeneArt). The synthesis construct
was sub-cloned into the pFLAG-CTC vector (Sigma Aldrich) under the control of a tac promoter
using Ndel and EcoRI restriction sites. This construct will be termed as OmpA-scFvM in this
work. Individual clones were sequenced before transforming the expression plasmid into the
expression strains E. coli BL21 (Novagen) and W3110 (DSMZ). In this work, the protein anti-c-
Met scFv is referred to as scFvM to further correlate with Edwardraja et al. and Jones et al.
(Edwardraja et al. 2010; Jones et al. 2016) which investigated the same protein in a different

setup.

Expression in a miniaturised fermentation platform (Multifermenter, MF) and a 5 L fermentation

system

The fully automated cultivation at 10 mL scale in the MF was performed as described in Janzen
et al. (Janzen et al. 2019) with the exception that the temperature in all reactors was set to 37 °C
and lowered to the corresponding experiment temperature prior to induction. For the screening of
conditions, a range of different temperatures (25-33.5 °C), pH values (6.3-7.3) and isopropyl -

D-1-thioglactopyranoside (IPTG) inducer concentrations (0.5-1 mM) were tested with a DoE
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setting in 32 MF vessels. While for BL21 a slight increase in yields and OD was observed in a
screened condition set-up (refer as optimised conditions), with W3110 no optimisation could be
achieved. Therefore, solely the standard conditions developed by Janzen et al. (Janzen et al. 2019)
and optimised conditions developed for BL21 after MFs run were tested in quadruplicates in 10
mL bioreactors for BL21 and W3110 to maintain a better comparability within the study. In the
standard set-up, temperature was set to 30 °C prior to induction and the pH was constantly
maintained at 6.8. Cultures in this case were induced with 1 mM IPTG (0.024 mL from 75 mM
stock). In the optimised BL21 set-up, temperature was set to 32 °C prior to induction and the pH
was constantly maintained at 7.3. Cultures in this set-up were induced with 0.5 mM IPTG (0.012
mL from 75 mM stock). In all cases, the DO level was maintained at > 35 %. In the case of the
W3110 strain, a pre-culture in shake-flask was performed, since a significantly prolonged batch
phase (e.g. lag phase of the cells) interfered with the fermentation protocol in the MF. The pre-
culture was performed at 37 °C and 250 rpm until the culture reached an ODss value of 2. The
ODsso measurement of the pre-culture was manually performed (Genesys 10S UV-Vis; Thermo

Fisher Scientific). In the case of BL21, bioreactors were directly inoculated from the cell bank.

Benchmark fed-batch cultivations were performed in fully controlled 5 L standard stirred-tank
bioreactor systems (BIOSTAT Cplus; Sartorius Stedim) and the manufacturer provided PCS
(MFCS-Win; Sartorius Stedim). Calibration and cultivation conditions and the used material and
equipment are described in Janzen et al. (Janzen et al. 2019). As in MF experiments, the two set-
ups (standard conditions, data shown in Results and Discussion section and optimised for BL21,
data set not shown as it had a comparable trend as standard conditions) of the experiments were
carried out with slight differences in the temperature, pH and induction concentration parameters
(more details above). In all cases, the DO level was maintained at > 35 % and the pH was kept
constant at the set pH £ 0.2 using 25 % ammonia and 3 M phosphoric acid. Cultures were induced
either with 0.5 mM or 1 mM IPTG (11.8 mL or 23.6 mL from 211.9 mM stock). Samples for
product quantification, plasmid copy number (PCN) estimation and ODsso determination were
manually withdrawn before induction (TO) and 4 h (T4), 7 h (T7) and 10 h (T10, end of

cultivation) after the IPTG pulse. ODsso measurements were directly performed (Genesys 10S
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UV-Vis; Thermo Fisher Scientific). Samples for product quantification and PCN estimation were

stored in reaction tubes at — 20 °C until further use.

The synthetic media used for all cultivations (both 10 mL and 5 L systems) was prepared as
described in Striedner et al. (Striedner et al. 2010). The medium was supplemented with 1 mL/L
antifoam agent (PPG 2000; Dow Chemical Co.) and was autoclaved for SIP prior cultivation in
case of the 5 L system. In the MFs, each block was equipped with bioreactors which were
aseptically filled with sterile medium supplemented with 1 mL/L antifoam agent (PPG 2000; Dow

Chemical Co.) in a laminar flow hood.

Fermentation sample preparation and quantification

Quantitative analysis was performed by automated immunoassay (Gyros). The sample
preparation was conducted with a liquid handling system (Tecan) in 96-well format. For
fermentation suspension samples, high viscosity due to leaked nucleic acids caused by
fermentation condition and sample freeze and thawing was encountered. High viscosity causes
imprecise pipetting by the liquid handling robot. Therefore, as an initial step a nucleic acid
hydrolysis with Benzonase® (Merck) (0.5 U/uL for > 10 min, 450 rpm at room temperature (RT))
was performed. Cell lysis was performed by incubation with 1/10 v/v Lysonase (Merck) in
FastBreak cell lysis reagent (Promega) for 30 min at RT with shaking at 450 rpm. The soluble
fraction was analysed by the immunoassay. For this purpose, the digested cells were centrifuged
at 2900 g for 10 min (Tecan centrifuge Hettich Rotanta) and the supernatant was further used.

Samples were diluted in the analysis buffer (RexxipA (Gyros)) for quantification.

In the case of supernatant samples from fermentation, straight dilution in the analysis buffer

(RexxipA (Gyros)) was performed.

Content quantification was performed using a Gyrolab xPlore by an automated immunoassay with
an scFv-specific antibody (109-066-097 (Jackson ImmunoResearch), biotinylated for
immobilization within the Gyros CD-microstructure) and an his-tag specific antibody (34670
(Qiagen), Alexa647 fluorescence labelled for detection). The Gyros protocol (200-3W-002-A)

was performed according to the manufacturer’s instructions. The standard curve was analysed
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with the Gyros Evaluator SW using a five-parameter fit. Quantification was performed in the

linear range of the standard curve (15 ng/mL to 1000 ng/mL).
Plasmid copy number (PCN) estimation

For PCN estimation, 5/0Dsso fermentation pellet samples were used. Fully automated plasmid
extraction was performed using the QIAprep Spin Miniprep Kit (Qiagen) and the QIAcube
Connect (Qiagen). DNA concentrations were measured using a NanoDropTM (Thermo Fisher

Scientific). The following equation was used to estimate the PCN:

Plasmid concentration [ﬁ—‘g] * 30 uL * 1.32 (correction factor for plasmid loss)

Da
nucleotide

PCN =

cells
pellet)

nucleotides of plasmid * 308.95 * (1.66* 10‘153—‘2) * (7.4 % 1010
The weight per single plasmid in ng was calculated from the number of nucleotides and the
conversion factors 308.95 (mean weight per nucleotide in Da) and 1.66-10*° (conversion from
Da to ng). DNA loss during plasmid preparation (determined by spiking experiments) and the
average number of cells in 5/0ODsso pellet samples (7.4-10%°, determined in a cell counting

chamber (Marienfeld Superior)) were considered to calculate the number of plasmids per single

cell.
Isolation of scFvM from periplasm and supernatant and content quantification

The expressed scFvM was purified from supernatant and periplasm. The periplasmic extraction
was achieved following the pureFrac protocol as described elsewhere (Malherbe et al. 2019).
Since a larger volume was necessary an upscaling factor of 130 was applied during all steps. The
periplasmic fractions and the supernatant from BL21 and W3110 were then applied on a Ni
SepharoseTM 6 Fast Flow (Cytiva) column on the AKTA Avant chromatography system (GE
Healthcare) at RT and purified via immobilised metal affinity chromatography (IMAC). At a flow
rate of 1 mL/min low binding impurities were washed from the column with 10 column volumes
of equilibration buffer (20 mM Phosphate, 500 mM NaCl, 20 M Imidazole, pH 7.4). The protein
was then eluted with 5 column volumes of 100 % elution buffer (20 mM Phosphate, 500 mM
NaCl, 500 mM Imidazole, pH 7.4). The protein content was monitored online by absorbance at

280 nm. After each purification the column was stripped, washed, and recharged to avoid
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contaminations between the different strains and purified compartments. The eluted protein was
dialyzed against 20 mM Phosphate, 20 mM NaCl, at pH 5.5 using 3.5 MWCO dialysis cassettes

(Thermo Scientific) and stored at -20 °C between purification steps.

With the eluted and rebuffered fractions (20 mM Phosphate, 20 mM NaCl, pH 5.5) from the
supernatant a cation exchange chromatography (CEX) with a MonoSTM 5/50 GL (Cytiva)
column was performed on an AKTA Purifier chromatography system (GE Healthcare) at RT. The
used buffers were 20 mM Phosphate, 20 mM NaCl, at pH 5.5 (equilibration buffer) and 20 mM
Phosphate, 500 mM NacCl, at pH 5.5 (elution buffer). At a flow rate of 0.5 mL/min, a gradient
from 0-100 % elution was applied for 30 column volumes followed by 10 column volumes at 100
% elution buffer. The protein content was monitored online by absorbance at 280 nm. The eluted
protein was dialyzed against 20 mM Phosphate, 20 mM NacCl, at pH 5.5 using 3.5 MWCO dialysis
cassettes (Thermo Scientific) and concentrated with 3 kDa MWCO Pierce™ Protein

Concentrators PES (ThermoFisher). The fractions were stored at -20 °C until analysed.

Purified protein concentration was determined by measuring the absorbance at 280 nm with the
Nanodrop 2000 (ThermoFisher) and a calculated molar extinction coefficient of 58’580 M
(Expasy Protparam). Affinity purified scFvM and its charged variants (CEX samples) were
denatured for 5 min at 80 °C and run on an SDS-PAGE gel under reducing and non-reducing

conditions.
DSC analysis

The DSC experiments were performed using a MicroCal VP-DSC system (Malvern). All samples
were dialyzed against the same buffer (20 mM Phosphate, 20 mM NacCl, pH 5.5) prior analysis
using 3.5 MWCO dialysis cassettes (Thermo Scientific). The reference cell was filled with a
buffer corresponding to the sample buffer. The samples were heated from 10 °C to 95 °C at a
heating rate of 60 °C/h. The pre-scan was 3 min, the filtering period was 10 s, and the feedback
mode/gain was set to passive. The midpoint of thermal transition temperature (Tm) was obtained
by analysing the data using OriginTM 7 software. All experiments were performed at a protein

concentration of 1 mg/mL.
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Mass spectrometry analysis

For intact mass analysis, samples were injected without prior sample preparation into the
UltiMate™ 3000 UHPLC system coupled to the Orbitrap Eclipse™ Tribrid™ mass spectrometer
(all Thermo Fisher Scientific). Proteins were loaded on an ACQUITY UPLC BEH200 SEC, 1.7
pum, 4.6 x 150 mm, applying a 10 min isocratic method (20 % B), with a flow rate of 0.2 mL/min
and 0.1 % Formic acid (FA) (Fisher Chemical, LC-MS grade) in water as mobile phase A and 0.1
% FA in Acetonitrile (ACN) (Merck, Hypergrade for LC-MS) as mobile phase B. Electrospray
ionisation was performed in positive ionisation mode and molecules analysed in the Orbitrap with

a scan range of 500-2000 m/z and a resolution set to 240 000 (at 200 m/z) for full scan.

For DSB analysis, proteins were precipitated with CHCIs/Methanol, dried at RT and subsequently
dissolved in lysis buffer (7.6 M urea/50 mM Tris-HCI, pH 8), diluted with 50 mM Tris-HCI, at

pH 8 and digested with Trypsin/Lys-C Mix (Promega).

Peptides were analysed on the same LC-MS system and mobile phases as for intact mass analysis.
Peptides were separated on a ACQUITY UPLC Peptide CSH C18, 130 A, 1.7 pm, 2.1x150 mm
applying a 25 min gradient from 5-30 % B, increasing further to 95 % B within 5 min, resulting
in total run time of 44 min, with a flow rate of 0.25 mL/min. Electrospray ionization was
performed in positive ionization mode, the resolution was set to 120 000 (at 200 m/z), with a scan
range of 200-2000 m/z for MS1 analysis. A Top N method was applied for fragmentation with
CID Assisted Collision and resulting fragments analysed in the Orbitrap at a resolution of 30 000

(at 200 m/z).

The raw data files were subjected to the Byos software (v 4.2) from Protein Metrics Inc. for data
processing and reporting. For intact mass evaluation, peaks found in the total ion chromatogram
were integrated and full mass spectra were deconvoluted. For DSB analysis, the Byos DSB

workflow was used, searching against a built-in database based on the sequence of the POI.
1D-'H-NMR analysis
Samples were dissolved in a buffer containing 20 mM Phosphate, 20 mM NacCl, at pH 5.5 and

were analysed by 1D-'H-NMR after extensive dialysis in a common pool of buffer to reduce

99



effects due to any systematic differences in sample preparation. Before NMR spectra were
collected 5 % D,0O was added as a lock solvent. Spectra were acquired at 25 °C using a double
pulse field gradient spin echo sequence (DPFGSE) to suppress water (Hwang and Shaka 1995)
on a Bruker Advance 111 spectrometer operating at 600 MHz with a He cooled QCI-P cryogenic
probe using Topspin 3.6.1. Spectra were measured using 32k complex data points over a sweep
width of 9615 Hz using 1024 scans with an inter-scan relaxation delay of 1 s and 4 dummy scans
for equilibration. These data were processed and analysed using Topspin and an exponential

window function of 3 Hz was applied to improve signal to noise.
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Figure Legends

Figure 1. Soluble scFvM production in BL21 and W3110 in 10 mL and 5 L scale
fermentations. A) Specific soluble product titer in BL21 and W3110 in 10 mL and 5 L
bioreactors expressed in mg/OD. To calculate these values, the 7 h post-induction soluble scFvM
titer is divided by the ODsso of the culture at that time in both scale bioreactors. 10 mL
fermentations specific soluble product formation values are the average of four replicates, error
bars have been added to the figure. B) Soluble titer variation of the scFvM in BL21 and W3110
strains at different time points (0 h (T0), 4 h (T4), 7 h (T7) and 10 h (T10) post-induction) in 5 L
fermentations expressed in g/L. In both graphs, BL21 strain is represented in black and W3110
in grey. Soluble scFvM product was determined by immunoassay from suspension samples. 5 L
bioreactors were run two times for each strain with slight variations in temperature, inductor

concentration and pH resulting in comparable profiles for ODsso and titer.

Figure 2. Lysates of BL21 and W3110 from 5 L fermenters when expressing OmpA-scFvM.
Suspension and supernatant samples of BL21 and W3110 expressing OmpA-scFvM were
recovered at different time points: TO, T4, T7 and T10 for SDS-PAGE analysis. Representative
Coomassie blue-stained gel of the total titer (TT, comprising soluble and insoluble proteins), total

soluble (TS, comprising intracellular and extracellular soluble proteins) and supernatant samples
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(SN, only proteins located in the supernatant) and scFvM reference protein. Ladder (Mark12™

Unstained Standard) on the left in kDa.

Figure 3. scFvM purification via two steps chromatography. A) Representative Coomassie
blue-stained gel of the total protein sample loaded (L), column flow-though (FT) and eluate (E)
from either the periplasm or the culture supernatant in non-reducing condition. Ladder (Mark12™
Unstained Standard) on the left in kDa. B) Representative MonoS normalised chromatograms of
scFvM purified from the culture supernatant. Smaller peaks that elute around the Main peak A
are referred to as acidic species, and peaks that elute around Main peak B are referred to as basic
species. C) Relative abundance of the CEX peaks in BL21 and W3110. BL21 strain is represented
in black and W3110 in grey. D) Representative Coomassie blue-stained gel of a CEX run in non-
reducing condition. Main A elution fractions are in the continued box while Main B ones are in

the dotted box.

Figure 4. Stability analysis of the two main peaks from the CEX. A) Overlaid MonoS
chromatograms of the two main peaks that were collected, dialyzed, and reloaded separately to
demonstrate the stability and purity of the two forms. B) DSC profiles of the peaks Main A and
Main B obtained from CEX purification of scFvM expressed by BL21 and W3110. The obtained
Tms are: Main A 68.7 °C and Main B 69.1 °C. Straight line represents Main A and dotted line

Main B. BL21 strain is represented in black and W3110 in grey.

Figure 5. 'H-NMR spectra of Main A and Main B conformers measured at 600 MHz. Spectra
from basic, acidic species and control samples show the conformational and temporal stability of
the species. The samples were many times co-dialysed before analysis. Samples conditions: pH
5.5 and 25 °C, sample concentration ~ 50 uM. A) Spectra from BL21 and W3110 showing the
clear difference in the fingerprint of Main A (blue) and Main B (purple) conformers. The box
represents the expansion of the high field methyl aromatic fingerprint region. B) Spectra from
two separate batches of protein (blue and purple) from BL21 representing analysis of the same
species showing reproducible conformational state as a control. The box represents the expansion

of fingerprint region from shielded methyl groups.
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CHAPTER 4: First author publication. Highly efficient export
of a disulphide bonded protein to the periplasm and medium

by the Tat pathway using CyDisCo in Escherichia coli

4.1. Contribution

For this project, | heavily contributed to the conceptualization and experimental design. | also
performed the experiments, analyzed the data, reviewed the literature available, made the figures

and wrote the manuscript. The manuscript was revised by all the authors.

The objective of the project was to find the best Tat-dependent SP for a range of disulphide-
bonded proteins. To investigate the same, | cloned different proteins and expressed them in 24
deep well plates (DWP) in the presence and absence of CyDisCo. The POls were purified from
the soluble lysate fraction through Immobilized Metal Affinity Chromatography (IMAC) for the

comparison between +/- CyDisCo expression tests.

After finding the most desirable protein for our purpose, | scaled-up the expression from 24 DWP
to shake-flask level. | fractionated the cells and recovered the media to find out whether this POI
attached to the promiscuous SPs was actually being exported by the Tat pathway. This was
verified by the comparison of the purified periplasmic fraction between BL21 wild-type and BL21
TatExpress performed in triplicates. These experiments were carried out at the University of Oulu
(Finland). Furthermore, back at the University of Kent (UK), | performed the experiments with

an E. coli ATat strain to confirm Tat-dependent export.

Finally, the DSB formation of YebF (our POI) was confirmed by mass spectrometry carried out
by the Biocenter Oulu core facility, and data analysis and interpretation were carried out by Mirva

J Saaranen and me.
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4.2. Publication

The paper as was sent for publication in MicrobiologyOpen as follows:
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Abstract

High-value heterologous proteins produced in Escherichia coli that contain disulphide bonds are
almost invariably targeted to the periplasm via the Sec pathway as it, among other advantages,
enables disulphide bond formation and simplifies downstream processing. However, the Sec
system cannot transport complex or rapidly folding proteins, as it only transports proteins in an
unfolded state. The Tat system also transports proteins to the periplasm, and it has significant
potential as an alternative means of recombinant protein production because it transports fully
folded proteins. Most of the studies related to Tat secretion have used the well-studied Tat specific
TorA signal peptide, but this signal peptide also tends to induce degradation of the protein of
interest, resulting in lower yields. This makes it difficult to use Tat in industry. In this study, we
show that YebF can be exported to the periplasm and media at a very high level by the Tat
pathway in an almost completely CyDisCo-dependent manner by other two putative Tat SPs:

those of MdoD and AmiC. The TorA SP, however, exports YebF at a lower level.

Keywords: Tat pathway, CyDisCo, disulphide bond, signal peptides, periplasm, Escherichia coli,
TatExpress

Introduction

High-value heterologous proteins produced in Escherichia coli that contain disulphide bonds
(DSB) are almost invariably targeted to the periplasm via the general secretory (Sec) pathway by
means of a cleavable N-terminal signal peptide (SP) (Mirzadeh et al., 2020). This guides newly
synthesised proteins through the SecYEG membrane channel in an unfolded state. Once across
the membrane, the SP is cleaved and proteins fold in the periplasm, acquiring DSBs where
appropriate (Kleiner-Grote et al., 2018). This protein export approach offers several advantages
to produce therapeutic proteins, such as i) it enables disulphide bond formation, which only occurs
in the periplasm in wild type cells, ii) it facilitates protein isolation from the relatively small
periplasmic proteome, iii) allows control of the nature of the N-terminus of the mature protein
and iv) minimizes exposure to cytoplasmic proteases (Karyolaimos & de Gier, 2021).

Some proteins, however, fold too rapidly for the Sec system to handle, or require co-factor

insertion in the cytoplasm, thereby precluding translocation via the Sec system. The twin arginine
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translocation (Tat) pathway offers a potential alternative method of localising proteins to the
periplasm and, unlike Sec, this system transports fully folded proteins. As with Sec substrates,
Tat substrates are synthesised with N-terminal SPs, but these contain Tat-specific determinants
including the presence of a highly conserved twin-arginine motif (reviewed by Natale et
al., 2008).

An additional, and indeed unique, feature of the Tat pathway is its in-built proofreading
mechanism that can detect structurally incorrect substrates and reject them for export. This
proofreading capability could allow for a more homogeneous product to be produced in the
periplasm (reviewed by Frain et al., 2019). Furthermore, the recent development of TatExpress
(TE) strains, that over-express the tatABC genes (encoding the Tat system) from the chromosome
boosts the industrial potential of this pathway (Browning et al., 2017). However, this quality
control poses problems for the export of disulphide-bonded proteins, because such proteins often
only obtain a native conformation after the formation of DSB. CyDisCo strains (cytoplasmic
disulphide bond formation in E. coli), express a catalyst of disulphide bond formation, usually the
sulfhydryl oxidase Ervlp, and a catalyst of disulphide isomerization, usually human protein
disulphide isomerase (PDI). This system facilitates DSB formation in the cytoplasm of wild-type
E. coli and may therefore allow the efficient production of DSB-containing proteins in the
cytoplasm prior to their export via the Tat pathway (Matos et al., 2014).

The efficiency of protein secretion varies depending on the host strain, signal sequence, and the
type of protein to be secreted (Freudl, 2018). There are at least 29 SPs in the E. coli genome that
contain a twin arginine motif characteristic of proteins exported via the Tat pathway. However,
many of these SPs are not completely Tat-specific and can lead to secretion of the POI via Sec,
Tat or both depending on the POI. They are sometimes termed promiscuous SPs (Tullman-Ercek
et al., 2007; Bendtsen et al., 2005). In contrast, the TorA SP, an E. coli Tat SP derived from pre-
trimethylamine N-oxide (TMAO) reductase (TorA), is a very well-studied Tat specific SP
(Blaudeck et al., 2001; Lee, et al., 2006; Jack et al., 2004). However, the use of the TorA SP also
tends to induce degradation of the protein of interest, for unknown reasons. This results in low
yields of some POI, as seen in the absence of precursor forms in many export studies (e.g. Alanen

et al., 2015).
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While it has been shown that Tat can export some disulphide-bonded proteins at high levels in
fed-batch fermentation studies (for example hGH; Guerrero Montero et al., 2019) and shake-flask
studies (Alanen et al., 2015; Browning et al., 2017; Del.isa et al., 2003; Matos et al., 2014;
Tullman-Ercek et al., 2007), it has yet to be determined whether it can efficiently export a protein
that requires DSB formation for correct folding. In this study we used YebF, a 10.8 kDa E.coli
protein of unknown function which contains a single DSB. It has been previously reported that
recombinant YebF is secreted by laboratory strains of E. coli into the extracellular medium after
first being translocated into the periplasm by the Sec-system (Zhang et al., 2006). A variety of
proteins ranging from 15 to 48 kDa and more recently N-glycosylated protein domains have been
shown to be readily secreted into the growth medium via fusion with YebF (Fisher et al., 2011).

Here, we report that YebF can be exported to the periplasm and media by the Tat pathway in an
almost completely CyDisCo-dependent manner. The use of TorA-SP results in low yields, but we
show that two other Tat SPs, namely MdoD and AmiC, direct very high levels of protein export.
While both are capable of directing export by Sec, expression in TatExpress strains results in a

major increase in export flux which indicates that export is largely carried out by Tat.

Materials and Methods

All chemicals used in this study were supplied by Fisher Scientific (Thermo Fisher Scientific Inc,
USA), Sigma (Sigma-Aldrich, USA) or Formedium (UK) unless otherwise stated.

Cloning

The desired gene fragments were obtained as synthetic genes from GeneArt or by PCR from
E.coli genomic DNA and cloned with restriction digestion and ligation into a modified pET23-
based vector with a pTac promoter replacing the T7 promoter (Gaciarz et al., 2016). The vector
design allows for incorporation of C-terminal hexa-histidine tag (-Leu-Glu-6xHis) to the
expressed protein. For YebF without the signal sequence, a vector incorporating both N- (Met-
6xHis-) and C-terminal hexa-histidine tags was used. The gene inserts in the plasmids made were

fully sequenced prior to use (see Table 1 for plasmid names and details).
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Table 1. Strains and constructs used in this study.

tatABCD

Strain/Plasmid Description Source/Reference
BL21 E. coli B F~ decm ompT lon hsdS(rs™ mg™) gal Agilent
BL21 TatExpress BL21 carrying a pTac promotor upstream of Browning et al., 2017

ATatABCDE (ATat)

MC4100 strain (AraR, F2 araD139 DlacU169
rpsL150 relAl fIB5301 deoCl ptsF25 rbsR)
lacking tatABCDE genes, AraR

Wexler et al., 2000

pMJS289 YebF (A22-R118) Y This study
pMJS285 AmiC (M1-Q35)-YebF (A22-R118) ? This study
pMJS284 MdoD (M1-D36)-YebF (A22-R118) ? This study
pMJS288 TorA (M1-A43)-YebF (A22-R118) ? This study
pMJS205 CyDisCo: Ervlp and PDI Gaciarz et al., 2016
pAG82 empty Gaciarz et al., 2016

D with N-terminal Met-6xHis and C-terminal -Leu-Glu-6xHis -tags

2 with C-terminal -Leu-Glu-6xHis -tag

Expression

Plasmids with the gene of interest together with the plasmid containing the CyDisCo components
(pMJS205) or empty plasmid (pAG82) were co-transformed into chemically competent E. coli
cells and spread onto Lysogeny Broth (LB) agar plates supplemented with 35 pg/mL of
chloramphenicol and 100 pg/mL of ampicillin for selection. After overnight incubation at 37°C
these were used to inoculate 2-5 mL of LB media supplemented with 2 g/L of glucose, 35 pg/mL
of chloramphenicol and 100 pg/mL of ampicillin. These starter cultures were grown 6 hours, or

overnight for ATat experiments, at 30°C °C, 250 rpm (2.5 cm radius of gyration) and were used

to seed the cultures in 1:100 ratio.

Expression tests to screen for optimal SP were carried out for the constructs in 24 deep well plates

(DWP). The constructs were expressed alone or co-expressed with CyDisCo components in E.




coli BL21 in 3 mL per well of terrific broth autoinduction media (AIM — Terrific Broth Base
including Trace elements, Formedium) supplemented with 0.8% glycerol, 35 pg/mL of
chloramphenicol and 100 pg/mL of ampicillin. The DWP was covered with air permeable
membrane (Thomson) and the cultures were grown at 30°C, 250 rpm, and harvested after 24
hours. The cells were collected by centrifugation at 3,220 x g for 20 minutes at 4°C and
resuspended in 3 mL of 50 mM sodium phosphate pH 7.4, 20 pg/ml DNase, 0.1 mg/ml egg white
lysozyme. After 10 min incubation the resuspended cultures were frozen at - 20°C. Cells were

lysed by freeze-thawing.

Main cultures with selected constructs in either BL21 or BL21 TatExpress cells were grown in
100 mL flasks with 10 mL culture in each flask. The flasks were covered with oxygen permeable
membranes (AirOtop, Thomson) to ensure proper oxygenation of the cultures, grown at 30°C,

250 rpm for 24 hours and harvested for fractionation.

For ATat experiments, cultures were grown in LB media at 30°C, 250 rpm until the ODsqo Of the
cultures reached approximately 0.5 and were then induced with 50 pM IPTG for 2 hours before

harvesting.

Fractionation of the cells

For the fractionation of the cells, PureFrac fractionation protocol was used (Malherbe et al., 2019).
For purification, EDTA was not added in any of the buffers. Apart from the periplasm and
cytoplasm, medium samples were also recovered (same volume in all cultures). In ATat
experiments, the 1x PBS wash of the cells and the separation of the cytoplasm and insoluble
fraction was not carried out to avoid extra manipulation of this cell line due to its fragility.

Samples were prepared for SDS-PAGE analysis in reducing conditions.

Purification of cytoplasmic, periplasmic and medium samples and SDS-PAGE analysis

Purification of hexa-histidine tagged proteins was performed by standard immobilized metal
affinity chromatography using HisPur Cobalt resin (Thermo Scientific) under native conditions.
For 3 mL cultures from 24 DWP, IMAC was performed using 0.2 mL resin in small gravity feed

columns. The resin was washed with 2 x 2 mL of water and equilibrated with 2 x 2 mL of 50 mM
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phosphate buffer (pH 7.4). Cell lysates on 24 DWP were cleared by centrifugation (3,220 x g, 20
min, 4 °C) and loaded on the columns. The columns were rinsed with 2 mL of 50 mM phosphate
buffer (pH 7.4), washed with 4 x 2 mL of wash buffer (50 mM sodium phosphate, 10 mM
imidazole, 300 mM sodium chloride; pH 7.4) and then rinsed with 2 mL of 50 mM sodium
phosphate (pH 7.4) before elution with 3 x 0.2 mL of 50 mM sodium phosphate, 50 mM EDTA
(pH 7.4). For 10 mL cultures the same protocol was used with the following changes: medium
samples were 1:2 diluted (total volume 10 mL), periplasmic and cytoplasmic fractions were
diluted in 2.5 mL of 200 mM sodium phosphate buffer and made up to 10ml with water to reduce
the salt concentration. Samples were prepared for SDS-PAGE analysis and 10 pLL were loaded in

4-20% Criterion™ TGX™ Precast Midi Protein Gel, 26 well (BioRad).

Mass Spectrometry

The theoretical oxidized monoisotopic molecular weight (Mineorox) Of the His-tag YebF constructs
in dalton (Da) were calculated using ExPaSy Compute pl/Mw -tool (Gasteiger et al., 2005) (Table
2). The molecular weights of purified protein samples were measured by electrospray ionization
mass spectrometry combined with liquid chromatography (LC-ESI-MS) using a Q Exactive Plus
Mass Spectrometer. The protein samples were mixed with trifluoroacetic acid (TFA) to a final
concentration of 0.5% prior to analysis. For N-ethylmaleimide (NEM)-trapped samples the
protein was incubated with 20 mM NEM in 50 mM phosphate buffer pH 7.3 with 6 M guanidine-

HCI for 10 minutes and quenched with 0.5% TFA prior to analysis.

Results

Folding of YebF is CyDisCo dependent without its native SP and with the AmiC, MdoD and TorA

SPs

In this study, the first aim was to demonstrate the potential use of other Tat SPs in place of the
well-known but non-ideal TorA SP (Alanen et al., 2015). We also sought to test whether a
CyDisCo-dependent protein could be exported at high rates by the Tat system; E. coli TatExpress

cells have been shown to export high levels of human growth hormone (hGH) but while this
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protein contains 2 disulfide bonds, they are not essential for proper folding and the Tat system
can efficiently export the protein in its reduced state (Alanen et al., 2015 and references therein).
Tat can only transport fully folded proteins from the cytoplasm to the periplasm, so we
hypothesized that a disulphide containing protein that required disulphide formation to reach a
native state e.g. one that was dependent on CyDisCo in our system, would be a good model protein
to test the true capabilities of the Tat system. Based on its reported use as a transport mechanism
for secretion to the medium, we initially chose a small disulphide bonded E. coli protein as a test

protein — YebF.

In the absence of a SP (Figure 1, "YebF no SP'), the folding of YebF showed a strong CyDisCo
dependence. In this experiment, YebF was expressed in the presence and absence of CyDisCo
and the protein was then purified by IMAC. The gel shows that soluble (and therefore presumably
folded) YebF is far more abundant in the + CyDisCo cells, strongly indicating that CyDisCo
improves folding to a significant extent. Some soluble protein is, however, present in the absence
of CyDisCo indicating that the protein can fold to a low extent without CyDisCo. YebF was then
tested with the widely used TorA Tat-dependent SP (construct denoted TorA-YebF) along with
AmiC and MdoD SPs as alternative Tat SPs (referred to as AmiC-YebF and MdoD-YebF,

respectively). In all cases YebF was expressed with a 6xHis tag on the C-terminus.

For both the AmiC-YebF and MdoD YebF constructs there was a strong dependency on CyDisCo
to produce soluble protein (Figure 1), indicating that the protein is probably secreted via the Tat
pathway rather than via the Sec pathway. If the proteins were exported by Sec, they would be
unfolded until they reached the periplasm where they would rapidly acquire their DSBs, and
CyDisCo would not influence their folding. An extra band in the gel (labelled SP-YebF) can be
seen, which may be uncleaved SP-YebF (the POI with the SP still attached). In contrast to the
results with AmiC-YebF and MdoD-YebF, the TorA-YebF construct produces very low levels of
soluble protein in the presence of CyDisCo and no visible protein in the absence of CyDisCo.
This may reflect inefficient transport by Tat, with the protein being degraded in the cytoplasm as

observed with other constructs bearing the TorA signal peptide (Alanen et al., 2015).
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TatExpress cells export much more YebF to the periplasm than standard BL21 cells with AmiC

and MdoD SPs

We next assessed the export of the four constructs by fractionating cell samples into cytoplasm
(C), periplasm (P) and medium (M) to discover where and how in the cell or medium this protein
was targeted in the presence of CyDisCo. The experiments were carried out in both a standard
BL21 strain and the BL21 TatExpress strain which has been engineered for higher levels of Tat-
dependent export (Browning et al., 2017). We reasoned that if the AmiC-YebF and MdoD-YebF
constructs were exported primarily by Tat, we would observe higher levels of export in the

TatExpres cells, as observed with hGH (Browning et al., 2017; Guerrero Montero et al., 2019).

The control experiment shows that YebF, when expressed without a SP, remains in the cytoplasm
when expressed in both BL21 and BL21 TatExpress (Figure 2; lanes 'C' denote cytoplasmic
fraction; 'X' denotes TatExpress cells in this and subsequent Figures). No YebF is visible in the
periplasm (Figure 2 lanes P, PX). IMAC purification of the protein from fractions confirmed the
cytoplasmic localization (lanes denoted “Purification”), with a small amount of YebF being

purified from the medium, most likely due to cell lysis.

Since YebF without a signal sequence could be efficiently folded by CyDisCo but was retained
in the cytoplasm, we then examined if YebF could be exported to the periplasm and, if so, whether
this export was increased in TatExpress cells when using the AmiC-, MdoD- and TorA SPs
(Figure 3). The constructs were expressed in BL21 and BL21 TatExpress and the cells
fractionated into cytoplasm, periplasm and medium (C, P, M) with YebF purified by IMAC in the

'Purification’ panels.

In both constructs and strains, the periplasmic fraction is relatively clean of cytoplasm cross-
contaminants as judged by the low levels or absence of major cytoplasmic proteins. Importantly,
YebF is the most abundant periplasmic protein after expression of AmiC-YebF and MdoD-YebF,
even in standard BL21 cells, and its abundance increases dramatically in TatExpress cells (Figure
3A, B lanes PX). IMAC purification of YebF confirms that export of both proteins is particularly
efficient in TatExpress cells. Purification from the cytoplasmic fractions shows a very faint duplex

band for AmiC-YebF and a slightly more prominent duplex for the MdoD-YebF construct, which
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probably represent the SP- and mature forms of YebF. In purifications from periplasm fractions,

only the mature form is seen for both constructs.

In order to compare the efficiency of the export of these two new proposed Tat specific SPs to the
well characterized TorA SP, TorA-YebF was also expressed in BL21 and BL21 TatExpress and
the cells fractionated into cytoplasm, periplasm and medium (C, P, M) with YebF again purified
by IMAC in the ‘Purification’ panels. YebF is also exported to the periplasm (Figure 4) but in
this case the export efficiencies are fairly similar in BL21 and BL21 TatExpress cells. Again,
however, it is notable that the mature YebF protein is the most abundant protein in the periplasm,
indicating efficient Tat-dependent export, though it is considerably less than for the MdoD- or
AmiC-Sp constructs (Figure 1 and compare Figure 3 vs Figure 4). Since the TorA SP is highly
Tat-specific (Tullman-Ercek et al., 2007) this export must be by the Tat pathway, which in turn

means that the disulphide-bonded protein is being exported.

Together, the results indicate a very efficient export by Tat pathway to the periplasm, which is
higher for AmiC-YebF and MdoD-YebF compared with TorA-YebF. In addition, purified yields
of YebF from the medium fractions are high. This may come partially from lysis, but probably
arises mainly from the translocation of YebF from the periplasm to the medium by an unknown

mechanism (Zhang et al., 2006).

The MdoD SP is the the most efficient Tat SP for export of YebF

The CyDisCo dependency for AmiC-, MdoD- and TorA-YebF folding and export (Figure 1) and
the enhancement of export to the periplasm in TatExpress cells (Figure 3), strongly indicates that
the predominant pathway used for all three constructs must be Tat, as Sec will only transport

proteins in an unfolded state.

To examine this further, we expressed our constructs in a strain (ATat) that lacks the
tatABCDE genes that encode the Tat apparatus. In this strain any periplasmic export must be via
Sec. ATat is a relatively fragile strain that tends to lyse more easily than wild-type strains in many
growth conditions, and it is thus difficult to subfractionate (Harrison et al., 2005; Sargent et al.,

1998).
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ATat cells expressing YebF constructs with and without CyDisCo co-expression were
fractionated into periplasm (P) and spheroplast (Sph), and medium samples (M) were also
collected to monitor lysis and possible export. Unlike in previous experiments in BL21 and BL21
TatExpress, periplasmic samples were contaminated with cytoplasm, due to the fragility of this
engineered strain. This can be observed as a periplasmic protein profile that is more similar to the
cytoplasmic protein fraction, in contrast to the results in previous fractionations (Figure 3).

However, medium samples suggest very low levels lysis in these growth conditions (Figure 5).

When YebF was expressed without a SP we observed no clear band in the periplasm, as expected.
A possible band representing YebF is found in the spheroplast fraction in the presence of CyDisCo
(arrowed), but we were not able to purify the protein in significant amounts and it appears that it
may be susceptible to degradation in the cytoplasm of ATat cells. AmiC-YebF is clearly exported
to the periplasm in both the presence and absence of CyDisCo; a prominent band of the correct
size is detected in these fractions but not when YebF is expressed without an SP. The protein is
presumably exported by the Sec pathway, which is consistent with the known ability of the AmiC
SP to function as a Sec SP (Tullman-Ercek et al., 2007). The band is significantly stronger in the

absence of CyDisCo.

These results suggest that some Sec dependent secretion occurs in the ATat strain for both AmiC
and MdoD SPs and this is inhibited when CyDisCo is present - presumably because YebF folds

to a native state in the cytoplasm which blocks export of these molecules by Sec.

Sec dependent secretion is much lower for MdoD-YebF than for AmiC-YebF, and we again
observe that export is much more efficient in the absence of CyDisCo, which reinforces the
suggestion that CyDisCo is able to fold the protein before it can be exported by Sec. In the ATat
strain no protein could be observed in any fraction when TorA-YebF is expressed, demonstrating,

once more, the degradation of a heterologous protein when the TorA SP is attached.
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YebF control and SP-YebF constructs are folded and correctly cleaved from SPs in the periplasm

and media

A final experiment to verify the folding and the correct cleavage of the SPs of the constructs in
the periplasm and medium was carried out by subjecting the purified proteins to ESI-Mass
Spectrometry. The theoretical monoisotopic molecular weight for oxidized (Mineorox) YebF with
no SP purified from the cytoplasm is 12937 Da and we observe an experimental molecular weight
(Mexp) 0f 12985 Da, which shows a difference of 48 Da (see Table 2). The Mineorox 0f AmMiC-YebF
purified from the periplasm and medium is 12506 Da and we observed an Mey, of 12538 Da,
which shows a difference of 32 Da. For MdoD-YebF purified from the periplasm and medium
the Mieorox IS the 12509 Da and we observed an Mexp 0f 12541 Da, which also shows a difference
of 32 Da. For TorA-YebF purified from the periplasm and medium the Mueorox is the 12320 Da
and we observed an Mey, 0of 12352 Da, which also shows a difference of 32 Da. Overall, analysis
by ESI-MS confirmed that YebF purified from the cytoplasm (in the YebF no SP construct only),
periplasm and medium had the expected molecular weight, consistent with the cleavage of the
respective SP when the POI is exported from the cytoplasm to the periplasm and its two cysteines
form of a disulphide bond. The presence of free cysteines in the constructs was further evaluated
by treating the samples with NEM prior to mass spectrometric analysis. NEM-trapped samples
would be expected to show an addition of 125 Da in the molecular weight of the protein for each
free cysteine modified. None of the samples analysed showed any increase in the mass after
NEM-treatment, implying that none contained free thiols (Saaranen et al., 2010; Nguyen et al.,
2011). The change of mass of 48 Da (for YebF no SP) and 32 Da for the other three constructs,
are due to the oxidation of methionine in the purified proteins (three and two oxygen molecules
respectively). The handling, time of storage and/or repeatedly freeze-thawed, are responsible of

this phenomenon (Grassi & Cabrele, 2019) (Table 2).

Table 2. Theoretical oxidized and experimental molecular weights of the proteins in this study. The
theoretical monoisotopic molecular weight for oxidized (Mweorox) His-tag YebF constructs in dalton (Da)
were calculated using ExPaSy Compute pl/Mw tool (Gasteiger et al., 2005). The experimental molecular
weight (Meyp) was determined by mass spectrometry. The same masses were obtained with NEM-treatment.

The results suggest both cysteines are in a disulphide bond in the YebF constructs analysed.
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Construct Location Number of Cysteine | Mtheorox (Da) | Mexp (Da) | A mass
YebF no SP Cytoplasm 12937 12985 48
Periplasm 12506 12538 32
AmiC-YebF
Medium 12506 12538 32
Periplasm 2 12509 12541 32
MdoD-YebF
Medium 12509 12541 32
Periplasm 12320 12352 32
TorA-YebF
Medium 12320 12352 32
Discussion

E. coli production platforms are extensively used for the production of biotherapeutics, but current
platforms have limitations in terms of the types of protein that they can handle. Typically, target
proteins are refolded from inclusion bodies or targeted to the periplasm where they fold to a native
state, the latter being the less time-consuming and labour-intensive approach (Bhatwa et al.,
2021). Tat-based platforms offer significant advantages for the production of some molecules,
but the system has not been validated using a wide range of proteins, especially proteins that
require disulphide bonding to fold correctly, and there is a clear need to find an alternative to
TorA as the commonly used Tat specific SP. The vast majority of export studies by the Tat
pathway have been carried out using the TorA SP although it is known that it can cause POI
degradation in the cytoplasm (Blaudeck et al., 2003) and inclusion body formation (Jong et al.,
2017). The TorA SP has been shown to export a small number of proteins with high efficiency,
but none of these examples required disulphide bonding to occur in the cytoplasm prior to

translocation by Tat (Alanen et al., 2015).

Here, we set out to compare the export of YebF to the periplasm of E. coli via the Tat pathway
with different SPs: the AmiC and MdoD SPs have been reported to be able to go through both the
Sec and Tat pathway (Tullman-Ercek et al., 2007) whereas the TorA SP is reported to be Tat

specific.
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We examined the export to the periplasm (and medium) of YebF with different SPs in the
presence and absence of CyDisCo which is required for YebF to efficiently reach a native state
in the cytoplasm. In wild-type cells, YebF was exported to the periplasm and medium by the
classical Tat SP TorA, but yields were relatively low — as is often reported for this SP. The use of
TatExpress cells increased export to the periplasm, while no YebF could be observed in a ATat

strain, as expected with an SP that cannot target proteins through the Sec pathway.

Generally, the results for AmiC-SP and MdoD-SP mirrored those of the TorA-SP, with two
exceptions. Firstly, the periplasmic and medium yields of YebF in wild-type and TatExpress cells
were far higher than for TorA i.e. they appear to be much more efficient SPs. Secondly, in ATat
cells a periplasmic localization was seen for a small fraction of the total YebF, implying Sec-
dependent export. This fraction decreased for both SPs when CyDisCo was co-expressed, as the
protein could be folded to a native state in the cytoplasm and kinetic competition developed
between CyDisCo-mediated (preventing export by Sec) and Sec-dependent export of the unfolded
protein. These results imply that while Tat is the normal secretion pathway for the AmiC and
MdoD SPs, Sec dependent secretion can occur when two conditions are met i) the Tat pathway is
knocked out; ii) the attached protein is in an unfolded state. With the MdoD SP, even when both

conditions are met Sec based secretion is very inefficient.

Experiments with the ATat mutant have limitations primarily due to the susceptibility of this strain
to lysis and the difficulty of obtaining clean fractionation. Due to this the experiments were not
carried out in autoinduction media with longer induction times, but in LB media with minimal
induction times. As CyDisCo is co-expressed with the YebF constructs the initial levels of
CyDisCo may not be optimal for folding YebF to the native state and hence the results obtained
probably include a bias towards Sec secretion. The use of two different promoters, one for
CyDisCo plasmid and another one for YebF, allowing pre-expression of CyDisCo would obviate

this, if such conditions could be tolerated by the ATat strain.

The choice of the POI for this study was not arbitrary. Apart from the desired CyDisCo
dependency of the protein of choice, YebF is an intriguing POI. YebF with its native SP is used

as a “passenger” protein linker to export transgenic proteins to the medium by an unknown
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mechanism. This new discovery gives the possibility of linking more disulphide-bonded difficult-
to-express proteins to these two efficient and Tat dependent SPs for easy recovery in the
extracellular medium, assuring the correct folding with CyDisCo of the target protein and a

maximised yield when using TatExpress cells.

In conclusion, the AmiC and MdoD SPs appear to allow efficient secretion of a disulphide bond
containing protein from the cytoplasm of E. coli via Tat. While these signal sequences are not
completely Tat specific, they appear to result in secretion via Sec only when the Tat pathway is
compromised, and the POI remains in an unfolded state. As they are far more efficient than the
TorA SP, they are probably more suitable for large scale protein production than the more

rigorously specific Tat-signal peptide.
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Figure legends

Figure 1. Purification of soluble YebF protein without its native SP and with AmiC, MdoD
and TorA SPs in the absence/presence of CyDisCo. Coomassie- stained Criterion™ TGX gels
showing the purified soluble YebF (=12 kDa) in BL21 wild-type in 2 mL rich-autoinduction
media at 30°C at 24DWP. All the constructs show a CyDisCo dependency for the production of
YebF soluble protein (marked as “-YebF”). MdoD-YebF construct shows uncleaved YebF

(shown as “SP- YebF”) as well as mature protein (marked as “YebF”) in the presence of CyDisCo.

Figure 2. Expression of YebF control without SP in BL21 and BL21 TatExpress cells with
CyDisCo. Coomassie-stained Criterion™ TGX gel of cytoplasmic, periplasmic fractions and
medium samples and purifications (C, P, M) from BL21 and BL21 TatExpress cells (CX, PX,
MX) expressing YebF without SP (marked as “YebF”). Samples were collected after 24 hours of
growth in terrific broth based autoinduction media at 30°C in shake flasks and processed
immediately. Samples from the same subcellular fraction are comparable between strains, but not
between different subcellular compartments. Cytoplasm was diluted in 750 pL buffer. Periplasm
was diluted in 400 pL buffer. For all medium samples, 5 mL culture was recovered. Purifications
of all cell fractions and medium are comparable among fractions and among strains. Some POl is
visible in medium purification probably due to cell lysis. Representative gel from triplicate

experiments is shown.
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Figure 3. Export of AmiC- and MdoD- YebF in BL21 and BL21 TatExpress cells with
CyDisCo. Coomassie-stained Criterion™ TGX gel of cytoplasmic, periplasmic fractions and
medium samples and purifications (C, P, M) from BL21 and BL21 TatExpress cells (CX, PX,
MX) expressing AmiC-YebF, MdoD-YebF and TorA-YebF (marked as “-YebF” and “SP-
YebF”). Samples were analysed after 24 hours of growth in terrific broth based autoinduction
media at 30°C in shake flasks. A: AmiC-YebF fractionation and purification of BL21 and BL21
TatExpress cells for comparison. B: MdoD-YebF fractionation and purification of BL21 and
BL21 TatExpress for comparison. Samples from the same subcellular fraction are comparable
between strains, but not between different subcellular compartments. Cytoplasm was diluted in
750 pL buffer. Periplasm was diluted in 400 uL buffer. Purifications of all cell fractions and
medium are comparable among fractions and among strains. For all medium samples, 5 mL

culture was recovered. Representative gel from triplicate experiments is shown.

Figure 4. Export of TorA- YebF in BL21 and BL21 TatExpress cells with CyDisCo.
Coomassie-stained CriterionTM TGX gel of cytoplasmic, periplasmic fractions and medium
samples and purifications (C, P, M) from BL21 and BL21 TatExpress cells (CX, PX, MX) TorA-
YebF (marked as “-YebF”). Samples were analysed after 24 hours of growth in terrific broth
based autoinduction media at 30°C in shake flasks. Samples from the same subcellular fraction
are comparable between strains, but not between different subcellular compartments. Cytoplasm
was diluted in 750 uL buffer. Periplasm was diluted in 400 pL buffer. Purifications of all cell
fractions and medium are comparable among fractions and among strains. For all medium

samples, 5 mL culture was recovered. Representative gel from triplicate experiments is shown.

Figure 5. Expression of YebF control and YebF SPs constructs in ATat strain with and
without CyDisCo. Coomassie-stained 15% SDS-PAGE gel of periplasmic (P), spheroplast (Sph)
fractions and medium (M) samples expressing YebF and YebF SP constructs. Samples were
analysed 2 hours post-induction (50 uM IPTG) in LB media at 30°C in shake flasks. Samples
from the same subcellular fraction are comparable between strains, but not between different
subcellular compartments. Spheroplast was diluted in 750 pL. buffer. Periplasm was diluted in

400 pL buffer. For all medium samples, 500 pL culture was recovered.
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CHAPTER 5: Final discussion

5.1. Proteins with multiple disulphide bonds as a substrate for Tat

pathway

5.1.1. Context

Industrial exploitation of the Tat pathway for protein export could be a game changer for
biopharmaceutical companies aiming to produce DSB containing proteins in a cost-effective way.
However, our understanding of this pathway is still vague, which hampers the exploitation of this
pathway. Only a few high-value proteins have been reported to be exported by Tat, and many of
them have never been quantified or compared to what its counterpart Sec pathway can do.
CyDisCo represents a very intriguing technology to enhance the potential of the Tat pathway. If
CyDisCo folds the target protein, then Tat will possibly be able to transport it to the periplasm.
At the same time, its proofreading mechanism will reject the misfolded proteins, ensuring the
export of high-quality disulphide-bonded biopharmaceuticals. To date, CyDisCo enhanced the
production of numerous disulphide-rich human proteins, including antibody formats, hGH and
perlecan (Matos et al., 2014; Gaciarz et al., 2016; Sohail et al., 2020). More recently, functional
recombinant SARS-CoV-2 spike receptor binding domain has been also produced by CyDisCo
technology (Prahlad et al. 2021). Nevertheless, the application of CyDisCo to Tat pathway has
only been proven effective in some cases like PhoA, AppA (model proteins) and an industrially
relevant protein, a scFv (Matos et al., 2014). In some other cases, proteins like hGH, IFN a2b and
other antibody fragments did not need CyDisCo for export by Tat (Alanen et al., 2015).
Interestingly, all these proteins had the TorA SP attached as Tat specific SP. Therefore, there is a
gap in understanding what the E. coli Tat pathway can actually export or cannot export with the
help of CyDisCo. Finding and addressing the issues of the production of complex multiple
disulphide bond containing proteins with CyDisCo for export by Tat pathway is the way to boost

the industrial relevance of this tool.
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5.1.2. Discussion of the work presented

In this study, we have identified some of the drawbacks of Tat mediated export when expressing
CyDisCo. We realized that standard protocols, tools and plasmids for disulphide-bonded protein
production are not adapted for the successful export of the proposed complex POIs with CyDisCo:
Brazzein, Dulaglutide and Romiplostim. For this, an improved experimental design is proposed.
Moreover, we found some general limitations of the export through Tat that should be further

analysed.

5.1.2.1. Oxygen limitation: O transfer specialized membrane, high shaking

speeds and less culture volume helps CyDisCo performance

We realized that in our hands, CyDisCo was not performing as well as it should in comparison to
what CyDisCo produces at our collaborators’ lab with the same POls. CyDisCo aeration is a
crucial factor that was not considered as a major issue. Common laboratory sponges as O
permeable covers do not seem to permit enough O, transfer and specialized membranes are
essential (e.g., AirOtop, Thomson). Increasing the rotation speed of the incubator to 250 rpm is a
must too and lowering the volume of the culture helps in providing improved aeration. Even
though in some already published papers this is not the methodology they follow, they might have

been at the “limit” of oxygenation needed for CyDisCo to form the DSBs of their POIs.

5.1.2.2. Stoichiometry: low to medium amount of CyDisCo components and high

amount of the POI in two plasmid-system for better results

A polycistronic low-copy humber plasmid (with CyDisCo) does not produce enough CyDisCo to
fold target proteins with several DSBs. Dual plasmid system with CyDisCo in a low to medium
copy number plasmid and the POl in a low copy number plasmid, does not really produce enough
good yields of the POI, but it allows the visualization of CyDisCo components in gels. Dual
plasmid system with CyDisCo in a low to medium copy number plasmid and the POI in a high
copy number plasmid seems to be the best option among all the combinations tried in Chapter 2
to produce proteins with multiple DSBs. When this is the choice, Tat overexpression via using

TatExpress cells might decrease the chances of overloading the Tat system.
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5.1.2.3. TorA SP is not the ideal SP for brazzein, dulaglutide and romiplostim

TorA SP is the most widely used SP for target protein export to the periplasm via Tat pathway.
There are some examples where TorA SP served as a very effective SP (Matos et al., 2014; Alanen
et al., 2015; Blaudeck et al., 2001; Guerrero Montero et al., 2019, Browning et al., 2017). On the
other hand, in most of those cases, quantification of the total product obtained was not evaluated.
Moreover, those proteins were simpler in comparison to our POls. Based on our findings, TorA

SP probably caused the degradation, IB formation and/or early cleavage of the SP of our POls.

5.1.2.4. Media: Rich autoinduction media for CyDisCo + Tat system works better

than LB media

Rich autoinduction media seems to work better for both single plasmid and the dual plasmid
systems when trying to produce soluble proteins with CyDisCo. This is probably because it allows
a constant aeration in a critical point when POl and CyDisCo are expressed by circumventing the
need to stop the incubator for IPTG addition. Moreover, it permits higher ODs resembling batch

fermentation, and it usually allows the identification of the POIls in gels without immunoblotting.

5.1.2.5. Other limitations and experimental parameters to be considered

Over the course of experiments in the thesis, a better fractionation method was implemented in
order to minimize the cross-contamination of the cytoplasmic and periplasmic fraction that could
lead to a misinterpretation of the obtained data. This new fractionation method is called PureFrac
(Malherbe et al., 2019). Following this, in Chapter 2, cell lysis over time has not been assessed to
determine how the change of culture conditions and different use of plasmids are affecting the
cell integrity: the stress and metabolic burden of the cells was only based on cross-contamination
of cell fractions. Additionally, it is important to note that the identification of the CyDisCo

components in the gel may not be related to their functionality.
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5.1.3 Future prospects

Two of the major problems we encountered when using University of Oulu's two plasmid-system
with CyDisCo + Tat was the cell stress (based on cross-contamination of the cell fractions),
probably due to the overexpression of three proteins or even more proteins in TatExpress cells,
and the overloading of the Tat system (Sutherland et al., 2018). To investigate this, targeted
mutations in the tac promoter have been proposed (Annex 4). Preliminary experiments showed
that these mutations lower protein production: M1 mutation lowers target protein production more
than M2, and M2 produces less target protein than the wild-type tac promoter (Figure 15).
Fractionation of the cells and dual expression of CyDisCo and the POI is needed to further see
the utility of such mutations in the export of disulphide bond containing proteins by Tat.

6xHis-ERp29

M1 M2 C

-y

Figure 15. Purification of 6xHis-ERp29 protein model with different mutations in tac promoter. tac
promoter was mutated to reduce the production of ERp29 (model protein). M1 (ptac mutation type 1); M2

(ptac mutation 2); C (control: wild type ptac). Mutants’ sequences can be found in Annex 4. 6xHis-ERp29
was produced without CyDisCo in the cytoplasm of BL21 and the soluble fraction was purified by IMAC.

Testing other recipes of autoinduction media and experiments of trial and error to find better SPs
while considering the risk of putative translocation are also experiments proposed for a further
understanding of Tat + CyDisCo with these multi-DSB containing proteins. Finally, the
impossibility of Tat to transport such a complex POI should not be discarded. The Tat
translocation system is still not completely understood and hence avoiding an overestimation of
Tat pathway capabilities can be the key for its industrial exploitation. The initial chosen protein
targets were very valuable but very complex too, therefore the expression of a known Tat-
dependent biopharmaceutical could be the ideal model protein to find what is holding Tat back to

be the preferable pathway to export difficult-to-express proteins.

147



5.2. Yields and product comparison between Escherichia coli BL21 and
W3110 in industrially relevant conditions: anti-c-Met scFv as a case

study

5.2.1. Context

Growing E. coli to high cell densities in order to achieve maximum productivity has been a matter
of study since the early 1970°s (Shiloach & Fass, 2005). In E. coli, and generally in bacterial
expression systems, heterologous protein secretion has almost exclusively been researched by
directing the protein to the Sec pathway at fermentation scale. For the first time in 2019, Montero
Guerrero et al. used fed-batch fermentation for the production of an industrially relevant protein
(hGH) with the aim of testing Tat system’s full potential. However, hGH does not need CyDisCo
to fold and be transported via the Tat pathway. In the first chapter, we discovered some important
parameters to consider when employing the CyDisCo system in combination with the Tat pathway
but due to the complexity of the POls assessed, further experiments with a simpler Tat and
CyDisCo-dependent protein, an scFv (Jones et al., 2016), were proposed. Assessing the export of
this biopharmaceutical at industrial scale in both 5 L bioreactors and miniaturized bioreactors (10
mL fermenters) could provide insights into the limitations and potential of the combination of
these systems for the production of high-value proteins. Automated high-throughput approaches
(miniaturized bioreactors) accelerate strain generation rates and enable early-stage microbial
bioprocess development (Janzen et al., 2019). This can prove to be very valuable for the
understanding of Tat as a tool for industrial bioproduction. Additionally, a comparison of Tat and
Sec yields and product quality in the most used E. coli strains in industry, BL21 and W3110, was
supposed to be carried out. Tat underperformed, and not enough protein could be obtained to
assess and compare the quality of the protein exported via the Sec pathway. Alternatively, a
compelling comparison of BL21 and W3110 yields and product heterogeneity when exporting
the POl by Sec in fermenters provided a real input for product heterogeneity in industrial

processes.
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5.2.2. Discussion of the work presented

In this chapter, we have identified some more drawbacks of Tat mediated export when expressing
an already tested simple Tat-dependent and almost fully CyDisCo-dependent biopharmaceutical.
Moreover, we compared BL21 and W3110 yields and product heterogeneity when exporting a

biopharmaceutical by Sec pathway in an industrial setting.

5.2.2.1. Tat pathway presents problems when scaling-up from 10 mL bioreactors

to 5 L bioreactors in BL21 and W3110

Final soluble yields per OD of the proteins exported via the Tat pathway at the end of
fermentations were found to be lower in 5 L fermentation than in 10 mL fermentations in both
BL21 and W3110. This suggests that Tat pathway + CyDisCo exports more scFv at the smaller
scale as compared to the larger scale. Although this is true, it is also very important to consider
that 10 mL and 5 L fermentations are not carried out exactly the same way, as they both have
different set-ups, but they are probed to be comparable (Janzen et al., 2019). Furthermore, 5 L

scale is the benchmark cultivation in an industrial setting and not 10 mL cultivations.
5.2.2.2. TorA SP is not the ideal Tat SP for the chosen POI

In order to find out why Tat pathway dependent export of this scFv was so low in 5 L fermentation,
we thoroughly explored the different reasons why this could have happened (see section 3.2. for
further explanation). Overall and coinciding with literature and observations from Chapter 2,

TorA SP might be causing the degradation of this scFv.

5.2.2.3. BL21 seems to be a better strain for Tat + CyDisCo in the setting

presented in high-throughput multifermenters

Guerrero Montero et al. (2019) carried out Tat-dependent export of hGH in fed-batch
fermentations in W3110 without CyDisCo. In the work presented here performed in high-
throughput automated multifermenters with CyDisCo, BL21 E. coli strain seems to be a better

option for the production of an scFv as yield/OD is higher than for W3110.
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5.2.2.4. BL21 produces more soluble protein than W3110 in both 10 mL and 5 L

fermentations when exporting by Sec

Following the methodology in section 3.3., BL21 seems to be a more ideal E. coli strain than
W3110 for the production of the chosen target protein in both 10 mL and 5 L fermentations as
final soluble production was found to be higher at the end of fermentation. It is necessary to
remember that automatized fermentation protocols, including the media recipe, were adapted for
heterologous protein production under certain conditions (Janzen et al., 2019); which suggests

that different results could be obtained under alternative culture conditions.

5.2.2.5. The POI can be correctly folded in BL21 and W3110 but altered
conformations of the protein might co-exist: heterogeneity in the product but

similar profiles in both strains

This opens a discussion on whether mass spectrometry based intact mass analysis of the POI is
enough to spot the heterogeneity in a product as even though the experimental molecular weight
might coincide with the theoretical oxidized molecular weight, unexpected heterogeneity might
be found from more exhaustive research on the POI structure. In Chapter 3, even though the target
protein was correctly folded as confirmed by mass spectrometry, CEX showed different elution
peaks of the protein in both strains in different ratios. When main peaks of each strain were run

in 1D-(*H)-NMR, heterogeneity in the product independent of the strain employed was seen.

5.2.2.6. BL21 and W3110 seem to be interchangeable based on their

heterogeneity profile for the case study presented

Although the product heterogeneity should be further analysed using other techniques than mass
spectrometry based intact mass, W3110 and BL21 seem to have very similar product
heterogeneity profiles. This similarity makes them interchangeable in the production of our scFv.
In this case, the choice of the host for the industrial production of this protein can be based on

final product titer.
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5.2.3. Future prospects

The major problem encountered in this chapter was the underperformance of Tat system in 5 L
fermenters. This ended up deviating our research to another direction. We again suggest that the
underperformance of Tat pathway in the described conditions is likely to be related to Tat specific
TorA SP, as it might be causing the degradation of the target protein. Due to this, finding a more
reliable Tat specific SP should ideally be the next step. Also, it is important to note that even
though we strongly suggest that TorA SP is probably the major cause of the low yields in this
case, we cannot completely ensure that CyDisCo is properly working in these conditions.
Although CyDisCo has previously been shown to work in different media and in fermentation
conditions (Gaciarz et al., 2017; Sohail et al., 2020), the construct employed was not tested at

shake-flask level in the presence and absence of CyDisCo in the media proposed.

Finally, in order to identify the modification(s) observed in CEX and confirmed in (*H)-NMR,
2D NMR and LC-MS based mapping should be carried out. These experiments are expensive,
time-consuming and can further modify the product. A more exhaustive analysis and activity-
based comparison might help in elucidating the modification(s) involved for later determine its
implications on the biomolecule function and its industrial relevance. We would also like to
encourage other scientists to further analyse and compare product heterogeneity (if any) in
different E. coli strains for other biopharmaceuticals to help set up a correlation with our POI (an

scFv).
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5.3. Highly efficient export of a disulphide-bonded protein to the
periplasm and medium by the Tat pathway using CyDisCo in

Escherichia coli

5.3.1. Context

High protein titer is needed to keep up with demand and driving manufacturing costs down is
essential (Zhu et al., 2017). CyDisCo technology combined with Tat pathway has already shown
promising results (Matos et al., 2014): CyDisCo catalyzes the DSB formation in the POI, and Tat
will export it to the periplasm. This way, thanks to the proofreading mechanism of the Tat
pathway, a homogenous product can easily be recovered from the periplasm. In previous sections,
we have hypothesised that TorA SP could be causing the degradation or IB formation of the high-
value proteins tested. As a result, low amount of soluble protein was obtained, making the
exploitation of Tat pathway very less attractive for the biopharmaceutical industry. It is then
necessary to find an alternative to TorA SP in order to get higher yields and not to discard Tat
pathway as an alternative to Sec based on TorA-POlI titers. The E. coli genome encodes at least
29 putative SPs containing a twin arginine motif, characteristic of proteins exported via the Tat
translocation pathway. Many of those are promiscuous SP capable of directing export of the POI
via Tat or Sec or via both (Tullman-Ercek et al., 2007). A screen of SPs to obtain the best Tat
dependent SP in combination with CyDisCo for each recombinant protein can diminish the
promiscuity of the SP making them completely or mostly Tat-dependent for some POls. Finding
alternative SPs could minimize the disadvantages linked to the utilization of TorA SP and

contribute to the relevance of the Tat pathway.
5.3.2. Discussion of the work presented

In this chapter we found out that alternative SPs to TorA SP allow very efficient secretion of a
disulphide bond containing protein to the periplasm of E. coli via Tat in the presence of CyDisCo.
As these SPs are far more efficient than the TorA SP, they are probably more suitable for large

scale protein production than the more rigorously specific Tat-signal peptide.
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5.3.2.1. Folding of the SP-POI must be CyDisCo dependent to later assess its Tat

export dependency

Testing whether the POI attached to the SPs to be screened show a dependence on CyDisCo is
essential to examine Tat-dependent export. If the solubility of the chosen recombinant protein (SP
attached) increases with CyDisCo, this might be a good target for Tat. In the case of the target
protein in Chapter 4, YebF, the POI without its SP and with AmiC, MdoD and TorA SPs was
found to be mainly CyDisCo dependent, as more soluble protein could be detected in the presence

of CyDisCo than in the absence of it.

5.3.2.2. For Tat dependency test: TatExpress cells export much more POI to the
periplasm than standard BL21 cells with the screened SPs. TorA SP exports less

efficiently than the screened SP alternatives

The second step to determine the SPs-POI Tat dependency is the comparison between the protein
export in wild type cells and TatExpress cells. TatExpress cells have a tac promoter right before
the original promoter of Tat in the genome, and the rest of the genome is identical to the wild type
strain (Browning et al., 2017). These strains are cultured the same way and do not show any OD
difference or sensitivity compared to wild type strains. If TatExpress cells export more POI to the
periplasm than their wild type counterparts, the POI is probably exported via the Tat pathway. In
Chapter 4, TatExpress cells exported more YebF than wild type cells with AmiC, MdoD and
TorA SPs. TorA SP did not export as much target protein as AmiC and MdoD SP, suggesting that

the latter two are more industrially relevant.

5.3.2.3. For Tat dependency test: ATat cells

ATat strain can also provide valuable information about the Tat dependency of the tested SP-
POls. The ATat strain lacks Tat pathway components and therefore only the Sec pathway is
available for the export of the target POI (Tullman-Erceck et al., 2007). As many of the potential
Tat specific and industrially relevant SPs are putative, a comparison between presence and
absence of CyDisCo would determine the grade of specificity of the combination of SP-POI to

be exported by Tat.
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5.3.2.4. Folding of the POI and the cleavage of the SP from the POI

Once the fractionation technique is clean i.e. no cytoplasmic protein cross-contamination in the
periplasmic fraction, intact mass of the POI should be assessed. In this way, DSB formation and
correct SP cleavage from the POI can be analysed. Formation of native disulphide bonds can be
an essential feature for the stabilization and for modulation of biological activities of the target
protein (Wiedemann et al., 2020). Ideally, CyDisCo would have folded the protein and Tat

proofread it. Additionally, SP’s correct cleavage ensures the recovery of the mature protein.

5.3.3 Future prospects

Finding a completely Tat specific SP better than TorA SP remains a challenge. Mutations of
AmiC and MdoD SP in order to make them more Tat specific were not completely successful,
and even though they worked as SPs (Annex 3), lysis of the cells was too prominent (data not
shown). Further research on possible mutations in SPs or screening of other POls for these
mutated SPs would be a way to go in order to broaden the knowledge that relates the POI with
the successful/unsuccessful SP. Furthermore, it might also give insights into the characteristics
needed to find a better and more universal Tat SP. On the other hand, attaching AmiC-YebF or
MdoD-YebF to other difficult-to-express proteins for the export to the periplasm and media by
Tat pathway in the presence of CyDisCo is a promising future research topic. This has a big
industrial potential and initial fermentation runs of the AmiC-YebF construct with CyDisCo have
been carried out as a proof of concept of the scalability of this construct (Figure 16). Additionally,
these fermentation experiments corroborate Tat dependency of AmiC-YebF in the presence of
CyDisCo i.e., TatExpress cells (TE) export more protein to the periplasm (P) than wild type (wt)
strains and wild type spheroplasts (Sph) show uncleaved protein (AmiC-YebF). This is
presumably due to the availability limitation of the Tat apparatus in the wild type strain and the

impossibility of Sec export, as the protein has already been folded.
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AmiC-YebF
YebF

Figure 16. Periplasm and spheroplast fractions of BL21 wild type and TatExpress cells after 22 hours
post induction in 0.5 L fermenters. Wild-type (wt) and TatExpress (TE) cells were fractionated following
PureFrac fractionation protocol (Malherbe et al., 2019) to obtain periplasm (P) and spheroplast (Sph)
fractions. YebF mature protein is marked by an arrow in the periplasm fraction. Pre-mature protein (AmiC-

YebF) is marked by an arrow in the spheroplast fraction.
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CHAPTER 6: Conclusion and overall future perspectives

Most E. coli- and bacilli-based production platforms use technology that is decades-old. Similarly
for Komagataella phaffii (Pichia pastoris), the basics have been developed in the 1990s, but new
technology is urgently required to reach the status of ‘mature chassis', especially when it comes
to disulphide bond formation and glycosylation (Rettenbacher et al., 2022). In the case of E. coli,
commercially available strains such as Origami and Shuffle strains have improved DSB formation
of some heterologous proteins in their oxidizing cytoplasm (Bessette et al., 1999; Lobstein et al.,
2012), but yields are rather low and in many cases their growth impairment makes these
technologies not suitable for industrial use (Ren et al., 2016). A systematic comparison between
the CyDisCo system and these commercial technologies can help in unravelling key limitations
of oxidative folding and enhance the production capabilities of E. coli for disulphide-bonded
biopharmaceuticals. On the other hand, successful attempts to transfer the Campylobacter jejuni
bacteria (Wacker et al., 2002) or yeast glycosylation systems (Valderrama-Rincon et al., 2012) to
E. coli have been made to allow the production of N-glycosylated heterologous proteins.
Successful efforts to achieve O-glycosylation have also been made in E. coli (Du et al., 2019;
Natarajan et al., 2020). These advances open new avenues for the production of glycoproteins in
E. coli. However, these technologies are still in their infancy and have not been able to achieve a
human-like N-glycosylation pattern which is a key requirement for industrially relevant

therapeutic monoclonal antibodies (Rettenbacher et al., 2022).

Despite the impressive achievement of microbial production, current microbial systems have clear
limitations and mammalian cell systems are increasingly used to produce complex molecules.
However, these are difficult, time-consuming to set up and expensive (Aricescu et al., 2006). On
the other hand, cell-free systems have been around for decades and are being improved and
exploited as attractive alternatives to cell-based expression. However, they struggle due to low
efficiency and high costs (Claassens et al., 2019). The efficient scale up of a cell-free protein
synthesis for the production of virus-like-particles reported recently shows promise as a solution

to a long-standing scalability issue (Armero-Gimenez et al., 2023)
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The last decade has witnessed the emergence of an array of bispecific antibody variants, smaller
antibody fragments and antibody mimetics (El Khatib & Salla, 2022). Many of these proteins
are classed as difficult to express, and it is necessary to develop new platforms that can
carry out disulphide bonding more efficiently (El Khatib & Salla, 2022), and which can
secrete target proteins out of the cytoplasm into more protected environments. Overall, there is
an urgent need to develop new, more efficient platforms in order to reduce costs and handle new

format biotherapeutics that are emerging.

This project contributes to a better understanding of the production of difficult-to-express proteins
and their export to the periplasm in E. coli with CyDisCo. Through the work presented here, an
empirical baseline to produce multiple disulphide bonds containing proteins for export by Tat
pathway at the shake-flask scale has been set and drawbacks have been identified and addressed.
We report here that the CyDisCo system improves folding and soluble yields of disulphide-
bonded proteins which potentially contributes to efficient Tat-dependent secretion. This improved
experimental design, that combines the Tat pathway and CyDisCo technology for the production
of high-value biopharmaceuticals, could be the starting point for many future research
investigations involving the production of new antibody fragment formats and other disulphide-

bonded proteins.

Additionally, in this study we report the limitations of mass spectrometry based intact mass
analysis to detect heterogeneity in proteins. Therefore, we call for further analysis in order to
identify as well as obtain more insights into the heterogeneity in recombinant proteins. On the
other hand, the product heterogeneity profile was found to be similar in both E. coli BL21 and
W3110 strains, which serves as an assurance of interchangeability of these strains at fermentation
scale. Over other advantages, this could fasten and simplify the screening process to find the best

host for industrial production based solely on the final product titer.

So far, Sec remains the pathway of choice for recombinant protein export to the periplasm; at
least until a better Tat specific SP is found for the export of those target proteins. Promisingly,
the combination of CyDisCo, TatExpress cells, and ATat cells can help with the discovery of

these SPs for the target POIs, and our preliminary proof of concept findings suggest that yields
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can be high and reproducible at the large scale. We showed that TorA SP could be one of the
major issues when employing Tat as an export pathway for recombinant proteins and we found
that in the presence of CyDisCo, alternative SPs increase the export of the target protein through
the Tat pathway. Overall, this study has shown the potential of periplasmic production in E. coli
within the biotechnology industry and establishes that it is possible to obtain highly efficient Tat-

based secretion to the periplasm of disulphide-bonded protein YebF.

As a future perspective, testing the export of pre-folded difficult-to-express proteins to the
periplasm and medium attached to YebF “passenger” by TatExpress cells with CyDisCo would
be a very valuable research continuity. If this results in a correctly folded POI being proofread by
the Tat system and secreted to the culture medium, it could potentially contribute to a simpler and
more efficient recovery of the POI. Product recovery from the culture medium would be cheap,
fast, and homogenous. At the same time, empirically testing more SP-POI combinations and
trying to find a more universal Tat specific SP would be the ultimate goal. If this/these SPs is/are
found, and if combined with CyDisCo and TatExpress cell lines, the mammalian cell lines and

Sec as an export pathway would face a very strong competitor.
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The biopharmaceutical market is growing faster than ever, with two production
systems competing for market dominance: mammalian cells and microorganisms.
In recent years, based on the rise of antibody-based therapies, new biotherapeutic
approvals have favored mammalian hosts. However, not only has extensive
research elevated our understanding of microbes to new levels, but emerging
therapeutic molecules also facilitate their use; thus, is it time for microbes to fight
back? In this review, we answer this timely question by cross-comparing four
microbial production hosts and examining the innovations made to both their
secretion and post-translational modification (PTM) capabilities. Furthermore, we
discuss the impact of tools, such as omics and systems biology, as well as alterna-
tive production systems and emerging biotherapeutics.

Small cells in an expanding market

Recombinant proteins have dramatically changed our lives, and their market size and impact are
projected to keep expanding'. Despite the widespread use of recombinant proteins in many
industrial sectors, one of the main driving forces for continuous market expansion are
biopharmaceuticals, the fastest growing group in the pharmaceutical industry [1]. This has trig-
gered the development of a large spectrum of industrial expression platforms for their production,
including both microbial and mammalian cell hosts [2].

The trend in recent years has seen mammalian cell lines increasingly outcompete their microbial
counterparts (Figure 1A). From 2014 to mid-2018, more than 87% of the genuinely new bio-
pharmaceutical active ingredients that were released to the market were proteins [3]. Of these,
84% were expressed in mammalian expression systems, with Chinese hamster ovary (CHO)
(see Glossary) cell-based systems being the most widely used (Box 1). This surge in the
biotherapeutics sector can be explained mainly by the increasing dominance of monoclonal
antibodies (MAbs), which require humanized PTMs [3].

Despite the numerous advantages of mammalian-based protein production, there are also
drawbacks (Box 1). Compared with mammalian hosts, microbial expression systems are charac-
terized by being easy to work with, robust, and cost-effective, all highly desirable features in the
context of biopharmaceutical production. In fact, microbial platforms are capable of delivering
in a scalable and affordable manner a range of functional recombinant therapeutic proteins [4],
such as vaccines, hormones, interferons, and growth factors (Figure 1B), as well as nonpharma
products, such as industrial enzymes. Nevertheless, these platforms also come with some disad-
vantages, particularly with respect to their PTM capabilities and secretion.

In the diverse area of scientific developments and engineering strategies, this review follows an inte-
grative approach to summarize and compare the major innovations in the field of microbial
recombinant protein production, with a focus on four microbial platforms: Escherichia coli, Bacillus
subtilis, Saccharomyces cerevisiae, and Pichia pastoris (syn. Komagataella spp.). In this review, we
discuss recent scientific progress made in innovation-rich research areas, such as omics, systems
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Figure 1. Market share comparison between biotherapeutic production hosts. (A) Approval trend of mammalian

versus non-mammalian biopharmaceuticals from 1989 to 2018. (B) Percentage of biopharmaceuticals approved in the

USA and EU up until mid-2018, categorized by product type and compared between mammalian and non-mammalian
hosts. Both graphs are built on data collected by Gary Walsh [3]. Abbreviations: IFN, inteferon, IL, interleukin; mAb,
monoclonal antibody; TNF, tumor necrosis factor.

Box 1. The other side of the story: mammalian systems
CHO cells: advantages

CHO cells are the current number-one choice of host for the production of antibodies and other complex biopharmaceutical
proteins [3]. Compared with similar mammalian cell lines, they grow in chemically defined media (as opposed to serum-based
media, which can give rise to batch-to-batch variation issues), reach relatively high cell densities in suspension cultures, and
have a lower risk of contracting human viruses [80,81]. Over the past two decades, major improvements in media
composition, production strategies, and cell line development resulted in the achievement of higher cell densities and product
titers, leading to an overall reduction in production costs [82]. Moreover, CHO cells can produce proteins with a range of
PTMs, including complex disulfide patterns. Specifically in the realm of human-like glycosylation, they currently have
significant advantages over microbes [83].

CHO cells: disadvantages

CHO cells are derived from immortalized cell lines and, as such, they face genome stability issues. This can result in
chromosome rearrangements, gene silencing, and gene loss, which, in turn, may lead to increased suscepitibility to cellular
stress and reduced product titers [84]. These karyotypic variations make long-term fermentations difficult and can impact
product quality via PTM-associated heterogeneities [85]. Specifically, N-glycan heterogeneity is a complex area of science
invoking the use of specialized analytical methods and tools [86].

Over the past 2 years, our ability to tackle global health crises via vaccines has been impressively demonstrated. However,
resolving other global health issues, such as HIV infections or Alzheimer’s disease, could require completely new protein-
based drugs and long-term treatments, calling for even greater efforts and production scales. Addressing these kinds of
challenge requires production scales and resource efficiency that will be difficult to achieve in an economically feasible way
using CHO technology [87,88].

Another point rarely discussed is the significant lack of knowledge exchange with regards to the various CHO strains used
in the pharmaceutical industry. CHO cells have been used for over 50 years and, in part due to their unstable genome,
many ‘quasispecies’ of CHO have emerged [89]. However, since these constitute a certain production advantage for
some manufacturers, they are kept hidden from the community, restricting potential innovations for the entire biotech
industry.

Non-CHO, non-microbial alternatives

In the vast biotechnology market, there are many more successful platforms besides microbes and CHO cells. However,
since they are beyond the scope of this review, we point the interested reader toward key reviews on protein production in
human cell lines [90], insect cells [91], and plants [92].
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biology, protein secretion, and PTMs, and place them into the wider context of the biopharmaceu-
tical market. By examining not only recent improvements, but also competing production methods
and organisms, we predict the future roles of microbes in the pharmaceutical market.

Current and future proteins of interest

Antibody formats and mimetics

Full-length mAbs represent a large part of the global biopharmaceutical market. Due to their
high complexity, they are mostly produced in mammalian cell lines, which require long process-
ing times and elevated production costs. More recently, we have seen a shift toward the
production of antibody fragments, among which single-chain variable fragments (scFvs)
and fragmented antigen-binding (Fabs) are the most exploited [5]. These small antibody-
based formats have several advantages and, due to the lack of requirement for glycosylation,
can be expressed in microbial platforms. In 2017, Gupta and Shukla reviewed an exhaustive
survey of expression technologies for the production of antibody-like molecules in microbes,
particularly in E. coli [6]. In the same year, another review covered antibody fragments and,
more in general, biopharmaceuticals production in Bacillus strains [7]. Yeast species, notably
S. cerevisiae and P. pastoris, are also used as hosts for the expression of antibody formats,
such as scFvs, single-domain antibodies (vHHs), and Fabs [8,9]. In addition to the four hosts
discussed here, some promising alternative microorganisms have also made significant
attempts to enter the antibody formats markets (Box 2).

Antibody-like scaffolds, also known as antibody mimetics, are considered to be future alterna-
tives to mAbs. These include adnectins, affibodies, anticalins, avimers, DARPIns, fynomers, and
Kunitz domains [10,11]. Similar to antibodies, these compounds have high target-binding
specificity and affinity, but are characterized by additional benefits, such as a much smaller
size, increased thermostability, and low immunogenic potential. Moreover, they can be easily
and efficiently produced in microbial host cells: Binz and colleagues reported yields of 15 g/l of
DARPIns expressed solubly in E. coli [12].

Non-antibodies

Some categories of biopharmaceuticals are still heavily dominated by microbial hosts (Figure 1B).
These include interferons (e.g., IFNa-2b), cytokines [e.g., granulocyte colony stimulating factor
(G-CSF) and tumor necrosis factors (TNFs)], hormones [e.g., insulin glargine and human growth
hormone (hGH)], and interleukins (IL-2 and IL-11), all of which can be produced in E. coli and
yeasts [4,13,14]. High recombinant human serum albumin (rtHSA) yields were recently reported
(17.5 g/l in P. pastoris by means of medium optimization [15].

Industrial proteins

Due to its efficient secretory production, P. pastoris is widely used also for the recombinant
production of protein-based polymers [16] and enzymes. Some examples are reviewed by
Vieira Gomes and colleagues [17] and Gifre and colleagues [18], the latter of which illustrates
an extensive array of enzymes with interest in the feed industry. These include phytases, which
are produced recombinantly mainly in P. pastoris and E. coli. Among the most important industrial
enzyme producers are Bacillus spp., which are capable of secreting 20-25 g/| of proteins into the
culture medium [19]. These enzymes can be applied in numerous industrial applications, such as
food, feed, detergent, textile, and waste treatment processes [20].

Titer comparison of selected proteins of interest
Comparing titer numbers between organisms can be difficult because of significant differ-
ences both in terms of production process (e.g., fermentation mode, and media composition
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Box 2. Alternative microbial hosts

Microbial protein production is a rich field comprising many more production hosts than the four discussed in this review.
Lactococcus lactis, Pseudomonas spp., and Aspergillus niger are just a few of the many microbes that, over the past
decades, have been successfully used in recombinant protein production. However, here we highlight some highly
promising alternatives to these better-established organisms.

Mlyceliophthora thermophila

Myceliophthora thermophila is a filamentous fungus (dubbed C1 by its discoverers) that is one of the biggest potential
disrupters of the recombinant protein production industry. As a side-effect of random mutagenesis strain development,
C1 adapted a change to its cellular morphology, resulting in reduced fermentation viscosity [118]. This facilitates scalability
and sets M. thermophila apart from most other filamentous fungi. C1 is already successfully used in cellulase production,
but has also shown high potential for pharmaceutical applications, achieving g/l antibody yields [119]. Similar to most
filamentous fungi, C1 is unable to produce human-like glycosylation; however, breakthroughs in this area could elevate
C1 to the forefront of biopharmaceutical protein production.

Leishmania tarentolae

Leishmania tarentolae, a trypanosomatid protozoan, is a unicellular nonpathogenic parasite of the white-spotted wall
gecko. Its high potential as a biotherapeutic production host stems from its innate ability to construct N-glycans that are
similar to mammalian N-glycan structures [120]. Furthermore, L. tarentolae glycosylation is homogeneous, making its
glycosylated products particularly useful for both studying glycosylation effects and expressing biotherapeutic proteins.
GlycokEra (a business unit of LimmaTech) has developed a platform capable of producing glycoengineered mAbs based
on L. tarentolae, one of the most promising systems for addressing complex glycosylation challenges [121].

Corynebacterium glutamicum

The Gram-positive bacterium Corynebacterium glutamicum is a well-established host for the production of amino acids on
an industrial scale [122]. Recent advances have been made in its use for recombinant protein production, especially
regarding expression constructs and secretion capabilities [123]. Of particular note is the CORYNEX system, which uses
C. glutamicum and has been shown to produce and secrete high amounts of both human epidermal growth factor and
Fabs [123].

Phaeodactylum tricornutum and Chlamydomonas reinhardltii

Microalgae are promising hosts for recombinant protein production, particularly due to their comparatively high growth
rates and phototropic lifestyle, making them solar powered and, therefore, potentially cost effective. The diatom
Phaeodactylum tricornutum as well as the single-cell green algae Chlamydomonas reinhardtii can both produce bioactive
antibodies [124,125] and both show promising secretion levels.

and optimization) and product analytics (including product quality, correct folding, biological
activity, and quantification of titers). Despite this difficulty in benchmarking, it is clear that,
once microbial systems can produce a protein, they generally outperform CHO cells in
terms of volumetric titers (Table 1). For individual proteins of interest (POls), there can be
pronounced differences between the four compared microbes, but there is no clear overall
winner.

Omics and systems biology techniques impacting microbes

Omics

In recent years, omics tools, such as genomics, transcriptomics, proteomics, metabolomics, and
fluxomics, have been increasingly used to expand our understanding of cell physiology and stress
resistance, together with improving existing industrial biotech processes. Currently, genomics is
widely implemented in strain development because it provides fundamental information about the
DNA sequence, gene functions, DNA structure, and epigenetics. Proteomics, transcriptomics,
and metabolomics identify the molecular phenotype of the cell and are used for monitoring
media and process development.

As omics tools have become more accessible, it is increasingly feasible to combine them into
multi-omics-based research approaches. For example, research by Kohlstedt and colleagues
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Glossary

Antibody mimetics: proteins or other
organic molecules that fulfil similar roles
as antibodies (i.e., they are able to bind
antigens). Compared with antibodies,
they are relatively small molecules (5-20
kDa compared with ~150 kDa) and lack
complex PTMs, making them easier to
produce.

Chinese hamster ovary (CHO) cells:
the current predominant choice for
pharmaceutical antibody production.
Compared with microorganisms, they
are more closely related to humans,
which makes their protein production
machinery deliver products that are
relatively similar to those of humans.
Disulfide bond (DSB): a covalent
connection between two sulfur atoms
commonly introduced into proteins via
the enzymatically catalyzed oxidation of
the side chains of two cysteine residues.
Introducing this modification into
heterologous proteins can be
challenging for many microbes
specifically if there are multiple
cysteines to be connected into
disulfides.

Fragmented antigen-binding (Fab):
describes the region of an antibody that
binds to an antigen. Producing a Fab is
often easier rather than producing the
antibody as a whole.

Genome-scale metabolic model
(GSMM): aims to encapsulate an
organism on the genomic scale in terms
of a mathematical model.

N- or O- glycosylation: glycosylation
is a PTM that connects carbohydrates (i.
e., sugars) to the amino acid chain of
proteins. Depending on where in the
protein they are attached, this PTM can
be classified into two main groups,
namely N-linked glycosylation [con-
nected via an asparagine (N) residue] or
O-linked glycosylated (connected via an
oxygen in the side chain of serine or
threonine residues).

Omics: a branch of science that aims to
encapsulate the entirety of a field.
Examples are genomics (the genes of an
organism), transcriptomics (the
transcription processes of an organism),
proteomics (the proteins in an organism),
metabolomics (the metabolites in an
organism) and fluxomics (the rate of
metabolic reactions in an organism).
Post-translational modifications
(PTMs): introduce specific chemical
modifications to the primary amino acid
chain of proteins. These include disulfide
bonds and glycosylation and determine
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Table 1. Comparative list of reported titers of therapeutic proteins® the regulation, function, and stability of
Protein Production Cell culture process Site of Titer” Refs proteins.
system accumulation Resource balance analysis and flux
balance analysis (RBA and FBA):
hEGF: 3 DSBs Bacillus spp. Shake flask Culture medium 360 mg/I° [93] mathematcalmethodsinatdeserbe
Escherichia coli Fed-batch bioreactor Culture medium 250 mg/I [94] metabolic networks. Compared with
imilar methods, th ire f input
Saccharomyces Fed-batch bioreactor Culture medium  259.2 mg/I [95] ST ey requwg AT
. data and are less computationally
cerevisiae )
expensive.
Pichia pastoris Baffled shake flask Culture medium 2.5 mg/| [96] Signal peptide: short peptide
CHO _ _ _ _ sequences usually attached to the N
terminus of newly translated proteins.
hGH: 1 DSB Bacillus spp. Fed-batch bioreactor Culture medium 497 mg/| [97] The SP determines which secretory
E. coli Fed-batch bioreactor Periplasm 2390 mg/I° [42] pathway the protein will access. During
. . translocation, the SP is cleaved from the
S. cerevisiae Shake flask Culture medium 0.9 mg/l [98]

rest of the protein.

P. pastoris Fed-batch bioreactor Culture medium 640 mg/| [99] Single-chain variable fragment
(scFv): fusion proteins between the
antigen-binding domains of both the
light and heavy chain of antibodies.
hIFN-c: 2 DSBs; 1 Bacillus spp. Shake flask Culture medium 15 mg/l [101] Systems biology: uses omics data

O-gycosylationsite Fed-batch bioreactor ~ Cytoplasm 300 mg/1° [102] and computational and mathematical
concepts to characterize complex

CHO Semi-continuous batch Culture medium 75 mg/l [100]
culture in spinner flasks

S. cerevisiae Fed-batch bioreactor Culture medium 276 mg/l [103] biological systems in their entirety.
P. pastoris Batch bioreactor Culture medium 436 mg/l [38]
CHO = = = =
hiL-6: 2 DSBs; 1 Bacillus spp. Shake flask Culture medium 200 mg/ld [104]
N-glycosylation site E. coli Fed-batch bioreactor Cytoplasm 1100 mg/“ [53]
S. cerevisiae Batch bioreactor Culture medium 30 mg/I [105]
P. pastoris Fed-batch bioreactor Culture medium 170 mg/° [106]
CHO 35-mm dishes Culture medium 1.4 pg/ [107]
10° cells/day
hG-CSF: 2 DSBs; 1 Bacillus spp. Batch bioreactor Culture medium 120 mg/I [108]
Oy EEn s E. coli Fed-batch bioreactor Cytoplasm 4200 mg/I* [109]
S. cerevisiae Fed-batch bioreactor Culture medium 98 mg/I [110]
P. pastoris Fed-batch bioreactor Culture medium 35 mg/l [111]
CHO 100-mm dishes Culture medium 90 pg/ [112]
10° cells/day
Insulin: 3 DSBs Bacillus spp. Batch bioreactor Culture medium 1000 mg/I [113]
E. coli Fed-batch bioreactor Cytoplasm 4340 mg/I [114]
S. cerevisiae Shake flask Culture medium 79 mg/| [115]
P. pastoris Fed-batch bioreactor Culture medium 3075 mg/I [116]
CHO T-75 flasks Culture medium 1.98 ng/ [117]
10° cells/day

aFor improved comparison, high-density CHO cultures have average cell densities of 2-4x10° cells/ml in a suspension-batch
mode and 10-15x10°8 cells/ml in a suspension-perfusion mode using stirred-tank bioreactors. DSBs and N- and
O-glycosylation sites for each protein are also listed.

®Unless indicated (*), all proteins were obtained in a soluble form.

®Produced as inclusion bodies. For a state-of-the-art overview on how IBs are processed, please refer to [135].

9Purified titers.

combines four omics tools to investigate the core carbon metabolism of B. subtilis under different
carbon-limiting growth conditions [21]. In the search for CHO alternatives, the MIT-based AltHost
Consortium used a combination of genomics and transcriptomics tools to identify P. pastoris
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strains presenting the highest protein titers and transformation efficiencies [22]. Long and
colleagues recently showcased the advantages of combining genomics and fluxomics by
demonstrating how metabolic bottlenecks in E. coli can be identified and overcome [23]. Both
transcriptomics and proteomics were applied to elucidate mechanisms that lead to increased
protein production in E. coli [24] or to improved mutants of S. cerevisiae [25]. Together, these
studies highlight the immense potential of multi-omics-based approaches, and we anticipate
that their implementation in the production of biopharmaceutics will massively increase in future
years. For further reading on the impact and importance of omics on industrial microbe engineering,
we recommend recent reviews by Becker and Wittmann [26] and Subramanian and colleagues [27].

Genome-scale metabolic models

Over the past decade, genome-scale metabolic models (GSMMs) have provided a huge
variety of new insights into the functioning of microbial cells and, specifically during the past
few years, the predictive quality of these models has significantly improved [28].

Both resource balance analysis (RBA) and flux balance analysis (FBA) have been applied to
microbes to predict cell behavior under different growth and stress conditions. RBA based on
underlying GSMMs has been shown to deliver accurate quantitative metabolic predictions for
both E. coli and B. subtilis, and it is easily applicable to a variety of other microbial hosts [29]. In
P. pastoris, the influence of heterologous protein expression was investigated using a GSMM
[30]. The resulting model was able to accurately predict effects of overexpression and gene
deletions on product yields.

Correct protein folding, as discussed in the PTM section of this review, can be a major limitation to
the protein production process. Using a GSMM for S. cerevisiae, Qi and colleagues identified
bottlenecks in the production of a-amylase [25]. Based on the predictions of the model, they
were able to engineer the yeast and double the protein yield. In another approach, Chen and
colleagues constructed a genome-scale protein-folding network for E. coli, which describes the
adaptations of the cells to different heat-stress conditions [31]. Both approaches show how
systems biology approaches, such as GSMM, can not only increase our understanding of
complex cellular processes, but also improve production yields.

What is holding microbes back? PTMs

PTMs occur during or after protein synthesis. They change the physicochemical properties and
potentially the activity of the protein. They range from small chemical modifications to the
amino acid chain, to the addition of complex branching structures on the protein backbone
[32,33]. Such modifications can vary immensely in terms of form and function. Many PTMs are
involved in metabolic crosstalk, such as phosphorylation and glycosylation, or inimproved folding
and stability, in which glycosylation and disulfide bonds have a major role, or in signaling for
aberrations such as nitrosylation and deamination. The most commonly found PTMs in
recombinant proteins are glycosylation and disulfide bond (DSB) formation. The endogenous
mechanisms carrying out these PTMs are illustrated in Figure 2 (Key figure). While other PTMs,
such as methylation and carboxylation exist, glycosylation and DSB formation are frequently
required for correct protein folding and biological activity and, therefore, are discussed in
more detail below.

Glycosylation (N- or O-glycosylation)

Glycosylation is a challenging PTM. Its huge variability comes from the number of sugars, attach-
ment sites, sugar chain length, and branching, all of which affect the final product quality and also
functionality [34]. For many POls, proper glycosylation is essential for acquiring correct folding
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Key figure
Key cellular machineries involved in protein production in yeasts, Escherichia coli and Bacillus
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conformation. Some sites even display heterogeneity determined by the host and culture
conditions, impairing reproducibility of industrial production.

Prokaryotes and lower and higher eukaryotes all have different glycosylation signatures, and
natural bacterial pathways are generally N-acetylgalactosamine-rich and less branched than
their eukaryotic counterparts. E. coli does not display natural protein glycosylation; however,
attempts have been made by introducing genes of Campylobacter jejuni and yeasts to engi-
neer E. coli so that it is able to N-glycosylate [35]. O-glycosylation was also successfully
achieved with E. coli through a plasmid-based expression approach encoding the required
human genes [36]. In their current state, these engineered cells produce proteins at titers
that are not yet economically competitive. However, once optimized, these engineered sys-
tems may also offer analytical and clinical advantages due to inherent homogenous glycosyla-
tion patterns.

In yeast, both N- and O-glycosylation machineries are present, but the process of glycan
maturation in the Golgi is typically more mannose rich than in higher eukaryotes (Figure 2).
Prevention of hypermannosylation and pioneering attempts to ‘humanize’ the glycoprofiles
in S. cerevisiae and P. pastoris were achieved by a combination of cell engineering and
chemical enzymatic treatments [37]. This led to biopharmaceuticals with a more homoge-
neous human-type Man5GIcNAc2 glycan (e.g., IFNa2b produced in glycoengineered Super-
Man5 P. pastoris [38]). For P. pastoris, even terminally sialylated mammalian-type N-glycans
were achieved [39]. Glycoengineered yeasts can also efficiently produce therapeutic en-
zymes for the treatment of lysosomal storage diseases, which require mannose-6-
phosphate glycans [40].

Despite successful glycoengineering, glycosylation efficiency still represents a target-
specific problem in both bacteria and yeast. Promising modular cell-free systems are
now under study to acquire glycosylation by means of E. coli cell lysates (Box 3). Such sys-
tems can be used to acquire different glycosylation architectures in a controlled manner
[41].

Disulfide bonds

Many pharmaceutically relevant proteins are disulfide bonded. While E. coli and B. subtilis both
have endogenous systems for disulfide bond formation in the periplasm and cell wall, respectively
(Figure 2), they can struggle with disulfide-rich proteins with complex folding patterns. Nevertheless,
it is possible to obtain g/l yields in some cases [42]. By contrast, yeasts have a DSB-forming system
located in the endoplasmic reticulum (ER), an environment that is capable of pairing up more
complex DSBs for their endogenous proteins. However, a strong unfolded protein response
(UPR) when expressing heterologous disulfide-bonded proteins can cause issues [43]. Several
attempts at mitigating the UPR response in both S. cerevisiae and P. pastoris have been made.

Figure 2. Side-by-side comparison of important endogenous cellular functions involved in protein maturation and transport, secretion pathways, oxidative folding,
and glycosylation. Cell machineries are represented in different colors according to their function. Secretion machinery components and transporters are shown in
blue, oxidative folding elements in orange, chaperones in yellow, and glycosylation elements in green. In addition, points of engineering interest are highlighted for
each organism. Top (yeast): unfolded proteins are translocated into the endoplasmic reticulum (ER). Once there, some proteins undergo initial N-glycosylation and/or
O-glycosylation, while elongation of the glycan chain is mainly achieved in the Golgi apparatus. The typical final glycosylation patterns for the two yeasts as well as Chinese
hamster ovary (CHO) cells are shown. In the oxidative ER environment, but after the potential initial glycosylation, chaperones, such as Kar2, can act on unfolded proteins
and facilitate correct folding and PDI/ERO catalyze disulfide bond formation. Bottom (E. coli and B. subtilis): both organisms can form disulfide bonds in their oxidative
periplasmic environment. Both use the Sec and Tat pathways for secreting unfolded and folded proteins, respectively. Extracellular secretion happens directly in Bacillus
spp. In E. coli, extracellular secretion across the inner and outer membranes occurs via the type Il (T2SS) or type lIl secretion system (T3SS) pathways. Abbreviations: CHO,
Chinese hamster ovary; CW, cell wall; DSB, disulfide bond; POI, protein of interest.
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Box 3. Cell-free systems as competing production systems

New technologies for manufacturing different proteins are not limited to conventional expression platforms that rely on
living cells. CFPS systems have been around for decades and are being improved and exploited as attractive alternatives
to cell-based expression. Numerous CFPS crude cell extracts are being developed and/or used, ranging from prokaryotic
[126,127] to eukaryotic [128,129] systems.

CFPS: advantages

CFPS offers various advantages: the separation of cell growth and protein synthesis, and the ease of manipulating,
monitoring, and optimizing the reaction environment in real-time are the most noteworthy. In vitro expression systems
are particularly suitable for the production of cytotoxic and membrane proteins [130,131]. Expressing cytotoxic proteins
in vivo impacts cell viability, leading to increased lysis, stress, and low product titers. By contrast, membrane proteins
are inherently hydrophobic and, therefore, difficult to express, harvest, and purify in vivo without losing high levels of
product to aggregation. Another advantage of CFPS is the (comparative) ease with which unnatural amino acids can be
incorporated into proteins [132]. As discussed above, microbes can struggle with glycosylation. CFPS are well suited
for manufacturing glycosylated proteins in both pro- and eukaryotic systems [41].

CFPS: disadvantages

While the development of cell-free systems has made significant progress over the past decade, big challenges remain.
Even though CFPS are able to achieve protein glycosylation and incorporation of unnatural amino acids, they still struggle
with both the efficiency and homogeneity of proteins with these modifications [133]. As mentioned above, there are
advantages to CFPS-based membrane protein synthesis, but there are also significant drawbacks. Folding membrane
proteins often requires pre-existing membrane structures and those are mostly missing in cell-free systems. Alternative
folding environments can be provided, but issues with non-native folding and orientation remain [134]. However, the
biggest issues are still cost and scalability [133]. Regeneration or addition of ATP as the primary energy source for protein
synthesis remain the biggest economic bottlenecks of cell-free systems.

A common approach for all four microbial systems is the overexpression of chaperones and
isomerases, such as Kar2 and PDI, in yeast, the extracellular chaperone PrsA in B. subtilis, and
periplasmic chaperons DsbC, FkpA, DsbA, and SurA in E. coli [44-46]. All of these have resulted
in improved protein titers. Furthermore, these overexpressed folding catalysts not only improve
protein solubility, but may also facilitate improved quality control because misfolded proteins
are either refolded or tagged for proteolytic destruction.

Over the past decade, several different approaches aiming to improve DSB formation in E. coli
have been researched. Disruption of the native reducing pathways resulted in the Origami
strain, capable of forming DSBs in the cytoplasm [47]. Later, the Shuffle strain also incorpo-
rated the native periplasmic isomerase DsbC (Figure 2) in the cytoplasm, further improving
cytoplasmic DSB formation [48]. Both strains have historically been used in research labs.
However, while they both facilitate improved DSB formation in some heterologous proteins,
they lack growth fitness and sufficient protein yields for industrial relevance [49]. Similar
attempts have been made to enhance DSB formation in proteins secreted by B. subtilis but,
despite proof of principle, major breakthroughs in terms of industrial bioproduction have not
yet been achieved [50].

Owing to its reducing nature, the cytoplasm of E. coli does not have any endogenous
mechanisms for DSB formation (Figure 2). However, a different approach toward improving
DSB formation is based on the cytoplasmic expression of recombinant oxidases and isom-
erases. This was first established in the CyDisCo strain, which expresses eukaryotic Ervip
and PDI from a plasmid [51]. Over the past decade, this approach has yielded promising re-
sults both in terms of DSB complexity and yields. An example of the former is the production
of a 44-DSB containing extracellular matrix protein by Sohail and colleagues [52]. A note-
worthy yield achievement is the reported production of around 1 g/l of both hGH1 and IL6
[53].
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A key area of Improvement: secretion

Signal sequences and process control

The secretory signal peptide (SP) is a ubiquitous N-terminal protein-sorting signal that targets
proteins for translocation across the ER membrane in eukaryotes and the cytoplasmic membrane
in prokaryotes. SPs may need to be optimized for each POI to ensure the best secretion titers.
Unoptimized SP-POI pairs can result in protein mistargeting and SP miscleavage, which in turn
leads to misfolding, degradation, and an overall reduction in secretion yields [54]. Combinatorial
studies and computational methods to infer the most suitable signal sequences are becoming
increasingly popular [55]. Computational modeling is widely used to predict the optimal
SP-POI combination [56]. Given the size of the possible solution space, high-throughput
screenings are becoming a hot topic. A 3-lactamase (Bla)-based assay was recently developed
for E. coli, in which Bla was fused to the C terminus of a scFv enabling the correlation of its activity
to periplasmic translocation [57].

The microbial secretion machinery can become overloaded, causing, for example, the product to
be partially retained in the cytoplasm. Fine-tuning of the expression machinery can avoid product
overload and match expression levels and secretion capacity [58]. Therefore, tools to facilitate
expression control are attractive. One example is RiboTite, which allows the modulation of
basal protein expression in the absence of, or post, induction in bacteria, thereby protecting
the Sec and Tat systems from overloading [59].

Improving secretion in yeasts

Secretion is a distinctive natural feature of yeasts and requires several transport steps across
membranes (Figure 2). SPs enable translocation of nascent peptides into the ER, while leader
peptides facilitate later trafficking of folded proteins to the extracellular medium via vesicular
transport. High secretion yields are usually also associated with strong promoters and elevated
gene copy numbers, but imbalanced overproduction may lead to UPR induction and stress. In
addition to protein folding, both translocation and vesicular transport were reported to be rate
limiting for heterologous protein secretion [60,61]. Successful engineering strategies include
alternative signal peptides, promoter engineering, increasing the ER capacity by overexpressing
organelle-reshaping factors and chaperones, stress minimization, and enhanced trafficking [62].

Bacterial secretion: Sec and Tat pathways

Sec and Tat are the two distinct, key pathways in bacteria responsible for translocating secretory
proteins across the cytoplasmic membrane (Figure 2). The industrial standard is Sec, which
transports proteins in an unfolded state, often followed by periplasmic oxidative folding. By
contrast, the Tat pathway exports proteins in a folded state (e.g., redox cofactor-binding proteins),
which have to reach the periplasm in their mature form to perform their biological function. Tat has a
unique proofreading capacity, which favors the export of homogeneously folded products. This
proofreading system senses conformational flexibility and can detect the presence of unfolded
peptides and transiently exposed inner protein regions [63]. Even though secretion titers are
comparatively lower with Tat, it is this quality check feature that makes the pathway interesting
for recombinant protein production, particularly biopharmaceuticals. A notable example is given
by the W3110 ‘TatExpress’ E. coli strain, which has a modified chromosomal tatABC operon
tuned by IPTG induction. This was successfully used to produce hGH in a homogeneous active
state during extended fed-batch fermentations, with titers reaching at least 2.39 g/I culture,
highlighting its potential for industrial use [42].

Soil bacteria, such as B. subtilis (or Bacillus licheniformis), evolved to use a wide spectrum of
different substrates by secreting a variety of extracellular macromolecular depolymerases into
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their environment via the Sec pathway [19]. The high-capacity secretion system of B. subtilis can
deliver enzyme yields of up to 25 g per liter culture in industrially optimized processes [64]. While
the secretion capabilities of B. subtilis are competitive, it is a lack of PTM capabilities that currently
limits its exploitation for the pharmaceutical market. In similar fashion to E. coli, attempts have
been made to use the proofreading Tat pathway for protein secretion in B. subtilis. Although at-
tempts to transport GFP in this way remain unsuccessful, examples of protein rerouting into this
pathway have improved our understanding of this system [65].

Alternative extracellular transport

Direct transport of POls into the fermentation broth has the potential to improve downstream
processing and can help facilitate continuous production strategies. E. coli faces clear limitations
with regards to its extracellular secretion capabilities. However, recent progress has been made
by using the flagellar type Ill secretion system (T3SS) secretion pathway. By removing selected
flagellar components, the pathway can be repurposed for recombinant protein secretion [66].
Several passive transport strategies have also been developed, particularly during the past
decade. One of the most relevant examples is inducing outer-membrane leakiness. Of notable rel-
evance here is the E. coli X-press strain [67], which can express a T7 RNAp inhibitor that not only
stops cell growth, but also makes the outer membrane leaky without causing significant cell lysis.
Excreted protein A and VHH titers in a lab-scale bioreactor setup were reported to reach 349 and
19.6 mg/g dry cell weight (DCW), respectively [68]. Secretion into culture media has also reached
commercial reality with controlled ‘leaky’ mutant forms of E. coli, notably IppA marketed as ESETEC
strains [69]. Regarding active secretion, autosecretion mechanisms, which are not yet fully under-
stood, are increasingly being studied. In this approach, target proteins are fused to fast-folding
tags, which help facilitate extracellular transport. The most noteworthy development in this field
is the E. coli sfGFP Protein Secretion System (EGPSS) [70]. By fusing target proteins to superfolder
GFP, Liu and colleagues were able to successfully autosecrete animmunologically active scFv [71].

Other areas of improvement

A variety of other improvements have been reported for all four microbial systems over the past
decade. These are diverse and range from better understanding initiation of translation [72],
novel fusion partners, such as Ffu [73], to new promoter systems (e.g., glucose-dependent
regulated promoters for P. pastoris and its methylotrophic relatives [74]), which avoid the many
drawbacks of methanol-induced expression systems [75].

Even after translocation to the periplasm, many POls, particularly Fabs, still face proteolytic deg-
radation pressure from host cell proteases. To mitigate this issue, Ellis and coworkers developed
a protease-deficient E. coli strain and combined it with co-expression of the isomerase DsbC,
which resulted in a Fab yield of 2.4 g/l [44].

Combining strain and process engineering in P. pastoris has yielded promising results, as show-
cased by two recent examples from Che and colleagues and Bankefa and colleagues [76,77]. In
the former, a combination of codon optimization, gene dosage, and fermentation optimization
resulted in the production of 12 690 U/ml of fibase, while the latter showed how a mixed-feeding
strategy combined with secretory pathway engineering led to a threefold increase in glucose
oxidase production to 787.4 U/ml.

Inclusion body (IB) formation has long been a way to overcome problems, such as proteolytic
degradation and cell toxicity [78]. However, proteins produced by means of IBs need to be sub-
sequently isolated, solubilized, refolded, and purified to obtain functional products. Current re-
search in this area is focused on developing Process Analytical Technologies (PATs) as tools to
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increase the understanding, control, and efficiency of this process. A recent review by Humer and
Spadiut summarizes the most important developments in this currently underrated research area
[79].

Concluding remarks and future perspectives

Research dedicated to the improvement of microbial production systems has yielded impressive
achievements. However, in many cases, microbial systems are still outperformed by mammalian
systems, in particular when it comes to pharmaceutical protein production. For a more balanced
view on the pros and cons of microbial platforms, this review compared the key microbial produc-
tion hosts side-by-side. The most significant recent improvement to microbes comes from a ho-
listic understanding of cellular function based on omics, GSMMs, and systems biology. In E. coli,
the capabilities for folding DSBs have significantly improved, which widens the spectrum of ex-
pressible POls and exploitation of the T3SS secretion system opens new avenues. Bacillus
keeps achieving impressive titers for industrial proteins and efforts to translate these titers to phar-
maceutical proteins have been accelerated over the past decade. S. cerevisiae remains the key
target of yeast-based research and modern tools have elevated our understanding of this host.
P. pastoris continues its rise to the forefront of protein production hosts and probably has, to-
gether with cell-free protein synthesis (CFPS), the best shot at challenging mammalian systems
in producing complex glycosylated proteins.

The near future will see the continued development of alternative protein forms, such as antibody
mimetics, which will facilitate a shift away from the current dominance of mammalian production
systems. Should these novel protein formats prove successful in clinical applications, they will
cause a paradigm shift back toward microbial production hosts.

Nevertheless, many questions and avenues for future research remain (see Outstanding
questions). In essence, microbial protein production bottlenecks in secretion, disulfide bond for-
mation, and human-like glycosylation will need to be further reduced before they can compete
with CHO cells, particularly when it comes to molecules such as full-length antibodies. Further-
more, until now, CHO-based protein production had the advantage when it came to cost-
effective downstream processing mainly due to cleaner extracellular secretion capabilities. Micro-
bials will need to improve significantly before they can economically compete with these (already
well-established) processes. However, we are confident it can be done. A holistic understanding
of the cellular processes based on omics and systems biology can give microbes the necessary
edge. Pharmaceutical process development is still heavily burdened by insufficient predictability
of both host and POI behavior. If our understanding of microbial platforms can reach a point
where it is possible to accurately predict product yields as well as best-use organisms, signal
peptides, expression levels, and process conditions, microbes will take a huge step toward
outcompeting mammalian systems.

In conclusion, we propose that microbes are inherently more suited for recombinant protein pro-
duction and that future research and innovations will guide their application to the pharmaceutical
market. We anticipate that CHO dominance has peaked and that the coming years will see a
graduate shift back toward microbial-based pharmaceutical protein production. This will come
on the back of an increased demand for antibody mimetics and a holistic understanding of
both microbes and their POI production processes.
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Outstanding questions

Can E. coli engineering achieve
competitive titers for complex disulfide-
bonded proteins?

Can E. coli-centered efforts to enhance
disulfide bond formation be translated
to B. subtilis?

Can B. subtilis translate its impressive
secretory protein titers from enzyme
production to the biopharma industry?

Will yeast cell engineering enable
consistent high secreted titers for a
variety of proteins?

How will the integration of folding
mechanics impact the predictive
qualities of GSMMs and other models?

How will the continuous adoption of
omics and systems biology tools
impact our understanding of microbial
protein production? How far away is a
complete and holistic understanding
of all cellular processes?

Will new bacterial or yeast strains
make it to the forefront of microbial
production systems, or is the existing
knowledge and experience regarding
the established hosts too great to be
overcome?

Will the industry evolve toward a unified
production platform that is simple but
versatile and completely understood,
or will it rather continue to diversify into
myriad purpose-dedicated platforms?

What will be the impact of cell-free
systems and will they outcompete
cell-based expression systems?

How can we best implement novel
tools and innovations into the
biomanufacturing processes? Can
a quicker and more streamlined
adaptation processes benefit the
microbe-based product develop-
ment process?

How long will the new approvals be
dominated by antibodies for, and will
alternative proteins establish themselves
in the market any time soon?

How will alternatives to protein-based
treatments, such as viral delivery sys-
tems for DNA or RNA, small interfering
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Annex 2: The structures and sequences of Brazzein, Dulaglutide and

Romiplostim
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Polypeptide sequence for Brazzein:

TorA SP-
QDKCKKVYENYPVSKCQLANQCNYDCKLDKHARSGECFYDEKRNLQCICDYCEY-HHHHHH

Pink: TorA SP sequence
Highlighted in yellow: Cysteines
Black: His6 tag

Molecular weight:

TorA SP-Brazzein-His (precursor): 11.5 kDa
Brazzein-His (mature): 7.3 kDa

His6 tag: 0.8 kDa

TorA SP: 4.2 kDa
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Polypeptide sequence for Romiplostim (monomer):

TorA SP-

DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHN
AKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLP
PSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQ
QGNVFSCSVMHEALHNHYTQKSLSLSPGKGGGGGIEGPTLRQWLAARAGGGGGGGGIEGPTLRQW

LAARA-HHHHHH

Pink: TorA SP sequence

Blue: Hinge

Orange: CH2

Green: CH2-CH3 interface residues (Fc-ball and socket joint)
Purple: CH3

Grey: Glycine linker

Red: TPO-receptor domain (Peptide of Romiplostim)

Black: His6 tag

Highlighted in yellow: Cysteines

N-terminal

Fc domain

TPO receptor
binding domain

Linker

C-terminal

Molecular weight:

TorA SP-Dulaglutide-His
(precursor): 34.4 kDa

Dulaglutide-His (mature): 30.2
kDa

His6 tag: 0.8 kDa
TorA SP: 4.2 kDa
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Polypeptide sequence for Dulaglutide (monomer):

TorA SP-

HGEGTFTSDVSSYLEEQAAKEFIAWLVKGGGGGGGSGGGGSGGGGSAESKYGPPCPPCPAPEAAG
GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTYRV
VSVLTVLHODWLNGKEYKCKVSNKGLPSSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCL
VKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALHN

HYTQKSLSLSLG-HHHHHH

Pink: TorA SP sequence

Red: GLP-1 analogue (Peptide of Dulaglutide)

Grey: Glycine-Serine linker

Blue: Hinge

Orange: CH2

Green: CH2-CH3 interface residues (Fc-ball and socket joint)
Purple: CH3

Black: His6 tag

Highlighted in yellow: Cysteines

N-terminal

— GLP-1 analogue

Fc domain

C-terminal

Molecular weight:

TorA SP-Romiplostim-His
(precursor): 34.8 kDa

Romiplostim-His (mature): 30.6
kDa

His6 tag: 0.8 kDa
TorA SP: 4.2 kDa
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Annex 3: List of other proteins of interest expressed at shake

flask scale to the periplasm by Tat pathway

Export to the
Protein Signal Protein description periplasm by Tat
peptide pathway
BIWAA4-scFv TorA scFv fragment shared by Boehringer- None
Ingelheim (Vienna)
BIWA4-Fab TorA Fab fragment shared by Boehringer- None
Ingelheim (Vienna)
G. luciferase PhoD*n Gaussia princeps luciferase Inconclusive
(mutation: (SECRETERS consortium model
L51IN) protein)
YebF AmiC Native E. coli protein shared by Lloyd | Yes. Excessive cell
(mutation: Ruddock lysis
QV27RR)
YebF MdoD Native E. coli protein shared by Lloyd | Yes. Excessive cell
(mutation: Ruddock lysis
QAZ28RR)
YebF PhoD Native E. coli protein obtained by Lloyd Inconclusive
Ruddock
YebF YcbK Native E. coli protein obtained by Lloyd None
Ruddock
scFv-1L-1b AmiC scFv fragment shared by Lloyd Ruddock None
scFv-IL-1b MdoD scFv fragment shared by Lloyd Ruddock None
scFv-IL-1b PhoD scFv fragment shared by Lloyd Ruddock None
scFv-IL-1b TorA scFv fragment shared by Lloyd Ruddock Low
Herceptin scFv AmiC scFv fragment shared by Lloyd Ruddock None
Herceptin scFv MdoD scFv fragment shared by Lloyd Ruddock None
Herceptin scFv PhoD scFv fragment shared by Lloyd Ruddock None
Herceptin scFv TorA scFv fragment shared by Lloyd Ruddock Low
Herceptin scFv YcbK scFv fragment shared by Lloyd Ruddock None
IgA; scFv AmiC scFv fragment shared by Lloyd Ruddock None
IgA1 scFv PhoD scFv fragment shared by Lloyd Ruddock None
IgA1 scFv TorA scFv fragment shared by Lloyd Ruddock Low
IgA1 scFv YcbK scFv fragment shared by Lloyd Ruddock None
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The POIs were cloned with a 6xHis-tag in a pET23 plasmid and express together with the plasmid
containing the CyDisCo components (pMJS205) or empty plasmid (pAG82) in BL21 cells.
Firstly, 6 h preculture at 37°C 250 rpm in LB media supplemented with 2 g/L of glucose and
corresponding antibiotics was carried out. Proteins highlighted in yellow were grown as a main
culture in 100 mL flasks with 10 mL culture in each flask in AIM media. The flasks were covered
with oxygen permeable membranes, grown at 30°C, 250 rpm for 24 hours and harvested for
fractionation. The rest of the POI in the table, were grown as a main culture in 24 deep well plates
covered with air permeable membrane at 30°C in AIM media, 250 rpm, and harvested after 24
hours. The cells were collected by centrifugation and were lysed by freeze-thawing. Finally, the
soluble fraction was purified and analysed by SDS-PAGE (more detailed information in Materials
and Methods in section 4.2.). “Mutation”: SP were mutated with the aim of making them
exclusively Tat-dependent. “Inconclusive™: experimental constrains or lack of follow-up

experiments do not permit a final answer.
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Annex 4: tac promoter mutations

-35 -10

ptac ATTCTGAAATGAGCTGITGACAATTAATCATCGGCTCGIATAATGTGTGGAA
TTGTGAGCGGATAACAATTTCACACAG

ptacM1 ATTCTGAAATGAGCTGITGACAATTAATCATCGGCTCGITATGTGGTGTGGA
ATTGTGAGCGGATAACAATTTCACACAG

ptacM2 ATTCTGAAATGAGCTGITTACAATTAATCATCGGCTCGIATAATGTGTGGA
ATTGTGAGCGGATAACAATTTCACACAG

tac promoter wild type and mutations DNA sequences. tac promoter -35 consensus element is
underlined in bold and highlighted in yellow; -10 consensus element is underlined in bold and
highlighted in green. Mutated base-pairs are in red. ptac M1 has three base pair substitution in

-10 promoter element, while ptac M2 has only one base pair substitution in -35 consensus element.
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Annex 5: Publication 1. Yields and product comparison
between Escherichia coli BL21 and W3110 in industrially

relevant conditions: anti-c-Met scFv as a case study
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Yields and product comparison et

between Escherichia coli BL21 and W3110
in industrially relevant conditions: anti-c-Met
scFv as a case study

Klaudia Arauzo-Aguilera', Luisa Buscajoni®', Karin Koch?, Gary Thompson?, Colin Robinson' and
Matthias Berkemeyer”

Abstract

Introduction In the biopharmaceutical industry, Escherichia coli is one of the preferred expression hosts for large-
scale production of therapeutic proteins. Although increasing the product yield is important, product quality is a
major factor in this industry because greatest productivity does not always correspond with the highest quality of the
produced protein. While some post-translational modifications, such as disulphide bonds, are required to achieve the
biologically active conformation, others may have a negative impact on the product’s activity, effectiveness, and/or
safety. Therefore, they are classified as product associated impurities, and they represent a crucial quality parameter
for regulatory authorities.

Results In this study, fermentation conditions of two widely employed industrial E. coli strains, BL21 and W3110 are
compared for recombinant protein production of a single-chain variable fragment (scFv) in an industrial setting. We
found that the BL21 strain produces more soluble scFv than the W3110 strain, even though W3110 produces more
recombinant protein in total. A quality assessment on the scFv recovered from the supernatant was then performed.
Unexpectedly, even when our scFv is correctly disulphide bonded and cleaved from its signal peptide in both strains,
the protein shows charge heterogeneity with up to seven distinguishable variants on cation exchange chromatogra-
phy. Biophysical characterization confirmed the presence of altered conformations of the two main charged variants.

Conclusions The findings indicated that BL21 is more productive for this specific scFv than W3110. When assessing
product quality, a distinctive profile of the protein was found which was independent of the E. coli strain. This sug-
gests that alterations are present in the recovered product although the exact nature of them could not be deter-
mined. This similarity between the two strains’generated products also serves as a sign of their interchangeability. This
study encourages the development of innovative, fast, and inexpensive techniques for the detection of heterogeneity
while also provoking a debate about whether intact mass spectrometry-based analysis of the protein of interest is suf-
ficient to detect heterogeneity in a product.
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Introduction

Escherichia coli is one of the expression hosts of choice
in the biopharmaceutical industry for large-scale produc-
tion of therapeutic proteins because of its rapid growth,
high product yield, cost effective production and easy
scale-up processes [41]. If the protein of interest (POI)
contains disulphide bonds (DSBs), as in the case of anti-
body fragments, periplasmic expression via the Sec
pathway is often preferred [45]. Thereby the POI is trans-
ported in an unfolded state to the periplasm by fusing a
signal peptide (SP) to the N-terminus of the POI. Once
in the periplasm, correct DSB formation is achieved [23].
Furthermore, product translocation into the medium can
be enforced which also simplifies downstream processing
[58].

A good understanding of fermentation parameters
and their impact on E. coli cell growth and final product
yield is critical in defining biopharmaceutical produc-
tion processes. Until today, many process adaptations to
maximise product yield are based on optimizations of
temperature, dissolved oxygen (DO) levels, pH, media
composition, feeding strategies, etc. [26, 53]. How-
ever, maximum productivity does not always coincide
with the highest quality of the recombinantly expressed
protein [14]. Correct folding and in vivo stability of the
recombinant protein are two crucial factors that must be
controlled while optimising the cultivation conditions.
Correct folding includes both the acquisition of the cor-
rect 3D structure as well as addition of post-translational
modifications (PTMs), such as DSB formation. In E. coli,
PTMs that occur during and after protein synthesis can
represent a limitation when compared to other micro-
organisms. In the past decades several approaches have
been explored in E. coli to overcome this drawback,
reviewed by Rettenbacher et al. [41].

Some PTMs and physiochemical transformations of
recombinant proteins can also originate from non-enzy-
matic reactions at all steps of the production process
from cell culture to purification and storage [4]. In this
case, PTMs are caused by chemical reactions occurring
between the amino acid side chain and reagents present
in either culture media or buffers in specific conditions
of pH, temperature and oxygenation level. Some of these
modifications can negatively affect the activity, efficacy
and safety of the desired product by altering the product
stability and its biological active conformation. Therefore,
the percentage of product harbouring these modifica-
tions, within the heterogenous product pool generated, is

identified as product related impurities and represents a
crucial quality parameter for regulatory authorities [44].
Common PTMs are methionine oxidation, asparagine
and glutamine deamidation, and aspartate isomerization.
The importance of such unwanted modifications has
been evaluated and ranked for recombinant monoclonal
antibodies (mAbs) [29]. While N-terminal pyrogluta-
mate, for example, is not considered as a critical quality
attribute, modifications occurring in the complementary
determining regions are of high importance as they could
affect the antigen recognition capacity [29].

To investigate product heterogeneity, ion exchange
chromatography [28, 34, 35] coupled with enzymatic
digestion followed by mass spectrometry (MS) analy-
sis (peptide mapping) [22, 49] are often the methods of
choice. The former allows the separation of the protein
heterogeneity based on the charge properties while the
latter allows the identification of mass changes and the
exact position of the modification within the protein
expressed. However, since peptide mapping requires
extensive work and can also generate artefactual modifi-
cations, the research for the improvement of this method
is ongoing [10, 40].

In this study, fermentation conditions of two widely
employed industrial E. coli strains, namely BL21 (B
strain) and W3110 (K-12 strain) are compared for
recombinant protein production of a single-chain vari-
able fragment (scFv) in an industrial setting. Rather than
analysing the well-known and studied performance and
behavioural differences [31, 36, 47, 48], we focused on
yields, and analysed the differences in product structure
and heterogeneity between strains grown in 5 L fed-batch
bioreactors using a number of different downstream and
analytical techniques. The results reveal surprising dif-
ference in protein quantity and quality between the two
strains, and equally surprising heterogeneity in the final
preparations of this relatively simple biopharmaceutical.

Results and discussion

BL21 strain produces more soluble scFvM than W3110
strain

One of the major aims of this study was to directly com-
pare the production of a biopharmaceutical product
under industrial conditions in the two extensively used E.
coli strains: BL21 and W3110. The viable and cost-effec-
tive production of a POI using E. coli varies enormously
depending on many different factors. POI related factors
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and upstream process parameters such as pH, tempera-
ture, media composition, strain type and others influence
the recombinant expression [25, 52].

Jones et al. [20] and Edwardraja et al. [8] have produced
this scFv in E. coli in the periplasm after export by Tat
pathway and expression in the cytoplasm, respectively,
both at shake flask level. Traditional upstream bioprocess
development involves the use of shaken bioreactor sys-
tems (usually shake flask). Cultivation in shake flasks is
normally performed in a batch manner, provides very
limited variable monitoring, and produces low cell densi-
ties and product yields. Furthermore, they rely on uncon-
trolled surface aeration leading to limited oxygen transfer
rates and low batch-to-batch reproducibility [1]. There-
fore, cultivation conditions that are used during shaken
culture bioprocess development may be changed or com-
pletely discarded once they are optimized at pilot scale
[39]. To overcome the limitations described above, there
has been a concerted effort to develop fully automated
high-throughput cultivation systems to significantly
accelerate the identification of the optimal expression
systems and process conditions [2, 16].

In our research, a screening of different conditions for
the optimization of soluble yields of the scFvM was car-
ried out for both strains listed above combining different
temperatures, pH and inducer concentrations (described
in “Materials and Methods”). This screening showed only
minimal changes in ODgg, and titer. However, a further
optimization of media composition and induction time
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could not be carried out since the implementation of
these changes would require a complete revaluation of
this automated protocol for 10 mL fermentation [16].

In Fig. 1A, the specific soluble product formation was
calculated for BL21 and W3110 in 10 mL and 5 L bio-
reactors following the standard protocol at 7 h post-
induction (T7) (refer to “Materials and Methods”). To
eliminate a possible impact of the different optical den-
sity (OD) levels at both scales, the specific soluble prod-
uct titer was determined by dividing soluble product titer
by ODg;, for both strains and scales at time point T7 (end
of fermentation in 10 mL scale) (Fig. 1A). The BL21 strain
shows a specific soluble product titer of 23.5 mg/OD in
10 mL fermenters and 12.3 mg/OD in benchmark 5 L fer-
menters. Janzen et al. [16] also described a higher specific
soluble product titer formation in small-scale cultivations
than in 5 L fermenters when employing a B strain. It has
been suggested by Kang et al. [21] that BL21 may suf-
fer from DO limitations in large-scale cultures, however
this hypothesis could not be verified by our research due
to the absence of comparison data between the two fer-
mentation scales. The W3110 strain, on the other hand,
shows very similar specific soluble product titers in both
scales: 5.7 mg/OD in 10 mL fermenters and 4.9 mg/OD
in 5 L fermenters. These results validate the robustness
and reproducibility that this strain provides in industry
[21, 56]. However, with respect to the expression strains
used, BL21 showed significantly higher titers in all direct
comparisons (Fig. 1A). Specific soluble product titer
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Fig. 1 Soluble scFvM production in BL21 and W3110in 10 mL and 5 L scale fermentations. A Specific soluble product titer in BL21 and W3110 in
10 mL and 5 L bioreactors expressed in mg/OD. To calculate these values, the 7 h post-induction soluble scFvM titer is divided by the ODss, of the
culture at that time in both scale bioreactors. 10 mL fermentations specific soluble product formation values are the average of four replicates, error
bars have been added to the figure. B Soluble titer variation of the scFvM in BL21 and W3110 strains at different time points [0 h (T0),4 h (T4), 7 h
(T7) and 10 h (T10) post-induction] in 5 L fermentations expressed in g/L. In both graphs, BL21 strain is represented in black and W3110 in grey.
Soluble scFvM product was determined by immunoassay from suspension samples. 5 L bioreactors were run two times for each strain with slight
variations in temperature, inductor concentration and pH resulting in comparable profiles for ODss, and titer
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comparison between scales was also carried out with the
optimized conditions after the screening experiments
in 10 mL fermenters (refer to “Materials and Meth-
ods”). Since a very similar pattern of soluble protein was
obtained when comparing scales and strains, the data set
is not shown because it had a comparable trend.

Looking more closely at the benchmark process,
Fig. 1B shows the soluble production of scFvM in BL21
and W3110 in 5 L fermenters and standard conditions
at different time points: 0 h (T0), 4 h (T4), 7 h (T7) and
10 h (T10) post-induction. Soluble scFvM was quan-
tified by an immunoassay from suspension samples.
Overall, BL21 shows a higher soluble protein content
(two-fold) during the entire induction period in the 5 L
fermentation system compared to W3110 (Fig. 1B). In
BL21, the peak production of soluble protein is achieved
4 h after induction (2.61 g/L) and it remains stable until
T10 (end of fermentation, 2.41 g/L). BL21 shows a tight
regulation of the tac promoter under non-induced con-
ditions (0 h post-induction): it leaks 0.33 g/L. On the
other hand, W3110’s peak production of soluble pro-
tein is achieved 7 h after induction (1.16 g/L) and it also
remains stable until T10 (end of fermentation, 1.01 g/L).
Unlike BL21, W3110’s tac promoter is leakier and pro-
duces more than half of the total soluble scFvM before
induction (0.72 g/L). This leaky expression in W3110
could be linked to plasmid instability, which many times
explains a poor yield of target protein [43]. However, in
this case, differences in yield between the chosen strains
are not connected to plasmid loss or instability, as plas-
mid copy number (PCN) remains stable and compara-
ble between them throughout the whole fermentation
process (observed: ~ 12-18 copies/cell,expected: 15-20
copies/cell). When plasmid instability is discarded, BL21
and W3110 critical genome differences for recombinant
protein production should be considered to understand
these yield differences. Even though BL21 and W3110 are
both widely used in recombinant protein production, B
strains are deficient in the Lon protease, which degrades
many recombinant proteins. The B strain also lacks the
outer membrane protease OmpT, whose function is to
degrade extracellular proteins [43]. These genetic dif-
ferences between strains may explain the higher yields
obtained with BL21. In addition, it should be noted that
BL21 reaches a lower ODgg, value than the W3110 strain
(BL21: 212 and W3110: 272) at the end of fermentation.
These OD differences between the compared strains
might correlate with the metabolic burden caused by the
continuous export to the periplasm by Sec pathway [13]
and/or the lethal outer membrane punctures occurred as
a result of limited periplasmic capacity [46, 51] in BL21.
A second run of bioreactors with parameters optimised
for BL21 (refer to “Materials and Methods”) was carried
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out and similar patterns for yields and ODgj, values were
obtained compared to standard conditions (data set is
not shown because it had a comparable trend).

Even when the focus is on soluble production, an addi-
tional inherent part of disulphide bonded protein pro-
duction in E. coli cannot be dismissed: inclusion body
(IB) formation. The Coomassie blue-stained gel in Fig. 2
shows the lysates of BL21 and W3110 from 5 L ferment-
ers when expressing OmpA-scFvM at TO, T4, T7 and T10
time-points in standard conditions. Cell suspension was
analysed and fractionated in total titer (TT, comprising
soluble and insoluble proteins), total soluble (TS, com-
prising intracellular and extracellular soluble proteins)
and supernatant samples (SN, only proteins located in
the extracellular medium). The insoluble POI production
is remarkably different between the compared strains
(Fig. 2). When looking at the Coomassie blue-stained
gel, it is important to notice that total production of the
POI (TT) is visually higher in W3110 than in BL21 at all
time points. This result suggests that the majority of the
protein is produced as IBs and only a small part is trans-
located to the periplasm and extracellular medium and
is therefore soluble (TS). As explained before in Fig. 1B,
and as it can be noticed in the Coomassie blue-stained
gel in Fig. 2 (see and visually compare TO scFvM produc-
tion in both strains), W3110 pre-induction leakiness is
higher than BL21’s. We hypothesise that due to this early
high-level expression in W3110, hydrophobic stretches in
the polypeptide are present at high concentrations very
early in the cell and are available for interaction with
similar regions. This may lead to protein instability and
aggregation (IB formation) [6, 43]. Over time, and in both
strains, but more remarkably in BL21, the POI starts to
be detectable in the supernatant due to the leakiness of
the outer membrane [46, 51], active export [55] and/or
lysis of the cells [24].

The purified scFvM shows multiple charged variants

on a CEX

The second objective of this research was to determine
whether the protein expressed by the two strains, after
translocation in the periplasm, was similarly folded and
contained the same charge heterogeneity. The produced
scFvM from the T10 (end of fermentation) was purified
from periplasmic extract and from culture supernatant
by nickel immobilised metal affinity chromatography
(IMAC). Table 1 shows the amount of soluble protein
obtained after purification of the same volume of either
supernatant or extracted periplasm. It should be noted
that the intracellular soluble titer (periplasmic fraction)
was higher than the extracellular one in both strains.
However, this was not reflected in the product titer after
purification. This difference depends on the low amount



Arauzo-Aguilera et al. Microbial Cell Factories

BL21

(2023) 22:104

Page 5 of 15

W3110

TO T4

T7

T10

TO T

N

T7 T10

TT TS SN TT TS SN TT TS SN TT TS SN TT TS SN TT TS SN TT TS SN TT TS SN Ref

—-— — ey = e o =y = t L —
97.4 -
’ [ ] - - — b - - - e
o BE B 8 BE BE BE
-—— — —
8888 BE-§F 8% BF B¢
36.6 - ! - = =
31- - — - —-—— - = e - s «—SCFVM
= : g =] =] =) =
216- s -- .- !:: z3 P 3
| & BE BEE . -
e - SS BE B8R BR B B ",
- - L - e [ - et e . .
— - -— - - — - —-—
6- - -

Fig. 2 Lysates of BL21 and W3110 from 5 L fermenters when expressing OmpA-scFvM. Suspension and supernatant samples of BL21 and W3110
expressing OmpA-scFvM were recovered at different time points: TO, T4, T7 and T10 for SDS-PAGE analysis in reducing condition. Representative

Coomassie blue-stained gel of the total titer (TT, comprising soluble and insoluble proteins), total soluble (TS, comprising intracellular and
extracellular soluble proteins) and supernatant samples (SN, only proteins located in the supernatant) and scFvM reference protein.Ladder
(Mark12™ Unstained Standard) on the left in kDa. The same volume of sample was treated and loaded for comparison. OD of the samples: BL21: TO
(167); T4 (229);T7 (231); T10 (212) and W3110: TO (165); T4 (217); T7 (236); T10(272)

Table 1 Comparative analysis of the scFvM produced by the two strains in the different compartments

Strain Location Protein concentration Protein purified Purification yield Purification factor®  Purity (%)
(9/L) (mg) (%)
BL21 Periplasm 2.1 0.5 518 7.1 922
Supernatant 0.5 459 814 37 91.5
W3110 Periplasm 09 03 775 94 91.3
Supernatant 0.2 26.3 99.6 7.2 92.3

2The purification factor was calculated dividing the purification yield (%) over the relative abundance (%) of the target protein in the examined compartment

of periplasm that could be extracted due to setting con-
straints in the maximal cell pellet that can be processed
(“see Materials and Methods”). Analysis via Coomassie
blue-stained gel (BL21 Fig. 3A, W3110 SI Fig. 1A) shows
that the scFvM was obtained with high purity, indepen-
dently of the expression host and purified compartment.
To further investigate the presence of possible het-
erogeneity of the expressed scFvM, the IMAC puri-
fied material from culture supernatants was separated
by cation exchange chromatography (CEX) via gra-
dient elution, since the scFvM has a basic isoelec-
tric point of 7.8 (Expasy Protparam). CEX is typically
considered a gold standard technique to separate and
purify charge variants [54, 57]. However, the results
from this technique can be strongly influenced by dif-
ferences in operational parameters such as column
type, particle size and flow rate [9, 18]. Since previous

studies demonstrated the importance of the diameter
resin particles and flow rate on the separation perfor-
mance [18, 57], a small resin particle (10 um diameter
resin) coupled with a slow flow rate (0.5 mL/min) was
selected in our case. The results indicated a high sep-
aration performance. The chromatograms show the
presence of two main peaks: one more acidic (N°2) and
another one more basic (N°5), both coupled with some
minor subforms (Fig. 3B). Between the two strains, the
elution pattern is maintained, however, the relativity of
the peaks slightly changes BL21 being richer in acidic
variants while W3110 in basic ones (Fig. 3C). To verify,
firstly, if the multiple peaks showed different masses
and impurities, a non-reducing gel was assessed. How-
ever, no differences could be detected (BL21 Fig. 3D,
W3110 SI Fig. 1B).
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Fig. 3 scFvM purification via two steps chromatography. A Representative Coomassie blue-stained gel of the scFvM produced with BL21 and
purified via IMAC. The samples analysed are the total protein sample loaded (L), column flow-though (FT), eluates (E) from either the periplasm or
the culture supernatant and the purified protein after dialysis (D) in non-reducing condition. Ladder (Mark1 2™ Unstained Standard) on the left in
kDa. B Representative MonoS normalised chromatograms of scFvM purified from the culture supernatant. Peaks are labelled with numbers ranging
from 1 to 7. C Relative abundance of the CEX peaks in BL21 and W3110. BL21 strain is represented in black and W3110 in grey. D Representative
Coomassie blue-stained gel of a CEX run in non-reducing condition on the scFvM produced with the BL21 strain. peak N°2 elution fractions are in

the continued box while peak N°5 ones are in the dotted box

scFvM is correctly disulphide bonded and cleaved from its
SPin BL21 and W3110

In this study an offline approach was applied, consisting
in the isolation of the separated forms from CEX fol-
lowed by individual analysis for better understanding of
possible modifications. The workflow involved coupling
size-exclusion chromatography (SEC) directly to mass
spectrometry (MS). This was done to verify that the
scEFvM was correctly folded and that different peaks on
CEX were not caused by a pool of species with free thi-
ols or uncleaved SP. IMAC and CEX purified samples
(peaks N°2 and N°5) from both periplasm and superna-
tant samples from BL21 and W3110 were analysed by
LC-MS. This analysis confirmed that all scFvM samples
had the expected molecular weight, consistent with the
cleavage of the SP when the POI is exported from the
cytoplasm to the periplasm and its four cysteines in
two DSBs (Table 2). The main component in all these

samples is the unmodified scFvM molecule. In addi-
tion to it and as second species, both BL21 and W3110
samples show comparable reduction of —17 Da, prob-
ably due to N-terminal pyroglutamate modification
(pyroQ), while gluconoylation is only seen in BL21 sam-
ples (+178 Da). PyroQ modification is generated after
a non-enzymatic cyclization of N-terminal glutamine
whose rate of formation can be affected by various
environmental factors during purification and storage
[3, 4]. In previous studies, CEX has been reported as a
method of choice for the separation of pyroQ modifica-
tions since the loss of a primary amine causes an acidity
shift of the antibody [4, 5]. However, in this study the
use of a strong cation exchange did not show the same
results. In fact, LC—MS analysis run on each of the CEX
peaks showed the presence of a —17 Da modifications,
ranging from 12-25%, in each sample (Table 2). The
strain selectivity of the non-enzymatic gluconoylation



Arauzo-Aguilera et al. Microbial Cell Factories (2023) 22:104 Page 7 of 15
Table 2 Analysis of free thiol content, SP cleavage and secondary modifications based on MS
Strain Technique Location N° of Cysteine Moy Theor MEpr A mass +178 Da —17Da
(5-11%) (12-
25%)
BL21 IMAC Periplasm 4 2747827 2747827 0 +°¢ +
Supernatant 2747827 2747827 0 + +
CEX Peak N°2 2747827 2747827 0 + +
Peak N°5 27478.27 27478.27 0 + +
W3110 IMAC Periplasm 2747827 2747827 0 - +
Supernatant 2747827 2747827 0 - +
CEX Peak N°2 2747827 2747827 0 - +
Peak N°5 2747827 2747827 0 - +

2 Calculated theoretical oxidised molecular weight (Mo,rheor)
b Experimental molecular weight (Mgyp)

“The sign“+"indicates the presence of the modification (+ 178 Da or —17 Da) while “—"indicates the absence of it

modification agrees with previous literature. B strains
accumulate 6-phosphogluconolactone due to the lack
of 6-phosphogluconolactonase [33], which favours
gluconoylation, so it is not unexpected that this strain
produces some gluconoylated proteins. Although this
modification can adversely affect protein quality, the
gluconoylation is not very stable and can transform
back into unmodified protein and gluconate via a
hydrolysis reaction [32].

In addition, possible mismatches of the DSBs were
also analysed among the multiple peaks in CEX (purified
from BL21) by MS. In this case the purified protein from
each CEX peak was digested. However, no differences in
the size of the peptides generated were identified both in
native conditions and after reduction, confirming that
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DSB shufiling is not essentially the reason for the hetero-
geneous pattern in CEX (Table 2).

The stability of the two main peaks excludes a handling
artefact

A reversibility analysis on the two main peaks was then
performed to verify if these two main CEX forms were
not an increasing modification caused by downstream
operation. The eluted single peaks were therefore pooled
from different purifications in N°2 and N°5 respectively,
dialyzed against the equilibration buffer and each pool
was loaded again on the CEX. Figure 4A shows the com-
parison of the elution profiles from each pool. In both
cases the purification revealed a perfect reproducibility
of the peaks that seem to be only in a very slow reversible

B. O PeakN2 E BL21
O PeakN°5 o\ W3110
= 30 — AN
£ 8 o J
S !
= < fo \\
2 © 9 to
E E Ii
> = 20 — o} e
= S / 1S
s = \
5 o D/é [\
=} &) / N
2 10 — = s
Q oy 3.
(@] rﬂ e L
F R
0 ree e Ceerore
T T T
60 65 70 75

Temperature (°C)

Fig. 4 Stability analysis of the two main peaks from the CEX. A Overlaid MonoS chromatograms of the two main peaks that were collected,
dialyzed, and reloaded separately to demonstrate the stability and purity of the two forms. B DSC profiles of the peaks N°2 and N°5 obtained from
CEX purification of scFvM expressed by BL21 and W3110. The obtained Tms are peak N°2 68.7 °C and peak N°5 69.1 °C. Squares represent peak N°2

and circles peak N°5. BL21 strain is represented in black and W3110 in grey
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equilibrium with the counterpart. Moreover, since with
this experiment the heterogeneous pattern observed dur-
ing the CEX purification of the purified material (Fig. 3B)
was not visible, an artefact of the column caused by over-
loading of the samples could be excluded. The two peaks
therefore represent scFvM isoforms that are stable under
these conditions.

Biophysical characterization confirmed altered
conformations of the two main charged variants

To further investigate potential conformational dif-
ferences between the two main CEX forms, and the
exact comparability among the two strains, a biophysi-
cal assessment was established via differential scanning
calorimetry (DSC) and one-dimensional proton nuclear
magnetic resonance (1D-'H-NMR) spectroscopy. DSC
is commonly employed to assess the thermal and con-
formational stability of a protein under specific buffer
conditions [19]. The two separated main peaks (N°2 and
N°5) were evaluated by DSC (Fig. 4B). One single transi-
tion, corresponding to the unfolding of the scFvM, was
observed in all samples. The melting temperatures of the
single peaks N°2 and N°5 (from both BL21 and W3110)
were 68.7 ‘C and 69.1 C, respectively and corresponds to
a temperature difference of 0.4 °C. These results proved
a high comparability, in terms of thermal stability, of the
POI produced by the two E. coli strains.

In addition to this thermal stability difference, a modifi-
cation in the state of the protein from the two main peaks
from the CEX was detected via one-dimensional proton
"H-NMR spectroscopy (1D-'H-NMR). This technique
shows signals for each hydrogen atom in the protein
that is covalently bound or exchanging slowly with water
(for example amide signals will be present but those
from —OH and NHj; groups will be missing). These sig-
nals resonate at different frequencies (chemical shifts in
ppm; parts per million of the main field) and with differ-
ent intensities based on the 3D structure, ligand binding
state and dynamics of the protein all of which affect local
magnetic fields in the protein. The position of peaks in
the 1D-'H-NMR depend at first order on the chemistry
of the atoms [27], so for example CH, and CH; groups
from different amino acid types (e.g., Val vs Leu) appear
at different positions and also have small differences due
to the primary sequence. On top of these chemical effects
from residue types and the primary sequence the spec-
trum is also extremely sensitive to the 3D structure of
the protein and very small changes in local environment
and dynamics (see for example [7] can be detected, so
1D-'H-NMR can be used as a fingerprint of the proteins
3D structure and to monitor small changes in the state of
the protein. In this case the spectra suggest both samples
contain proteins that are well-folded as indicated by the
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well resolved and dispersed signals in the amide region
(not shown) and a series of well-resolved methyl peaks
at<0 ppm which are indicative of stable methyl aromatic
packing in the protein’s core (boxes in Fig. 5). On top of
this, the spectra are similar enough to conclude that there
have been no major changes in 3D structure and that the
overall 3D fold is the same. However, while the methyl
peaks at <0 ppm are well dispersed, they also show varia-
tions between the two CEX peak samples (N°2 and N°5).
For CEX peak N°5 the methyl signals that resonate at
—0.736 ppm and —0.981 ppm show shifts of+0.04 ppm
and ~ —0.02 ppm and ~ 10-20% weaker peak height than
CEX peak N°2 for both strains (Fig. 5B and D). As the
samples were very thoroughly dialysed these differences
would indicate a change in conformation within the
core of the protein or the presence of a yet unidentified
strongly bound ligand.

All these results combined suggested that the two
strains produced a target protein with the same overall
3D fold and thermal stability. However, the difference
between the two main peaks of the CEX seems to be
generated by a conformational change of the protein that
leaves the mass unchanged as observed by MS analysis.
Two main reasons could be behind this result: the pres-
ence of a ligand tightly bound to the protein or a modi-
fication that leaves the mass unchanged. With regards
to the ligand, the reversibility analysis on the two main
peaks suggests that, if present, the ligand binds with
high affinity to one of the two forms since it could not
be removed during the dialysis process. Moreover, at
least, the presence of a high molecular mass molecule
as ligand could be excluded since, prior LC-MS analy-
sis, the samples were desalted by size exclusion chroma-
tography (SEC) and no additional peaks were observed.
Concerning the second hypothesis, various types of
modification can occur during protein expression, man-
ufacturing, and storage [3, 4]. Some of these modifica-
tions can lead to mass shifts while some others can result
in protein modifications leaving the mass unchanged.
Examples of the latter are DSB mismatch and aspartate
isomerization which can further generate aspartic acid
racemization [54]. The presence of mismatched DSBs
was excluded as a possible reason for multiple peaks in
CEX, as described above. Aspartate (Asp) isomerization
is a non-enzymatic modification that can cause confor-
mational changes of the protein since it introduces an
additional methyl group in the protein backbone [3, 4].
Furthermore, the specific structural outcome can lead to
two isomeric products (L-isoAsp and D-isoAsp) where
the D-amino acid can affect the peptide function [42].
This reaction occurs at an optimal pH of 5, produces suc-
cinimide (—18 Da specie) as a reaction intermediate and
it is favoured on aspartate residues that are followed by a
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Fig. 5. '"H-NMR spectra of peaks N°2 and N°5 conformers measured at 600 MHz. Spectra from basic, acidic species and control samples show the
conformational and temporal stability of the species. The samples were exhaustively co-dialysed before analysis. Samples conditions: pH 5.5 and
25 °C, sample concentration ~50 uM. A Spectra of peak N°2 from BL21 (purple) and W3110 (blue). C Peak N°5 from BL21 (grey) and W3110 (green)
representing analysis of the same species showing reproducible conformational state as a control and spectra showing the clear difference in the
fingerprint of peak N°2 and N°5 conformers from W3110 (B) and BL21 (D). The box represents the expansion of the high field methyl aromatic

fingerprint region

glycine [11, 37, 38]. Moreover, it was shown in a previous
study that antibody variants containing isoaspartate elute
later in CEX [12]. The current analysis was carried out at
pH 5.5, a second and more basic peak was present, in the
protein sequence an aspartate close to a glycine is pre-
sent and a species with —17/18 Da was detected. There-
fore, the presence of aspartate isomerization as a possible
modification cannot be excluded completely. There are
some other methods to identify this modification such as
LC-MS peptide mapping and 2D NMR analysis. LC-MS
peptide mapping is becoming an important method for
the characterization of primary sequences and PTMs in
antibody products. On the other hand, this technique
is labour-intensive, time-consuming and can introduce
artificial PTMs, resulting in an overestimation of the
target protein modifications. During sample prepara-
tion, long digestions can generate unnecessary reactions
interfering with the quantitation of the peaks of inter-
est, causing low reproducibility of the results. Shortening

digestion-time can cause incomplete peptide cleavages,
thus low sequence coverage and poor repeatability [17].
In this case study, where BL21 and W3110 protein prod-
uct comparison was the aim, this technique had to be dis-
carded due to reproducibility issues. On the other hand,
2D NMR analysis typically utilises labelled isotopes dur-
ing the fermentation process for proteins of this mass,
and therefore, this approach was not available due to
experimental constraints.

Conclusion

In this case-study, we report that E. coli strain differences
may have an influence on the final product yield but
not necessarily on its heterogeneity pattern. The results
showed that BL21 and W3110 have a very different pro-
ductivity profile in the conditions employed, with BL21
being more industrially relevant to produce this specific
scFv in terms of yield. In terms of quality, except for the B
strain characteristic gluconoylation, the expressed scFvM
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displays a similar heterogeneity profile. This resemblance
of the produced product represents an indication of the
interchangeability between the two strains, a character-
istic that presents an important perspective for biosimi-
lar and biobetter production. In our paper it is further
shown that when scFvM product quality was assessed by
different analytical methods, a distinctive profile of the
product was obtained, suggesting that alterations in the
recovered product are present independently of the host
strain. These alterations appear to be stable and signifi-
cant, since the two forms elute at very different salt con-
centrations during CEX. However, the exact identity of
the cause of product heterogeneity could not be appro-
priately confirmed. This opens a discussion on whether
MS based intact mass analysis of the POI is enough to
spot the heterogeneity in a product. At the same time, we
want to encourage the discoveries of new, fast and afford-
able methods for analysis of heterogeneity other than 2D
NMR and LC-MS based peptide mapping for the identi-
fication of protein heterogeneity in biopharma, which are
time-consuming.

Materials and methods

All chemicals, reagents and enzymes were of highest
quality and were obtained from Sigma-Aldrich, Roth or
Thermo Fisher Scientific, unless otherwise noted.

anti-c-Met scFv (scFvM) expression strain generation
Escherichia coli DH5a (Invitrogen) was used for genetic
manipulations. The anti-c-Met scFv (sequence taken
from Edwardraja et al. [8]), with an N-terminal wild-type
OmpA SP and a C-terminal 6 xHis-tag was commer-
cially synthesised (GeneArt). The synthesis construct was
sub-cloned into the pFLAG-CTC vector (Sigma Aldrich)
under the control of a tac promoter using Ndel and EcoRI
restriction sites. This construct will be termed as OmpA-
scFvM in this work. Individual clones were sequenced
before transforming the expression plasmid into the
expression strains E. coli BL21 (Novagen) and W3110
(DSMZ). In this work, the protein anti-c-Met scFv is
referred to as scFvM to further correlate with Edwardraja
et al. and Jones et al. [8, 20] which investigated the same
protein in a different setup.

Expression in a miniaturised fermentation platform

(Multifermenter, MF) and a 5 L fermentation system

The fully automated cultivation at 10 mL scale in the
MF was performed as described in Janzen et al. [16]
with the exception that the temperature in all reac-
tors was set to 37 C and lowered to the correspond-
ing experiment temperature prior to induction. For the
screening of conditions, a range of different tempera-
tures (25-33.5 C), pH values (6.3-7.3) and isopropyl
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B-p-1-thioglactopyranoside (IPTG) inducer concentra-
tions (0.5—-1 mM) were tested with a design of experi-
ment (DoE) setting in 32 MF vessels. While for BL21
a slight increase in yields and OD was observed in a
screened condition set-up (refer as optimised condi-
tions), with W3110 no optimisation could be achieved.
Therefore, solely the standard conditions developed by
Janzen et al. [16] and optimised conditions developed
for BL21 after MFs run were tested in quadruplicates
in 10 mL bioreactors for BL21 and W3110 to maintain
a better comparability within the study. In the standard
set-up, temperature was set to 30 “C prior to induction
and the pH was constantly maintained at 6.8. Cultures
in this case were induced with 1 mM IPTG (0.024 mL
from 75 mM stock). In the optimised BL21 set-up, tem-
perature was set to 32 °C prior to induction and the pH
was constantly maintained at 7.3. Cultures in this set-
up were induced with 0.5 mM IPTG (0.012 mL from
75 mM stock). In all cases, the DO level was maintained
at>35%. In the case of the W3110 strain, a pre-culture
in shake-flask was performed, since a significantly pro-
longed batch phase (e.g. lag phase of the cells) inter-
fered with the fermentation protocol in the MF. The
pre-culture was performed at 37 ‘C and 250 rpm until
the culture reached an ODgg, value of 2. The ODgg,
measurement of the pre-culture was manually per-
formed (Genesys 10S UV-Vis; Thermo Fisher Scien-
tific). In the case of BL21, bioreactors were directly
inoculated from the cell bank.

Benchmark fed-batch cultivations were performed in
fully controlled 5 L standard stirred-tank bioreactor sys-
tems (BIOSTAT Cplus; Sartorius Stedim) and the manu-
facturer provided PCS (MFCS-Win; Sartorius Stedim).
Calibration and cultivation conditions and the used mate-
rial and equipment are described in Janzen et al. [16]. As
in MF experiments, the two set-ups (standard conditions,
data shown in Results and Discussion section and opti-
mised for BL21, data set not shown as it had a compa-
rable trend as standard conditions) of the experiments
were carried out with slight differences in the tempera-
ture, pH and induction concentration parameters (more
details above). In all cases, the DO level was maintained
at>35% and the pH was kept constant at the set pH+0.2
using 25% ammonia and 3 M phosphoric acid. Cultures
were induced either with 0.5 mM (optimised conditions
for BL21) or 1 mM IPTG (standard conditions) (11.8 mL
or 23.6 mL from 211.9 mM stock, respectively). Samples
for product quantification, PCN estimation and ODgg,
determination were manually withdrawn before induc-
tion (TO) and 4 h (T4), 7 h (T7) and 10 h (T10, end of
fermentation) after the IPTG pulse. OD;;, measurements
were directly performed (Genesys 10S UV-Vis; Thermo
Fisher Scientific). Samples for product quantification and
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PCN estimation were stored in reaction tubes at—20 C
until further use.

The minimal media used for all cultivations (both 10 mL
and 5 L systems) were prepared with potassium phos-
phate as buffering agent and source of P and K. Moreover,
it contained trisodium citrate, MgSO,, CaCl,, glucose and
the trace element solution. The trace element solution and
the concentrations of additives used were the same as the
ones described in Striedner et al. [50]. The medium was
further supplemented with 1 mL/L antifoam agent (PPG
2000,Dow Chemical Co.) and was autoclaved for steri-
lization in place (SIP) prior cultivation in case of the 5 L
system. In the MFs, each block was equipped with biore-
actors which were aseptically filled with sterile medium
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The Gyros protocol (200-3W-002-A) was performed
according to the manufacturer’s instructions. The stand-
ard curve was analysed with the Gyros Evaluator SW
using a five-parameter fit. Quantification was performed
in the linear range of the standard curve (15 ng/mL to
1000 ng/mL).

Plasmid copy number (PCN) estimation

For PCN estimation, 5/ODg;, fermentation pellet sam-
ples were used. Fully automated plasmid extraction was
performed using the QIAprep Spin Miniprep Kit (Qia-
gen) and the QIAcube Connect (Qiagen). DNA concen-
trations were measured using a NanoDropTM (Thermo
Fisher Scientific). The following equation was used to
estimate the PCN:

Plasmid concentration [Z—ﬂ * 30 uL * 1.32(correction factor for plasmid loss)

PCN = 5
nucleotides of plasmid x 308.95—%

nucleotide

% (1.66 % 10715 72) 5 (7.4 % 10102l

pellet

supplemented with 1 mL/L antifoam agent (PPG 2000;
Dow Chemical Co.) in a laminar flow hood.

Fermentation sample preparation and quantification
Quantitative analysis was performed by automated
immunoassay (Gyros). The sample preparation was con-
ducted with a liquid handling system (Tecan) in 96-well
format. For fermentation suspension samples, high vis-
cosity due to leaked nucleic acids caused by fermentation
condition and sample freeze and thawing was encoun-
tered. High viscosity causes imprecise pipetting by the
liquid handling robot. Therefore, as an initial step a
nucleic acid hydrolysis with Benzonase® (Merck) (0.5 U/
pL for > 10 min, 450 rpm at room temperature (RT)) was
performed. Cell lysis was performed by incubation with
1/10 v/v Lysonase (Merck) in FastBreak cell lysis reagent
(Promega) for 30 min at RT with shaking at 450 rpm. The
soluble fraction was analysed by the immunoassay. For
this purpose, the digested cells were centrifuged at 2900 g
for 10 min (Tecan centrifuge Hettich Rotanta) and the
supernatant was further used. Samples were diluted in
the analysis buffer (RexxipA (Gyros)) for quantification.

In the case of supernatant samples from fermentation,
straight dilution in the analysis buffer (RexxipA (Gyros))
was performed.

Content quantification was performed using a Gyrolab
xPlore by an automated immunoassay with an scFv-spe-
cific antibody (109-066-097 (Jackson ImmunoResearch),
biotinylated for immobilization within the Gyros CD-
microstructure) and an his-tag specific antibody (34670
(Qiagen), Alexa647 fluorescence labelled for detection).

The weight per single plasmid in ng was calculated
from the number of nucleotides and the conversion
factors 308.95 (mean weight per nucleotide in Da) and
1.66:10'° (conversion from Da to ng). DNA loss dur-
ing plasmid preparation (determined by spiking experi-
ments) and the average number of cells in 5/0ODg;,
pellet samples (7.4-10', determined in a cell counting
chamber (Marienfeld Superior)) were considered to
calculate the number of plasmids per single cell.

Isolation of scFvM from periplasm and supernatant

and content quantification

The expressed scFvM was purified from superna-
tant and periplasm. The periplasmic extraction was
achieved following the pureFrac protocol as described
elsewhere [30]. Since a larger volume was necessary an
upscaling factor of 130 was applied during all steps. The
periplasmic fractions and the supernatant from BL21
and W3110 were then applied on a Ni SepharoseTM 6
Fast Flow (Cytiva) column on the AKTA Avant chroma-
tography system (GE Healthcare) at RT and purified via
IMAC. At a flow rate of 1 mL/min low binding impu-
rities were washed from the column with 10 column
volumes of equilibration buffer (20 mM Phosphate,
500 mM NaCl, 20 M Imidazole, pH 7.4). The protein
was then eluted with 5 column volumes of 100% elu-
tion buffer (20 mM Phosphate, 500 mM NaCl, 500 mM
Imidazole, pH 7.4). The protein content was monitored
online by absorbance at 280 nm. After each purifica-
tion the column was stripped, washed, and recharged
to avoid contaminations between the different strains
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and purified compartments. The eluted protein was
dialyzed against 20 mM Phosphate, 20 mM NaCl, at pH
5.5 using 3.5 molecular weight cut-off (MWCO) dialy-
sis cassettes (Thermo Scientific) and stored at —20 C
between purification steps.

With the eluted and rebuffered fractions (20 mM
Phosphate, 20 mM NaCl, pH 5.5) from the superna-
tant a CEX with a MonoSTM 5/50 GL (Cytiva) column
was performed on an AKTA Purifier chromatography
system (GE Healthcare) at RT. The used buffers were
20 mM Phosphate, 20 mM NaCl, at pH 5.5 (equilibra-
tion buffer) and 20 mM Phosphate, 500 mM NaCl, at
pH 5.5 (elution buffer). At a flow rate of 0.5 mL/min, a
gradient from 0-100% elution was applied for 30 col-
umn volumes followed by 10 column volumes at 100%
elution buffer. The protein content was monitored
online by absorbance at 280 nm. The eluted protein was
dialyzed against 20 mM Phosphate, 20 mM NaCl, at pH
5.5 using 3.5 MWCO dialysis cassettes (Thermo Sci-
entific) and concentrated with 3 kDa MWCO Pierce”™
Protein Concentrators PES (ThermoFisher). The frac-
tions were stored at —20 °C until analysed.

Purified protein concentration was determined by
measuring the absorbance at 280 nm with the Nanodrop
2000 (ThermoFisher) and a calculated molar extinction
coefficient of 58580 M~* (Expasy Protparam). Affinity
purified scFvM and its charged variants (CEX samples)
were denatured for 5 min at 80 C and run on an SDS-
PAGE gel under reducing and non-reducing conditions.

DSC analysis

The DSC experiments were performed using a MicroCal
VP-DSC system (Malvern). All samples were dialyzed
against the same buffer (20 mM Phosphate, 20 mM NacCl,
pH 5.5) prior analysis using 3.5 MWCO dialysis cassettes
(Thermo Scientific). The reference cell was filled with a
buffer corresponding to the sample buffer. The sam-
ples were heated from 10 ‘C to 95 °C at a heating rate of
60 ‘C/h. The pre-scan was 3 min, the filtering period was
10 s, and the feedback mode/gain was set to passive. The
midpoint of thermal transition temperature (Tm) was
obtained by analysing the data using OriginTM 7 soft-
ware. All experiments were performed at a protein con-
centration of 1 mg/mL.

Mass spectrometry analysis

For intact mass analysis, samples were injected with-
out prior sample preparation into the UltiMate™ 3000
UHPLC system coupled to the Orbitrap Eclipse "
Tribrid™ mass spectrometer (all Thermo Fisher Sci-
entific). Proteins were loaded on an ACQUITY UPLC
BEH200 SEC, 1.7 pm, 4.6X 150 mm, applying a 10 min
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isocratic method (20% B), with a flow rate of 0.2 mL/
min and 0.1% Formic acid (FA) (Fisher Chemical, LC—
MS grade) in water as mobile phase A and 0.1% FA in
Acetonitrile (ACN) (Merck, Hypergrade for LC-MS) as
mobile phase B. Electrospray ionisation was performed
in positive ionisation mode and molecules analysed in
the Orbitrap with a scan range of 500-2000 m/z and a
resolution set to 240 000 (at 200 m/z) for full scan.

For DSB analysis, proteins were precipitated with
CHCIl;/Methanol, dried at RT and subsequently dis-
solved in lysis buffer (7.6 M urea/50 mM Tris—HCI, pH
8), diluted with 50 mM Tris—HC], at pH 8 and digested
with Trypsin/Lys-C Mix (Promega).

Peptides were analysed on the same LC-MS system
and mobile phases as for intact mass analysis. Peptides
were separated on a ACQUITY UPLC Peptide CSH C18,
130 A, 1.7 pum, 2.1 x 150 mm applying a 25 min gradient
from 5-30% B, increasing further to 95% B within 5 min,
resulting in total run time of 44 min, with a flow rate of
0.25 mL/min. Electrospray ionization was performed in
positive ionization mode, the resolution was set to 120
000 (at 200 m/z), with a scan range of 200-2000 m/z for
MS1 analysis. A Top N method was applied for fragmen-
tation with CID Assisted Collision and resulting frag-
ments analysed in the Orbitrap at a resolution of 30 000
(at 200 m/z).

The raw data files were subjected to the Byos software
(v 4.2) from Protein Metrics Inc. for data processing and
reporting. For intact mass evaluation, peaks found in the
total ion chromatogram were integrated and full mass
spectra were deconvoluted. For DSB analysis, the Byos
DSB workflow was used, searching against a built-in
database based on the sequence of the POL

1D-"H-NMR analysis

Samples were dissolved in a buffer containing 20 mM
Phosphate, 20 mM NaCl, at pH 5.5 and were analysed by
1D-'H-NMR after extensive dialysis in a common pool
of buffer to reduce effects due to any systematic differ-
ences in sample preparation. Before NMR spectra were
collected 5% D,0O was added as a lock solvent. Spectra
were acquired at 25 °C using a double pulse field gradient
spin echo sequence (DPFGSE) to suppress water [15] on
a Bruker Advance III spectrometer operating at 600 MHz
with a He cooled QCI-P cryogenic probe using Topspin
3.6.1. Spectra were measured using 32 k complex data
points over a sweep width of 9615 Hz using 1024 scans
with an inter-scan relaxation delay of 1 s and 4 dummy
scans for equilibration. These data were processed and
analysed using Topspin and an exponential window func-
tion of 3 Hz was applied to improve signal to noise.
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Abbreviations

CEX Cation exchange chromatography
DO Dissolved oxygen

DoE Design of experiment

DSB Disulphide bond

DSC Differential scanning calorimetry

1B Inclusion body

IMAC Immobilised metal affinity chromatography
IPTG Isopropy! 3-D-1-thioglactopyranoside
MF Multifermenter

MS Mass spectrometry

MWCO Molecular weight cut-off

NMR Nuclear magnetic resonance

oD Optical density

PCN Plasmid copy number

POI Protein of interest

PTM Post-translational modification

scFv Single-chain variable fragment

SP Signal peptide
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Additional file 1. Figure S1. scFvM purification via two steps chromatog-
raphy. A Representative Coomassie blue-stained gel of the scFvM pro-
duced with W3110 and purified via IMAC. The samples analysed are the
total protein sample loaded (L), column flow-though (FT), eluates (E) from
either the periplasm or the culture supernatant and the purified protein
after dialysis (D) in non-reducing condition. Ladder (Mark1 2™ Unstained
Standard) on the left in kDa. B Representative Coomassie blue-stained gel
of a CEX run in non-reducing condition on the scFvM produced with the
W3110 strain. peak N°2 elution fractions are in the continued box while
peak N°5 ones are in the dotted box.

Acknowledgements

The authors acknowledge Dr. Laura Niederstaetter, Dr. Martin Voigtmann,
Patricia Cantarell-Bargueno, and Dr. Nicole Weiner for carrying out, respec-
tively, the mass spectrometry, immunoassay, and DSC analyses. Additionally,
the authors acknowledge Aima Medimorec, Gabriela Bachleda-Kubanska and
Michael Deimel for their technical support during fermentation runs.

Author contributions

KAA, LB, KK performed the research. GT performed NMR experiments and
analysis. MB and CR conceived and coordinated the study. All authors read
and approved the final manuscript.

Funding

This work was funded by the People Programme (Marie Sktodowska-Curie
Actions) of the European Union’s Horizon 2020 Programme under REA grant
agreement no. 813979 (SECRETERS).

Availability of data and materials

The data used and /or analysed during the current study are available from
the corresponding authors on reasonable requests.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Page 13 of 15

Author details

'School of Biosciences, University of Kent, Canterbury CT2 7NJ, UK. 2Biop-
harma Austria, Process Science, Boehringer-Ingelheim RCY GmbH & Co KG, Dr.
Boehringer-Gasse 5-11, 1121 Vienna, Austria. *Wellcome Trust Biological NMR
Facility, School of Biosciences, University of Kent, Canterbury CT2 7NJ, UK.

Received: 17 January 2023 Accepted: 1 May 2023
Published online: 19 May 2023

References

1. Ali S, Perez-Pardo MA, Aucamp JP, et al. Characterization and feasibility of
a miniaturized stirred tank bioreactor to perform E. coli high cell density
fed-batch fermentations. Biotechnol Progr. 2012;28:66-75. https://doi.
0rg/10.1002/btpr.708.

2. Baumann P, Hubbuch J. Downstream process development strategies for
effective bioprocesses: trends, progress, and combinatorial approaches.
Eng Life Sci. 2017;17:1142-58. https://doi.org/10.1002/elsc.201600033.

3. Beck A, Liu H. Macro-and micro-heterogeneity of natural and recombi-
nant IgG antibodies. Antibodies. 2019;8:18. https://doi.org/10.3390/antib
8010018.

4. Beyer B, Schuster M, Jungbauer A, Lingg N. Microheterogeneity of
recombinant antibodies: analytics and functional impact. Biotechnol J.
2018;13:1700476. https://doi.org/10.1002/biot.201700476.

5. Brorson K, Jia AY. Therapeutic monoclonal antibodies and consistent
ends: terminal heterogeneity, detection, and impact on quality. Curr Opin
Biotech. 2014;30:140-6. https://doi.org/10.1016/j.copbio.2014.06.012.

6. Carrio MM, Villaverde A. Construction and deconstruction of bacterial
inclusion bodies. J Biotechnol. 2002;96:3-12. https://doi.org/10.1016/
s0168-1656(02)00032-9.

7. ChenH,Huang Z, Dutta K, et al. Cracking the molecular origin of intrinsic
tyrosine kinase activity through analysis of pathogenic gain-of-function
mutations. Cell Rep. 2013;4:376-84. https://doi.org/10.1016/j.celrep.2013.
06.025.

8. Edwardraja S, Neelamegam R, Ramadoss V, et al. Redesigning of anti-c-
met single chain fv antibody for the cytoplasmic folding and its structural
analysis. Biotechnol Bioeng. 2010;106:367-75. https://doi.org/10.1002/bit.
22702.

9. Fekete S, Beck A, Guillarme D. Characterization of cation exchanger
stationary phases applied for the separations of therapeutic monoclonal
antibodies. J Pharmaceut Biomed. 2015;111:169-76. https://doi.org/10.
1016/}jpba.2015.03.041.

10. Gaza-Bulseco G, Li B, Bulseco A, Liu H. Method to differentiate asn
deamidation that occurred prior to and during sample preparation of a
monoclonal antibody. Anal Chem. 2008;80:9491-8. https://doi.org/10.
1021/ac801617u.

11. Gupta S, Jiskoot W, Schoneich C, Rathore AS. Oxidation and deamidation
of monoclonal antibody products: potential impact on stability, biologi-
cal activity, and efficacy. J Pharm Sci. 2021;111:903-18. https://doi.org/10.
1016/jxphs.2021.11.024.

12. Harris RJ, Kabakoff B, Macchi FD, et al. Identification of multiple sources
of charge heterogeneity in a recombinant antibody. J Chromatogr B
Biomed Sci Appl. 2001;752:233-45. https://doi.org/10.1016/50378-
4347(00)00548-x.

13. Horga LG, Halliwell S, Castifieiras TS, et al. Tuning recombinant protein
expression to match secretion capacity. Microb Cell Fact. 2018;17:199.
https://doi.org/10.1186/512934-018-1047-z.

14. Huleani S, Roberts MR, Beales L, Papaioannou EH. Escherichia coli as an
antibody expression host for the production of diagnostic proteins:
significance and expression. Crit Rev Biotechnol. 2021;42:756-73. https://
doi.org/10.1080/07388551.2021.1967871.

15. Hwang TL, Shaka AJ. Water suppression that works. excitation sculpting
using arbitrary wave-forms and pulsed-field gradients. J Magnetic Reson
Ser. 1995;112:275-9. https://doi.org/10.1006/jmra.1995.1047.

16. Janzen NH, Striedner G, Jarmer J, et al. Implementation of a fully auto-
mated microbial cultivation platform for strain and process screening.
Biotechnol J. 2019;14:1800625. https://doi.org/10.1002/biot.201800625.


https://doi.org/10.1186/s12934-023-02111-4
https://doi.org/10.1186/s12934-023-02111-4
https://doi.org/10.1002/btpr.708
https://doi.org/10.1002/btpr.708
https://doi.org/10.1002/elsc.201600033
https://doi.org/10.3390/antib8010018
https://doi.org/10.3390/antib8010018
https://doi.org/10.1002/biot.201700476
https://doi.org/10.1016/j.copbio.2014.06.012
https://doi.org/10.1016/s0168-1656(02)00032-9
https://doi.org/10.1016/s0168-1656(02)00032-9
https://doi.org/10.1016/j.celrep.2013.06.025
https://doi.org/10.1016/j.celrep.2013.06.025
https://doi.org/10.1002/bit.22702
https://doi.org/10.1002/bit.22702
https://doi.org/10.1016/j.jpba.2015.03.041
https://doi.org/10.1016/j.jpba.2015.03.041
https://doi.org/10.1021/ac801617u
https://doi.org/10.1021/ac801617u
https://doi.org/10.1016/j.xphs.2021.11.024
https://doi.org/10.1016/j.xphs.2021.11.024
https://doi.org/10.1016/s0378-4347(00)00548-x
https://doi.org/10.1016/s0378-4347(00)00548-x
https://doi.org/10.1186/s12934-018-1047-z
https://doi.org/10.1080/07388551.2021.1967871
https://doi.org/10.1080/07388551.2021.1967871
https://doi.org/10.1006/jmra.1995.1047
https://doi.org/10.1002/biot.201800625

Arauzo-Aguilera et al. Microbial Cell Factories

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

(2023) 22:104

Jiang P, Li F, Ding J. Development of an efficient LC-MS peptide mapping
method using accelerated sample preparation for monoclonal antibod-
ies. J Chromatogr B. 2020;1137:121895.

Jing S-Y, Gou J-X, Gao D, et al. Separation of monoclonal antibody charge
variants using cation exchange chromatography: resins and separation
conditions optimization. Sep Purif Technol. 2020;235:116136.

. Johnson CM. Differential scanning calorimetry as a tool for protein

folding and stability. Arch Biochem Biophys. 2013;531:100-9. https://
doi.org/10.1016/j.abb.2012.09.008.

Jones AS, Austerberry JI, Dajani R, et al. Proofreading of substrate struc-
ture by the twin-arginine translocase is highly dependent on substrate
conformational flexibility but surprisingly tolerant of surface charge
and hydrophobicity changes. Biochimica Et Biophysica Acta Bba—Mol
Cell Res. 2016;1863:3116-24. https://doi.org/10.1016/j.bbamcr.2016.09.
006.

Kang D, Kim Y, Cha H. Comparison of green fluorescent protein
expression in two industrial Escherichia coli strains, BL21 and W3110,
under co-expression of bacterial hemoglobin. Appl Microbiol Biot.
2002;59:523-8. https://doi.org/10.1007/500253-002-1043-3.

Khawli LA, Goswami S, Hutchinson R, et al. Charge variants in IgG1.
MADbs. 2010;2:613-24. https://doi.org/10.4161/mabs.2.6.13333.
Kipriyanov SM. Antibody phage display, methods and protocols.
Methods Mol Biology. 2009;562:205-14. https://doi.org/10.1007/978-1-
60327-302-2_16.

Kleiner-Grote GRM, Risse JM, Friehs K. Secretion of recombinant pro-
teins from E. coli. Eng Life Sci. 2018;18:532-50. https://doi.org/10.1002/
elsc.201700200.

Koopaei NN, Khadiv-Parsi P, Khoshayand MR, et al. Optimization of rPDT
fusion protein expression by Escherichia coli in pilot scale fermentation:
a statistical experimental design approach. AMB Express. 2018;8:135.
https://doi.org/10.1186/513568-018-0667-3.

Kumar J, Bhat SU, Rathore AS. Slow post-induction specific growth rate
enhances recombinant protein expression in Escherichia coli: pram-
lintide multimer and ranibizumab production as case studies. Process
Biochem. 2022;114:21-7. https://doi.org/10.1016/j.procbio.2022.01.009.
Kwan AH, Mobli M, Gooley PR, et al. Macromolecular NMR spectros-
copy for the non-spectroscopist. Febs J. 2011;278:687-703. https.//doi.
org/10.1111/j.1742-4658.2011.08004 X.

Lee HJ, Lee CM, Kim K, et al. Purification of antibody fragments for the
reduction of charge variants using cation exchange chromatography. J
Chromatogr B. 2018;1080:20-6. https://doi.org/10.1016/j,jchromb.2018.
01.030.

Liu H, Ponniah G, Zhang H-M, et al. In vitro and in vivo modifications
of recombinant and human IgG antibodies. MAbs. 2014;6:1145-54.
https://doi.org/10.4161/mabs.29883.

Malherbe G, Humphreys DP, Dav E. A robust fractionation method for
protein subcellular localization studies in Escherichia coli. Biotech-
niques. 2019;66:171-8. https://doi.org/10.2144/btn-2018-0135.
Marisch K, Bayer K, Scharl T, et al. A comparative analysis of industrial
Escherichia coli K12 and b strains in high-glucose batch cultiva-

tions on process- transcriptome- and proteome level. PLoS ONE.
2013;8:¢70516.

Martos-Maldonado MC, Hjuler CT, Serensen KK, et al. Selective N-termi-
nal acylation of peptides and proteins with a Gly-His tag sequence. Nat
Commun. 2018;9:3307. https://doi.org/10.1038/541467-018-05695-3.
Meier S, Jensen PR, Duus J@. Direct Observation of metabolic differ-
ences in living Escherichia coli strains K-12 and BL21. ChemBioChem.
2012;13:308-10. https://doi.org/10.1002/cbic.201100654.

Moorhouse KG, Nashabeh W, Deveney J, et al. Validation of an HPLC
method for the analysis of the charge heterogeneity of the recom-
binant monoclonal antibody IDEC-C2B8 after papain digestion1Pre-
sented at the well characterized biotechnology pharmaceuticals
meeting in San Francisco, 6-8 January 1997.1. J Pharmaceut Biomed.
1997,16:593-603. https://doi.org/10.1016/50731-7085(97)00178-7.
Nascimento A, Pinto IF, Chu 'V, et al. Studies on the purification of anti-
body fragments. Sep Purif Technol. 2018;195:388-97. https://doi.org/
10.1016/j.seppur.2017.12.033.

Noronha SB, Yeh HJC, Spande TF, Shiloach J. Investigation of the TCA
cycle and the glyoxylate shunt in Escherichia coli BL21 and JM109 using
13C-NMR/MS. Biotechnol Bioeng. 2000;68:316-27. https://doi.org/10.
1002/(sici)1097-0290(20000505)68:3%3¢316:aid-bit10%3e3.0.co;2-2.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 14 of 15

Nowak C, Ponniah G, Neill A, Liu H. Characterization of succinimide
stability during trypsin digestion for LC-MS analysis. Anal Biochem.
2017;526:1-8. https://doi.org/10.1016/j.ab.2017.03.005.

Ouellette D, Alessandri L, Chin A, et al. Studies in serum support rapid
formation of disulfide bond between unpaired cysteine residues in
the VH domain of an immunoglobulin G1 molecule. Anal Biochem.
2010;397:37-47. https://doi.org/10.1016/j.ab.2009.09.027.
Panula-Perald J, Siurkus J, Vasala A, et al. Enzyme controlled glucose
auto-delivery for high cell density cultivations in microplates and
shake flasks. Microb Cell Fact. 2008;7:31-31. https://doi.org/10.1186/
1475-2859-7-31.

Ren D, Pipes GD, Liu D, et al. An improved trypsin digestion method
minimizes digestion-induced modifications on proteins. Anal Biochem.
2009;392:12-21. https://doi.org/10.1016/}.ab.2009.05.018.
Rettenbacher LA, Arauzo-Aguilera K, Buscajoni L, et al. Microbial
protein cell factories fight back? Trends Biotechnol. 2021;40:576-90.
https://doi.org/10.1016/j.tibtech.2021.10.003.

Riggs DL, Gomez SV, Julian RR. Sequence and Solution effects on the
prevalence of d-isomers produced by deamidation. Acs Chem Biol.
2017;12:2875-82. https://doi.org/10.1021/acschembio.7b00686.
Rosano GL, Ceccarelli EA. Recombinant protein expression in Escheri-
chia coli: advances and challenges. Front Microbiol. 2014;5:172. https://
doi.org/10.3389/fmicb.2014.00172.

Rudge SR, Nims RW. ICH quality guidelines: an implementation guide.
In: Teasdale Andrew, Elder David, Nims Raymond W, editors. ICH quality
guidelines: an implementation guide. Hoboken: John Wiley & Sons Inc;
2017.

Sandomenico A, Sivaccumar JP, Ruvo M. Evolution of Escherichia coli
expression system in producing antibody recombinant fragments. Int J
Mol Sci. 2020;21:6324. https://doi.org/10.3390/ijms21176324.
Schofield DM, Templar A, Newton J, Nesbeth DN. Promoter engineer-
ing to optimize recombinant periplasmic Fab’ fragment production

in Escherichia coli. Biotechnol Progr. 2016;32:840-7. https://doi.org/10.
1002/btpr.2273.

Shiloach J, Kaufman J, Guillard AS, Fass R. Escherichia coli BL21 (hDE3)
and Escherichia coli JM109. Biotechnol Bioeng. 1996;49:421-8. https://
doi.org/10.1002/(sici)1097-0290(19960220)49:4%3c421::aid-bit9%3e3.0.
CO;2-1.

Shiloach J, Rinas U. Glucose and acetate metabolism in E coli—system
level analysis and biotechnological applications in protein production
processes. In: Sang YL, editor. Systems biology and biotechnology of
Escherichia coli. Dordrecht: Springer, Netherlands; 2009.

Singh SK, Kumar D, Malani H, Rathore AS. LC-MS based case-by-case
analysis of the impact of acidic and basic charge variants of bevaci-
zumab on stability and biological activity. Sci Rep-uk. 2021;11:2487.
https://doi.org/10.1038/541598-020-79541-2.

Striedner G, Pfaffenzeller I, Markus L, et al. Plasmid-free T7-based
Escherichia coli expression systems. Biotechnol Bioeng. 2010;105:786—
94. https://doi.org/10.1002/bit.22598.

Tong L, Lin Q Wong WKR, et al. Extracellular expression, purification,
and characterization of a winter flounder antifreeze polypeptide from
Escherichia coli. Protein Expres Purif. 2000;18:175-81. https://doi.org/10.
1006/prep.1999.1176.

Tripathi NK. Production and purification of recombinant proteins from
Escherichia coli. Chembioeng Rev. 2016;3:116-33. https://doi.org/10.
1002/cben.201600002.

Tripathi NK, Shrivastava A. Recent developments in bioprocessing of
recombinant proteins: expression hosts and process development.
Frontiers Bioeng Biotechnol. 2019;7:420. https://doi.org/10.3389/fbice.
2019.00420.

Wagner-Rousset E, Fekete S, Morel-Chevillet L, et al. Development of a
fast workflow to screen the charge variants of therapeutic antibodies.
J Chromatogr A. 2017;1498:147-54. https://doi.org/10.1016/j.chroma.
2017.02.065.

Xia X, Han M, Lee SY, Yoo J. Comparison of the extracellular proteomes
of Escherichia coli B and K-12 strains during high cell density cultiva-
tion. Proteomics. 2008;8:2089-103. https://doi.org/10.1002/pmic.20070
0826.

Yoon SH, Han M-J, Jeong H, et al. Comparative multi-omics sys-

tems analysis of Escherichia coli strains B and K-12. Genome Biol.
2012;13:R37-R37. https://doi.org/10.1186/gb-2012-13-5-r37.


https://doi.org/10.1016/j.abb.2012.09.008
https://doi.org/10.1016/j.abb.2012.09.008
https://doi.org/10.1016/j.bbamcr.2016.09.006
https://doi.org/10.1016/j.bbamcr.2016.09.006
https://doi.org/10.1007/s00253-002-1043-3
https://doi.org/10.4161/mabs.2.6.13333
https://doi.org/10.1007/978-1-60327-302-2_16
https://doi.org/10.1007/978-1-60327-302-2_16
https://doi.org/10.1002/elsc.201700200
https://doi.org/10.1002/elsc.201700200
https://doi.org/10.1186/s13568-018-0667-3
https://doi.org/10.1016/j.procbio.2022.01.009
https://doi.org/10.1111/j.1742-4658.2011.08004.x
https://doi.org/10.1111/j.1742-4658.2011.08004.x
https://doi.org/10.1016/j.jchromb.2018.01.030
https://doi.org/10.1016/j.jchromb.2018.01.030
https://doi.org/10.4161/mabs.29883
https://doi.org/10.2144/btn-2018-0135
https://doi.org/10.1038/s41467-018-05695-3
https://doi.org/10.1002/cbic.201100654
https://doi.org/10.1016/s0731-7085(97)00178-7
https://doi.org/10.1016/j.seppur.2017.12.033
https://doi.org/10.1016/j.seppur.2017.12.033
https://doi.org/10.1002/(sici)1097-0290(20000505)68:3%3c316::aid-bit10%3e3.0.co;2-2
https://doi.org/10.1002/(sici)1097-0290(20000505)68:3%3c316::aid-bit10%3e3.0.co;2-2
https://doi.org/10.1016/j.ab.2017.03.005
https://doi.org/10.1016/j.ab.2009.09.027
https://doi.org/10.1186/1475-2859-7-31
https://doi.org/10.1186/1475-2859-7-31
https://doi.org/10.1016/j.ab.2009.05.018
https://doi.org/10.1016/j.tibtech.2021.10.003
https://doi.org/10.1021/acschembio.7b00686
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.3390/ijms21176324
https://doi.org/10.1002/btpr.2273
https://doi.org/10.1002/btpr.2273
https://doi.org/10.1002/(sici)1097-0290(19960220)49:4%3c421::aid-bit9%3e3.0.co;2-r
https://doi.org/10.1002/(sici)1097-0290(19960220)49:4%3c421::aid-bit9%3e3.0.co;2-r
https://doi.org/10.1002/(sici)1097-0290(19960220)49:4%3c421::aid-bit9%3e3.0.co;2-r
https://doi.org/10.1038/s41598-020-79541-2
https://doi.org/10.1002/bit.22598
https://doi.org/10.1006/prep.1999.1176
https://doi.org/10.1006/prep.1999.1176
https://doi.org/10.1002/cben.201600002
https://doi.org/10.1002/cben.201600002
https://doi.org/10.3389/fbioe.2019.00420
https://doi.org/10.3389/fbioe.2019.00420
https://doi.org/10.1016/j.chroma.2017.02.065
https://doi.org/10.1016/j.chroma.2017.02.065
https://doi.org/10.1002/pmic.200700826
https://doi.org/10.1002/pmic.200700826
https://doi.org/10.1186/gb-2012-13-5-r37

Arauzo-Aguilera et al. Microbial Cell Factories (2023) 22:104 Page 15 of 15

57. Yice M, Sert F, Torabfam M, et al. Fractionated charge variants of
biosimilars: a review of separation methods, structural and functional
analysis. Anal Chim Acta. 2021;1152:238189.

58. Zhang G, Brokx S, Weiner JH. Extracellular accumulation of recombi-
nant proteins fused to the carrier protein YebF in Escherichia coli. Nat
Biotechnol. 2006,24:100-4. https://doi.org/10.1038/nbt1174.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1038/nbt1174

Annex 6: Publication 2. Highly efficient export of a disulfide-
bonded protein to the periplasm and medium by the Tat

pathway using CyDisCo in Escherichia coli

213



Received: 27 October 2022

W) Check for updates

Accepted: 24 February 2023

DOI: 10.1002/mbo3.1350

ORIGINAL ARTICLE

MicrobiologyO
icrobiology pen WILEY

Highly efficient export of a disulfide-bonded protein to the
periplasm and medium by the Tat pathway using CyDisCo

in Escherichia coli

Klaudia Arauzo-Aguilera?
Lloyd W. Ruddock?

1School of Biosciences, University of Kent,
Canterbury, UK

2Faculty of Biochemistry and Molecular
Medicine, University of Oulu, Oulu, Finland

Correspondence
Lloyd W. Ruddock, Faculty of Biochemistry

and Molecular Medicine, University of Oulu,

90220 Oulu, Finland.
Email: lloyd.ruddock@oulu.fi

Funding information
H2020 Marie Sklodowska-Curie Actions

1 | INTRODUCTION

Mirva J. Saaranen? | Colin Robinson?

Abstract

High-value heterologous proteins produced in Escherichia coli that contain disulfide
bonds are almost invariably targeted to the periplasm via the Sec pathway as it,
among other advantages, enables disulfide bond formation and simplifies down-
stream processing. However, the Sec system cannot transport complex or rapidly
folding proteins, as it only transports proteins in an unfolded state. The Tat system
also transports proteins to the periplasm, and it has significant potential as an
alternative means of recombinant protein production because it transports fully
folded proteins. Most of the studies related to Tat secretion have used the
well-studied TorA signal peptide that is Tat-specific, but this signal peptide also
tends to induce degradation of the protein of interest, resulting in lower yields. This
makes it difficult to use Tat in the industry. In this study, we show that a model
disulfide bond-containing protein, YebF, can be exported to the periplasm and media
at a very high level by the Tat pathway in a manner almost completely dependent on
cytoplasmic disulfide formation, by other two putative Tat SPs: those of MdoD and

AmiC. In contrast, the TorA SP exports YebF at a low level.

KEYWORDS
CyDisCo, disulfide bond, Escherichia coli, periplasm, signal peptide, Tat pathway

appropriate (Kleiner-Grote et al., 2018). This protein export approach
offers several advantages to produce therapeutic proteins, such as (i)

High-value heterologous proteins produced in Escherichia coli that
contain disulfide bonds (DSB) are almost invariably targeted to the
periplasm via the general secretory (Sec) pathway by means of a
cleavable N-terminal signal peptide (SP) (Mirzadeh et al., 2020). This
guides newly synthesized proteins through the SecYEG membrane
channel in an unfolded state. Once across the membrane, the SP is

cleaved and proteins fold in the periplasm, acquiring DSBs where

it enables disulfide bond formation, which only occurs in the
periplasm in wild-type cells, (i) it facilitates protein isolation from
the relatively small periplasmic proteome, (iii) allows control of the
nature of the N-terminus of the mature protein, and (iv) minimizes
exposure to cytoplasmic proteases (Karyolaimos & de Gier, 2021).
Some proteins, however, fold too rapidly for the Sec system to

handle, or require co-factor insertion in the cytoplasm, thereby

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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precluding translocation via the Sec system. The twin-arginine
translocation (Tat) pathway offers a potential alternative method of
localizing proteins to the periplasm and, unlike Sec, this system
transports fully folded proteins. As with Sec substrates, Tat
substrates are synthesized with N-terminal SPs, but these contain
Tat-specific determinants including the presence of a highly
conserved twin-arginine motif (reviewed by Natale et al., 2008).

An additional, and indeed unique, feature of the Tat pathway is
its in-built proofreading mechanism that can detect structurally
incorrect substrates and reject them for export. This proofreading
capability could allow for a more homogeneous product to be
produced in the periplasm (reviewed by Frain et al, 2019).
Furthermore, the recent development of TatExpress (TE) strains,
that over-express the tatABC genes (encoding the Tat system) from
the chromosome boosts the industrial potential of this pathway
(Browning et al, 2017). However, this quality control poses
problems for the export of disulfide-bonded proteins, because such
proteins often only obtain a native conformation after the formation
of DSB. CyDisCo strains (cytoplasmic disulfide bond formation in
E. coli), express a catalyst of disulfide bond formation, usually the
sulfhydryl oxidase Ervlp, and a catalyst of disulfide isomerization,
usually human protein disulfide isomerase (PDI). This system
facilitates DSB formation in the cytoplasm of wild-type E. coli and
may therefore allow the efficient production of DSB-containing
proteins in the cytoplasm before their export via the Tat pathway
(Matos et al., 2014).

The efficiency of protein secretion varies depending on the host
strain, signal sequence, and the type of protein to be secreted (Freudl,
2018). There are at least 29 SPs in the E. coli genome that contain a
twin-arginine motif characteristic of proteins exported via the Tat
pathway. However, many of these SPs are not completely Tat-
specific and can lead to the secretion of the protein of interest (POI)
via Sec, Tat, or both depending on the POI, strain, or media used.
They are sometimes termed promiscuous SPs (Bendtsen et al., 2005;
Tullman-Ercek et al., 2007). In contrast, the TorA SP, an E. coli Tat SP
derived from pre-trimethylamine N-oxide (TMAO) reductase (TorA),
is a very well-studied SP that is reported to be Tat-specific (Blaudeck
et al., 2001; Jack et al., 2004; Lee et al., 2006). However, the use of
the TorA SP also tends to induce degradation of the protein of
interest, for unknown reasons. This results in low yields of some POI,
as seen in the absence of precursor forms in many export studies
(e.g., Alanen et al., 2015).

While it has been shown that Tat can export some DSB-ed
proteins at high levels in fed-batch fermentation studies (e.g., hGH;
Guerrero Montero et al., 2019a) and shake-flask studies (Alanen
et al., 2015; Browning et al., 2017; DelLisa et al., 2003; Matos et al.,
2014; Tullman-Ercek et al., 2007), it has yet to be determined
whether it can efficiently export a protein that requires DSB
formation for correct folding. In this study, we used YebF, a
10.8 kDa E. coli protein of unknown function that contains a single
DSB. It has been previously reported that recombinant YebF is
secreted by laboratory strains of E. coli into the extracellular
medium after first being translocated into the periplasm by the

Sec-system (Zhang et al., 2006). A wide variety of proteins,
including N-glycosylated protein domains, are readily secreted into
the growth medium via fusion with YebF (Fisher et al., 2011;
Haitjema et al., 2014).

Here, we report that YebF can be exported to the periplasm and
media by the Tat pathway in an almost completely CyDisCo-
dependent manner. The use of TorA SP results in low yields,
consistent with other POI previously examined. However, we show
that two other Tat SPs, namely MdoD and AmiC, direct very high
levels of protein export. While both may be capable of directing
export by Sec, expression in TatExpress strains results in an increase
in export flux and expression without CyDisCo or in ATat cells
inhibits export, which all indicate that export is largely carried out
by Tat.

2 | MATERIALS AND METHODS

All chemicals used in this study were supplied by Fisher Scientific
(Thermo Fisher Scientific Inc.), Sigma (Sigma-Aldrich), or Formedium

unless otherwise stated.

2.1 | Cloning

The desired gene fragments were obtained as synthetic genes from
GeneArt or by PCR from E. coli genomic DNA and cloned with
restriction digestion and ligation into a modified pET23-based vector
with a pTac promoter replacing the T7 promoter (Gaciarz et al., 2016).
The vector design allows for the incorporation of a C-terminal
hexahistidine tag (-Leu-Glu-6xHis) into the expressed protein. For
YebF without the signal sequence, a vector incorporating both
N- (Met-6xHis-) and C-terminal hexahistidine tags was used. For
constructs with signal sequences, the signal sequence plus the first
four amino acids of the mature protein was added to YebF, to
increase the likelihood of efficient processing of the signal sequence
by the signal peptidase. The net effect of this is that each purified
mature construct differs slightly from the other, resulting in mass
differences by mass spectrometry and small mobility differences in
SDS-PAGE. The gene inserts in the plasmids made were fully
sequenced before use (see Table 1 for plasmid names and details).

2.2 | Expression

Plasmids with the gene of interest together with the plasmid
containing the CyDisCo components (pMJS205) or empty plasmid
(pAG82) were cotransformed into chemically competent E. coli
cells and spread onto lysogeny broth (LB) agar plates supplemen-
ted with 35pg/mL of chloramphenicol and 100 pg/mL of
ampicillin for selection. After overnight incubation at 37°C these
were used to inoculate 2-5mL of LB media supplemented with
2 g/L of glucose, 35 pug/mL of chloramphenicol, and 100 pg/mL of
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TABLE 1 Strains and constructs used in this study.

Strain/plasmid Description
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Source/reference

BL21 E. coli B F~ dcm ompT lon hsdS(rg™ mg~) gal Agilent

BL21 TatExpress
ATatABCDE (ATat)

BL21 carrying a pTac promotor upstream of tatABCD

MC4100 strain (Ara®, F2 araD139 DlacU169 rpsL150 relA1

Browning et al. (2017)

Wexler et al. (2000)

fIB5301 deoC1 ptsF25 rbs®) lacking tatABCDE genes, Ara®

pMJS289 YebF (A22-R118)? This study
pMJS285 AmiC (M1-Q35)-YebF (A22-R118)° This study
pMJS284 MdoD (M1-D36)-YebF (A22-R118)° This study
pMJS288 TorA (M1-A43)-YebF (A22-R118)° This study
pMJS205 CyDisCo: Ervip and PDI Gaciarz et al. (2016)
pAG82 empty Gaciarz et al. (2016)

2With N-terminal Met-6xHis and C-terminal -Leu-Glu-6xHis -tags.
bWith C-terminal -Leu-Glu-6xHis -tag.

ampicillin. These starter cultures were grown 6 h, or overnight for
ATat experiments, at 30°C, 250 rpm (2.5 cm radius of gyration),
and were used to seed the cultures in a 1:100 ratio.

Expression tests to screen for optimal SP were carried out for the
constructs in 24 deep well plates (DWP). The constructs were
expressed alone or co-expressed with CyDisCo components in E. coli
BL21 in 3 mL per well of terrific broth autoinduction media (AIM—
Terrific Broth Base including Trace elements, Formedium) supple-
mented with 0.8% glycerol, 35ug/mL of chloramphenicol and
100 pg/mL of ampicillin. The DWP was covered with air permeable
membrane (Thomson) and the cultures were grown at 30°C, 250 rpm,
and harvested after 24 h. The cells were collected by centrifugation
at 3220g for 20 min at 4°C and resuspended in 3mL of 50 mM
sodium phosphate pH 7.4, 20 ug/ml DNase, 0.1 mg/mL egg white
lysozyme. After 10 min incubation, the resuspended cultures were
frozen at -20°C. Cells were lysed by freeze-thawing.

Main cultures with selected constructs in either BL21 or BL21
TatExpress cells were grown in 100 mL flasks with 10 mL culture in
each flask. The flasks were covered with oxygen-permeable
membranes (Thomson) to ensure proper oxygenation of the
cultures, grown at 30°C, 250rpm for 24h, and harvested for
fractionation.

For ATat experiments, cultures were grown in LB media at 30°C,
250 rpm in shake flasks until the OD¢go of the cultures reached
approximately 0.5 and were then induced with 50 uM isopropyl
B-D-1-thiogalactopyranoside for 2 h before harvesting.

2.3 | Fractionation of the cells

For the fractionation of the cells, the PureFrac fractionation protocol
was used (Malherbe et al., 2019). For purification, ethylenediamine
tetraacetic acid (EDTA) was not added to any of the buffers.
Apart from the periplasm and cytoplasm, medium samples were also

recovered (same volume in all cultures). In ATat experiments, the
1x phosphate-buffered saline wash of the cells and the separation of
the cytoplasm and insoluble fraction was not carried out to avoid
extra manipulation of this cell line due to its fragility. Samples were
prepared for sodium dodecyl sulphate polyacrylamide gel electro-

phoresis (SDS-PAGE) analysis in reducing conditions.

2.4 | Purification of cytoplasmic, periplasmic, and
medium samples, SDS-PAGE analysis, and western
blot (WB) analysis

Purification of hexahistidine-tagged proteins was performed by
standard immobilized metal affinity chromatography using HisPur
Cobalt resin (Thermo Scientific) under native conditions. For 3 mL
cultures from 24 DWP, IMAC was performed using 0.2 mL resin in
small gravity feed columns. The resin was washed with 2 x 2 mL of
water and equilibrated with 2 x 2 mL of 50 mM phosphate buffer (pH
7.4). Cell lysates on 24 DWP were cleared by centrifugation (3220g,
20 min, 4°C) and loaded onto the columns. The columns were rinsed
with 2 mL of 50 mM phosphate buffer (pH 7.4), washed with 4 x 2 mL
of wash buffer (50 mM sodium phosphate, 10 mM imidazole, 300 mM
sodium chloride; pH 7.4), and then rinsed with 2 mL of 50 mM sodium
phosphate (pH 7.4) before elution with 3x0.2mL of 50 mM
sodium phosphate, 50 mM EDTA (pH 7.4). For 10 mL cultures, the
same protocol was used with the following changes: medium samples
were 1:2 diluted (total volume 10 mL), periplasmic and cytoplasmic
fractions were diluted in 2.5 mL of 200 mM sodium phosphate buffer
and made up to 10 ml with water to reduce the salt concentration.
Samples were prepared for SDS-PAGE analysis and 10 uL were
loaded in 4-20% Criterion™ TGX™ Precast Midi Protein Gel, 26 well
(BioRad).

For the detection of proteins by WB analysis the method as
detailed in Guerrero-Montero, Dolata, et al. (2019) was performed,
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Construct Location Number of cysteine Miheorox (Da)
YebF no SP Cytoplasm 2 12,937
AmiC-YebF Periplasm 12,506
Medium 12,506
MdoD-YebF Periplasm 12,509
Medium 12,509
TorA-YebF Periplasm 12,320
Medium 12,320

TABLE 2 Theoretical oxidized and

Mexp (Da) A mass experimental molecular weights of the
12,985 48 proteins in this study.

12,538 32

12,538 32

12,541 32

12,541 32

12,352 32

12,352 32

Note: The theoretical monoisotopic molecular weight for oxidized (Mineorox) His-tag YebF constructs in
dalton (Da) were calculated using the ExPaSy Compute pl/Mw tool (Gasteiger et al., 2005). The

experimental molecular weight (Mey,,) Was determined by mass spectrometry. The same masses were
obtained with NEM treatment. The results suggest both cysteines are in a disulfide bond in the YebF

constructs analyzed.

with the exception that was transferred to the polyvinylidene
fluoride-membrane (GE Healthcare) by rapid semi-dry transfer using
the Invitrogen Power Blotter XL System according to the manufac-

turer's instructions.

2.5 | Mass spectrometry

The theoretical oxidized monoisotopic molecular weight (Meorox) Of
the His-tag YebF constructs in dalton (Da) was calculated using the
ExPaSy Compute pl/Mw -tool (Gasteiger et al., 2005) (Table 2).
The molecular weights of purified protein samples were measured by
electrospray ionization mass spectrometry combined with liquid
chromatography (LC-ESI-MS) using a Q Exactive Plus Mass Spec-
trometer. The protein samples were mixed with trifluoroacetic
acid (TFA) to a final concentration of 0.5% before analysis. For
N-ethylmaleimide (NEM)-trapped samples the protein was incubated
with 20mM NEM in 50 mM phosphate buffer pH 7.3 with 6 M
guanidine-HCI for 10 min and quenched with 0.5% TFA before

analysis.

3 | RESULTS

3.1 | Folding of YebF is CyDisCo dependent
without its native SP and with the AmiC, MdoD,
and TorA SPs

In this study, the first aim was to demonstrate the potential use of
other Tat SPs in place of the well-known but non-ideal TorA SP
(Alanen et al., 2015). We also sought to test whether a CyDisCo-
dependent protein could be exported at high rates by the Tat system;
E. coli TatExpress cells have been shown to export high levels of
human growth hormone (hGH) but while this protein contains two
DSB, they are not essential for proper folding and the Tat system can
efficiently export the protein in its reduced state (Alanen et al., 2015

YebF AmiC- MdoD- TorA-
no SP YebF  YebF YebF

CyDisCo: - + - + - + - +
Lk - SP-YebF

- -YebF
10-

FIGURE 1 Purification of soluble YebF protein without its native
SP and with AmiC, MdoD, and TorA SPs in the absence/presence of
CyDisCo. Coomassie-stained Criterion™ TGX gels showing the
purified soluble YebF (=12 kDa) in BL21 wild-type in 2 mL
rich-autoinduction media at 30°C from 24DWP. All the constructs
show a CyDisCo dependency for the production of YebF soluble
protein (marked as “-YebF”). MdoD-YebF construct shows uncleaved
YebF (shown as “SP-YebF”) as well as mature protein (marked as
“YebF”") in the presence of CyDisCo. SP, signal peptide.

and references therein). Tat can only transport fully folded proteins
from the cytoplasm to the periplasm, so we hypothesized that a
disulfide-containing protein that required disulfide formation to reach
a native state, for example, one that was dependent on CyDisCo in
our system, would be a good model protein to test the true
capabilities of the Tat system. Based on its reported use as a transport
mechanism for secretion to the medium (Fisher et al., 2011; Haitjema
et al., 2014; Zhang et al., 2006), we initially chose a small disulfide
bonded E. coli protein as a test protein—YebF.

In the absence of an SP (Figure 1, “YebF no SP”), the folding of
YebF showed a strong CyDisCo dependence, with purified YebF
being far more abundant in the +CyDisCo cells, indicating that
CyDisCo improves folding to a significant extent. However, some
soluble protein was present in the absence of CyDisCo indicating that
the protein can fold to a low extent without CyDisCo. YebF was then
tested with the widely used TorA Tat-dependent SP (construct
denoted TorA-YebF) along with AmiC and MdoD SPs as potential
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alternative Tat SPs (referred to as AmiC-YebF and MdoD-YebF,
respectively). In all cases, YebF was expressed with a 6xHis tag on the
C-terminus. To achieve efficient SP cleavage, all SPs were fused with
four more N-terminal residues to YebF, resulting in differences
between the mature YebF dependent on the SP used.

For both the AmiC-YebF and MdoD-YebF constructs there was a
strong dependency on CyDisCo to produce a soluble protein
(Figure 1), indicating that the protein was probably secreted via
the Tat pathway rather than via the Sec pathway. If the proteins were
exported by Sec, they would be unfolded until they reached the
periplasm where they would rapidly acquire their DSBs, and CyDisCo
would not influence their folding. An extra band in the gel (labeled
SP-YebF) was observed for MdoD-YebF, which probably represents
uncleaved SP-YebF (the POI with the SP still attached). This suggests
that for this construct in these conditions, export to the periplasm was
limiting. In contrast to the results with AmiC-YebF and MdoD-YebF,
the TorA-YebF construct produced very low levels of soluble protein
in the presence of CyDisCo and hardly detectable levels in the absence
of CyDisCo. While the possibility of issues connected with messenger
RNA stability linked to the sequence encoding the SP, initiation of
translation initiation, and so forth cannot be excluded, it is likely that
this difference reflects inefficient transport by Tat and the protein
being degraded in the cytoplasm as observed with other constructs
bearing the TorA SP (Alanen et al., 2015).

3.2 | TatExpress cells export much more YebF to
the periplasm than standard BL21 cells with AmiC and
MdoD SPs

We next assessed the export of the four constructs by fractionating
cell samples into the cytoplasm (C), periplasm (P), and medium (M) to
discover where and how in the cell or medium this protein was
targeted in the presence of CyDisCo. The experiments were carried
out in both a standard BL21 strain and the BL21 TatExpress strain
which has been engineered for higher levels of Tat-dependent export
(Browning et al., 2017). We reasoned that if the AmiC-YebF and
MdoD-YebF constructs were exported primarily by Tat, we might
observe higher levels of export in the TatExpress cells, if the export
was limiting, as observed with hGH (Browning et al., 2017; Guerrero
Montero, Richards, et al., 2019), and that total yields might increase if
the AmiC or MdoD SP would act similar to the TorA SP and target
non-exported protein for degradation.

The control experiment showed that YebF when expressed
without an SP, remains in the cytoplasm when expressed in both
BL21 and BL21 TatExpress (Figure 2; lanes “C” denote cytoplasmic
fraction; “X” denotes TatExpress cells in this and subsequent Figures).
No YebF was visible in the periplasm (Figure 2 lanes P, PX). IMAC
purification of the protein from fractions confirmed the cytoplasmic
localization (lanes denoted “Purification”), with a small amount of
YebF being purified from the medium, most likely due to cell lysis.

Since YebF without a signal sequence could be efficiently folded
by CyDisCo but was retained in the cytoplasm, we then examined if
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FIGURE 2 Expression of YebF control without SP in BL21 and
BL21 TatExpress cells with CyDisCo. Coomassie-stained Criterion™™
TGX gel of cytoplasmic, periplasmic fractions and medium samples
and purifications (C, P, M) from BL21 and BL21 TatExpress cells (CX,
PX, MX) expressing YebF without SP (marked as “YebF”). Samples
were collected after 24 h of growth in terrific broth-based
autoinduction media at 30°C in shake flasks and processed
immediately. Samples from the same subcellular fraction are
comparable between strains, but not between different subcellular
compartments. Cytoplasm was diluted in 750 uL buffer. Periplasm
was diluted in 400 uL buffer. For all medium samples, a 5 mL culture
was recovered. Purifications of all cell fractions and medium are
comparable among fractions and among strains. Some POl is visible in
medium purification probably due to cell lysis. The representative gel
from triplicate experiments is shown.

YebF could be exported to the periplasm and, if so, whether this
export was increased in TatExpress cells when using the AmiC-,
MdoD- and TorA SPs (Figures 3 and 4). The constructs were
expressed in BL21 and BL21 TatExpress and the cells fractionated
into cytoplasm, periplasm, and medium (C, P, M) with YebF purified
by IMAC in the “Purification” panels.

In both constructs and strains, the periplasmic fraction is
relatively clean of cytoplasm cross-contaminants as judged by the
low levels or absence of major cytoplasmic proteins. Importantly,
YebF was the most abundant periplasmic protein after expression
of AmiC-YebF and MdoD-YebF, even in standard BL21 cells,
and its abundance increased significantly in TatExpress cells
(Figure 3a,b lanes PX). IMAC purification of YebF confirmed that
the export of both proteins is particularly efficient in TatExpress
cells. Purification from the cytoplasmic fractions showed a very

faint duplex band for AmiC-YebF and a slightly more prominent
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FIGURE 3 Export of AmiC- and MdoD- YebF in BL21 and BL21 TatExpress cells with CyDisCo. Coomassie-stained Criterion™ TGX gel of
cytoplasmic, periplasmic fractions and medium samples and purifications (C, P, M) from BL21 and BL21 TatExpress cells (CX, PX, MX) expressing
AmiC-YebF, MdoD-YebF, and TorA-YebF (marked as “-YebF” and “SP-YebF”). Samples were analyzed after 24 h of growth in terrific broth-based
autoinduction media at 30°C in shake flasks. (a) AmiC-YebF fractionation and purification of BL21 and BL21 TatExpress cells for comparison.
(b) MdoD-YebF fractionation and purification of BL21 and BL21 TatExpress for comparison. Samples from the same subcellular fraction are
comparable between strains, but not between different subcellular compartments. Cytoplasm was diluted in 750 uL buffer. Periplasm was
diluted in 400 uL buffer. Purifications of all cell fractions and medium are comparable among fractions and among strains. For all medium
samples, a 5 mL culture was recovered. The representative gel from triplicate experiments is shown.

duplex for the MdoD-YebF construct, which probably represent
the SP- and mature forms of YebF. In purifications from periplasm
fractions, only the mature form was seen for both constructs.
In purifications from the media again the duplex was observed for
the MdoD-YebF construct, consistent with some of the protein in
the media deriving from cell lysis as per the control YebF without a
SP (Figure 2). For both proteins, but in particular, for MdoD-YebF
the total amount of YebF observed increased in TatExpress cells
(Figure 3b), suggesting that like the TorA SP, nonsecreted YebF
retaining the SP might be targeted for degradation in the
cytoplasm (a process which will probably be SP, strain, media,
and protein-dependent).

To compare the efficiency of the export of these two newly
proposed Tat-specific SPs to the well-characterized TorA SP, TorA-
YebF was also expressed in BL21 and BL21 TatExpress, and the cells
fractionated into cytoplasm, periplasm, and medium (C, P, M) with
YebF again purified by IMAC in the “Purification” panels. YebF was
also exported to the periplasm and to the medium (Figure 4). While
YebF protein was again the most abundant protein in the periplasm,
indicating efficient Tat-dependent export, it was considerably less
than for the MdoD- or AmiC-SP constructs (Figure 1 and compare

Figure 3 vs. Figure 4). Since the TorA SP is reported to be highly
Tat-specific (Tullman-Ercek et al., 2007), this export must be by the
Tat pathway, which in turn means that the DSB-ed protein is being
exported.

Together, the results suggest a very efficient export by the Tat
pathway to the periplasm, which was higher for AmiC-YebF and
MdoD-YebF compared with TorA-YebF. In addition, purified yields
of YebF from the medium fractions were high. This may come
partially from lysis but probably arises mainly from the translocation
of YebF from the periplasm to the medium by an unknown
mechanism (Zhang et al., 2006).

3.3 | Examination of Tat-dependence

The CyDisCo dependency for AmiC-, MdoD-, and TorA-YebF folding
and export (Figure 1) and the enhancement of export to the
periplasm in TatExpress cells (Figure 3), both are consistent with
the hypothesis that the predominant pathway used for all three
constructs must be Tat, as Sec will only transport proteins in an

unfolded state.
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FIGURE 4 Export of TorA-YebF in BL21 and BL21 TatExpress cells
with CyDisCo. Coomassie-stained Criterion™ TGX gel of cytoplasmic,
periplasmic fractions and medium samples and purifications (C, P, M)
from BL21 and BL21 TatExpress cells (CX, PX, MX) TorA-YebF (marked
as “-YebF"). Samples were analyzed after 24 h of growth in terrific
broth-based autoinduction media at 30°C in shake flasks. Samples from
the same subcellular fraction are comparable between strains, but not
between different subcellular compartments. Cytoplasm was diluted in
750 pL buffer. Periplasm was diluted in 400 pL buffer. Purifications of all
cell fractions and medium are comparable among fractions and among
strains. For all medium samples, a 5 mL culture was recovered. The
representative gel from triplicate experiments is shown.
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To examine this further, we expressed our constructs in a strain
(ATat) that lacks the tatABCDE genes that encode the Tat apparatus.
In this strain, any periplasmic export must be via Sec. ATat is a
relatively fragile strain that tends to lyse more easily than wild-type
strains in many growth conditions, has a higher level of proteases, is
difficult to subfractionate, and is more sensitive to stress (Harrison
et al., 2005; Sargent et al., 1998).

To minimize cross-contamination between fractions, cells were
grown in a rich medium that only resulted in low-density cultivation
and induced for short times before harvesting. This resulted in lower
levels of protein expression and hence WB analysis, using an
antibody against the C-terminal his-tag, was used to examine the
subcellular localization. Analysis of medium samples suggested very
low levels of lysis in these growth conditions (Figure 5).

While no protein was observed for TorA-YebF under these
conditions, whether CyDisCo was expressed or not, consistent with it
being a poor signal sequence, strong bands were observed for both
AmiC-YebF and MdoD-YebF when CyDisCo was present. These
bands were observed only in the spheroplast fractions and not in
the periplasm or media fractions, consistent with our hypothesis that
the export of YebF is predominantly via Tat.

While AmiC-YebF appears to be completely CyDisCo dependent
under these expression conditions (similar to the strong CyDisCo-
dependence observed in Figure 1), MdoD-YebF shows less CyDisCo-
dependence than observed in the previous expression conditions
(compare Figure 5 and Figure 1). This effect may arise from the
solubilization of folding intermediates promoted by fusion partners
(including potentially SPs), with different fusions resulting in different
solubilization effects and/or degradation rates. The differences
observed between experiments (Figure 5 and Figure 1) may arise

from differences in expression conditions (media and time of

AmiC-YebF MdoD-YebF TorA-YebF
P Sph Media P Sph Media P Sph Media
CyDisCo - + - + - + CyDisCo - + - + - + -+ -+ -+
55
i -55 19350_-
- 43 55-
ok -34 43-
34- o
-26 26-
- - 7 17- "
= a
N 10 10-

FIGURE 5 Expression of YebF SPs constructs in ATat strain with and without CyDisCo. western blot analysis of 15% SDS-PAGE gel of
periplasmic (P), spheroplast (Sph) fractions, and medium (M) samples expressing YebF SP constructs. Samples were analyzed 2 h postinduction
(50 uM IPTG) in LB media at 30°C in shake flasks. Samples from the same subcellular fraction are comparable between strains, but not between
different subcellular compartments. Spheroplast was diluted in 750 uL buffer. Periplasm was diluted in 400 pL buffer. For all medium samples,
500 plL culture was recovered. Note the different SDS-PAGE gel type results in different mobilities c.f. Figures 1-4. LB, lysogeny broth;
SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis; SP, signal peptide.
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induction) or cells (including higher levels of proteases in ATat cells)

or the very different levels of protein produced.

3.4 | YebF control and SP-YebF constructs are
folded and correctly cleaved from SPs in the
periplasm and media

A final experiment to verify the folding and the correct cleavage of
the SPs of the constructs in the periplasm and medium was carried
out by subjecting the purified proteins to ESI-Mass Spectrometry.
The theoretical monoisotopic molecular weight for oxidized (Miheorox)
YebF with no SP purified from the cytoplasm is 12,937 Da and we
observed an experimental molecular weight (Mey,) of 12,985 Da,
which showed a difference of 48 Da (see Table 2). The Mineorox Of
AmiC-YebF purified from the periplasm and medium is 12,506 Da
and we observed an M., of 12,538 Da, which showed a difference of
32 Da. For MdoD-YebF purified from the periplasm and medium, the
Miheorox is 12,509 Da and we observed an Me,,, of 12,541 Da, which
also showed a difference of 32 Da. For TorA-YebF purified from the
periplasm and medium, the Miheorox is 12,320 Da and we observed an
Meyp of 12,352 Da, which also showed a difference of 32 Da. Overall,
analysis by ESI-MS confirmed that YebF purified from the cytoplasm
(in the YebF no SP construct only), periplasm, and medium had the
expected molecular weight, consistent with the cleavage of
the respective SP when the POl is exported from the cytoplasm to
the periplasm and its two cysteines form of a disulfide bond. The
presence of free cysteines in the constructs was further evaluated by
treating the samples with NEM before mass spectrometric analysis.
NEM-trapped samples would be expected to show an addition of
125 Da in the molecular weight of the protein for each free cysteine
modified. None of the samples analyzed showed any increase in the
mass after NEM treatment, implying that none contained free thiols
(Nguyen et al., 2011; Saaranen et al., 2010). The change of mass of
48 Da (for YebF no SP) and 32 Da for the other three constructs are
due to the oxidation of methionine in the purified proteins (three and
two oxygen molecules, respectively). The handling, time of storage,
and/or repeatedly freeze-thawed, were responsible for this phenom-
enon (Grassi & Cabrele, 2019) (Table 2).

4 | DISCUSSION

E. coli production platforms are extensively used for the production
of biotherapeutics, but current platforms have limitations in terms of
the types of protein that they can handle. Typically, target proteins
are refolded from inclusion bodies or targeted to the periplasm where
they fold to a native state, the latter being the less time-consuming
and labor-intensive approach (Bhatwa et al., 2021). Tat-based
platforms offer significant advantages for the production of some
molecules, but the system has not been validated using a wide range
of proteins, especially proteins that require disulfide bonding to fold
correctly, and there is a clear need to find an alternative to TorA as

the commonly used Tat specific SP. The vast majority of export
studies by the Tat pathway have been carried out using the TorA SP
although it is known that it can cause POl degradation in the
cytoplasm (Blaudeck et al., 2003) and inclusion body formation (Jong
et al., 2017). The TorA SP has been shown to export a small number
of proteins with high efficiency, but none of these examples required
disulfide bonding to occur in the cytoplasm before translocation by
Tat (Alanen et al., 2015).

Here, we set out to compare the export of YebF to the periplasm
of E. coli via the Tat pathway with different SPs: the AmiC and MdoD
SPs have been reported to be able to go through both the Sec and
Tat pathway (Tullman-Ercek et al., 2007) whereas the TorA SP is
reported to be Tat specific.

We examined the export to the periplasm (and medium) of YebF
with different SPs in the presence and absence of CyDisCo which is
required for YebF to efficiently reach a native state in the cytoplasm.
In wild-type cells, YebF was exported to the periplasm and medium
by the classical Tat SP TorA, but yields were relatively low—as is
often reported for this SP. The use of TatExpress cells increased
export to the medium, while no YebF could be observed in a ATat
strain, as expected with an SP that cannot target proteins through the
Sec pathway.

Generally, the results for AmiC SP and MdoD SP mirrored those
of the TorA SP, with two exceptions. First, the periplasmic and
medium yields of YebF in wild-type and TatExpress cells were far
higher than for TorA, that is, they appeared to be much more
efficient SPs. Second, using WB analysis in ATat cells protein could
be detected and was only observed in the spheroplast fraction
without showing any export to the periplasm or media. While this
implies that both SPs are Tat-specific under these expression
conditions, we do not believe that either is completely Tat-specific.
Rather we believe that while Tat is the normal/predominant
secretion pathway for the AmiC and MdoD SPs, Sec-dependent
secretion can occur. The trigger for promiscuity for SPs is not
known, nor is the potential link between promiscuity and the
protein being exported (or how efficiently it folds).

The choice of the POI for this study was not arbitrary. Apart
from the desired CyDisCo dependency of the protein of choice,
YebF is an intriguing POl. YebF with its native SP is used as a
“passenger” protein linker to export transgenic proteins to the
medium by an unknown mechanism. This discovery gives the
possibility of linking more disulfide-bonded difficult-to-express
proteins to these two efficient and Tat-dependent SPs for easy
recovery in the extracellular medium, assuring the correct folding
with CyDisCo of the target protein and a maximized yield when
using TatExpress cells.

In conclusion, the AmiC and MdoD SPs appeared to allow
efficient secretion of a disulfide bond containing protein from the
cytoplasm of E. coli via Tat. While these signal sequences may not be
completely Tat-specific, the data suggests the majority of the YebF is
exported viaTat. As they are far more efficient than the TorA SP, they
are probably more suitable for large-scale protein production than

the reportedly more rigorously specific Tat-SP.
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