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(M V) e, Mass per volume

(VD) e, Volume per volume

[§7A%1 1) TS Volume gas per volume of liquid per minute
ADP...oooiieeeee Adenosine diphosphate

AL i Staphylococcus aureus quorum sensing system
AMP.eviiiiiiiieiieieeieee Ampicillin

ANOVA ..., Analysis of variance
AP Alkaline phosphatase

AU i, Arbitrary unit

AT oo Alpha toxin

BAP ... Biofilm associated protein

BB .o, Backbone

BCIP...oooiiiie 5-bromo-4-chloro-3-indolyl phosphate
BSA .. Bovine serum albumin
BY-2.oiiiieeee, Bright Yellow 2

CFCA ..o, Calibration-free concentration analysis
CaMV. ..o, Cauliflower mosaic virus

CDR ..oviiiiecee Complementarity-determining region
CFU ..o Colony forming unit
CHAPS.....ooie, 3-[(3-cholamidopropyl)dimethyl ammonio]-1-propane sulphonate
CHO ..coeiiiiieces Chinese hamster ovary
CHS...oooeeee, Chalcone synthase

CV e, Coefficient of variation

CVo tteeireeereeenreeeseveeeeneeeanees Cultivated variety

[« USRS Days

Da.iiie Dalton

DNA ..o, Deoxyribonucleic acid

ANTP .o, Deoxynucleoside triphosphate

DOE ... Design of experiments

DOT .o, Dissolved oxygen tension

4| o) SR Days post infiltration
DspB....oooiieeieeeee Dispersin B
EDC...covveeeeeeeeee 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDTA oo Ethylenediaminetetraacetic acid
ELISA oo, Enzyme-linked immunosorbent assay
EP oo Polysorbate-20 (Tween-20)

EPS. e, Exopolysaccharides

ERu oo, Endoplasmic reticulum
Fab..ooooioieeeee Fragment antigen binding
FCa Fragment crystalisable

FPLC ..o Fast protein liquid chromatography
SRR Gravitational force equivalent

GA .o, Gibson assembly
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(€32 SRR Protein G B1 domain

GF oo, Glass fiber

B Hours

HCl oo Hydrochloric acid

HBS . HEPES-buffered saline
HEPES......ccooieiee 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HiS oo Histidine

IC50 i, Half-maximal inhibitory concentration

I8G i, Immunoglobulin G

IL e, Interleukin

IMAC....coiiieieeee, Immobilized metal affinity chromatography
KD o Kilobase

KDEL ....oooiieeiieeieeeee ER retention signal from the chaperone protein grp78
KISIA ..o Vacuolar targeting signal

LB o Lysogeny broth

LDS. e Lithium dodecylsulfate

LPH. oo, Leader peptide sequence of heavy chain from murine mAb24
| DI D 2R Least significant difference

LysK-L oo Fusion protein of LysK and lysostaphin

MAD v Monoclonal antibody

MOPS ..o 3-(N-morpholino) propane sulphonic acid
MES ... 2-(N-morpholino)ethanesulfonic acid

MERS ... Middle East respiratory syndrome coronavirus
MRNA......oiie, Messenger ribonucleic acid

MRSA ..., Methicillin-resistant Staphylococcus aureus
MS e, Murashige & Skoog salts

MWCO ..o, Molecular weight cut-off

MVA .o, Multivariate data analysis

T et Not applicable/not available
NaOH....cooooiiiiiiieiees Sodium hydroxide

T1.Suuiieeireereeniee e Not significant

NBT .o, Nitroblue tetrazolium

NHS .o N-hydroxysuccinimide

NTU .o, Nephelometric turbidity units

OD600nm v veevvveeenereeerireerireenns Optical density at 600 nm

1030157 o2 S Tobacco mosaic virus omega prime sequence
Pa ., Pascal

PAGE....ccooiiiiiiiii Polyacrylamide gel electrophoresis

PAMA4 ., Plant peptone Agrobacterium medium 4

PBS ., Phosphate buffered saline

PBS-T oo PBS with Tween-20
PCP.oooieeeeeeeeeee Plant cell pack

PCR..cooieeeeeeee Polymerase chain reaction
PEG...oooiiiiieeeeeee Polyethylene glycol

PNAG ..o Poly-B-1,6-N-acetyl-d-glucosamine
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PPK oo, Polyphosphate kinase

PRSA. ..o, Penicillin-resistant Staphylococcus aureus
PHooooiiee Negative decadic logarithm of H+ concentration
Pl Isoelectric point

PID oo Proportional, Integral, Derivative

PTM .o, Post-translational modification

QbD i, Quality by design

OCS i, Transit peptide from Solanum tuberosum RuBisCO small subunit
RC .o, Regenerated cellulose

RE ., Restriction endonuclease

TP e, Red fluorescent protein (DsRed)

150) 10 RO ORURRTR Revolutions per minute

RU o Response units
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I. Introduction

.1 Infectious diseases

Emerging and re-emerging infectious diseases represent a major threat to human health and
recent examples include the outbreak of severe acute respiratory syndrome coronavirus (SARS-
CoV) in 2003, HINI influenza virus in 2009, Ebola virus in 2013, Zika virus in 2015 and
Middle East respiratory syndrome coronavirus (MERS-CoV) in 2018 [1]. Many of these
diseases have the potential to cause an epidemic or even a pandemic [2]. The latest example is
the SARS-CoV-2 pandemic, accounting for > 6 million reported deaths worldwide (August
2021 [3]) and an estimated global death toll of 18.2 million (as measured by excess mortality
[4]). Because of demographic changes [1], evolving resistance mechanisms [5] and stagnating
innovation during pharmaceutical development [6], infectious diseases will likely pose an even
bigger threat to human health in the foreseeable future. Antimicrobial resistance is one of the
greatest future threats to human health and has been estimated to hit a global death toll of 10
million and a global economic loss of $60 trillion in 2050 [7, 8]. One of the most prevalent
antibiotic-resistant pathogens is methicillin-resistant Staphylococcus aureus (MRSA), causing

tenfold more infections than all multidrug-resistant gram-negative pathogens combined [9].

1.1.1 Methicillin-resistant Staphylococcus aureus

1.1.1.1 Adaptability of S. aureus to antibiotics

S. aureus 1s a Gram-positive, nonmotile, coagulase-positive bacterium that colonizes ~30% of
the human population persistently and ~60% transiently [9]. Whereas most individuals are
asymptomatic carriers [10], S. aureus can cause severe infections when host immunity is
impaired or when the skin epithelium is breached, for example through wounds [11, 12].
Antibiotic resistance in S. aureus was first described in the 1940s, when penicillin-resistant
S. aureus (PRSA) emerged [13]. Since then, S. aureus has acquired resistance to nearly all
antibiotics used to control it [14]. MRSA was first reported in 1961, only two years after
methicillin had been introduced to treat infections with PRSA [15]. Resistance of S. aureus to
the glycopeptide antibiotic vancomycin (VRSA) was first reported in 1996 in Japan, only 5
years after vancomycin had been introduced there [16]. The mechanisms that confer resistance
to the above antibiotics are diverse. For example, resistance to penicillins is conferred by the -
lactamase BlaZ, which can be encoded either chromosomally or on a plasmid [17, 18]. Broad
spectrum resistance to [-lactam antibiotics other than penicillins is conferred by the
transpeptidase PBP2’ encoded by the mecA gene, which is located on a mobile genetic element

known as Staphylococcal Cassette Chromosome mec (SCCmec [19]). At least 11 SCCmec types
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have been identified to date, all carrying different repertoires of resistance genes [19, 20]. In
addition to resistance to B-lactam antibiotics, some SCCmec types also carry resistance genes
for non-B-lactam antibiotics [21]. Deviating from resistance to f-lactam antibiotics, resistance
to vancomycin is conferred by a thickened peptidoglycan layer, which prevents vancomycin
molecules from reaching the cytoplasmic membrane [22]. In addition to specific antibiotic
resistance, non-specific antibiotic resistance also plays a role in S. aureus infections and is

facilitated by the formation of biofilms [23].

1.1.1.2 S. aureus biofilms

Biofilms are immobile microbial communities that are embedded in an extracellular matrix
[24]. The extracellular matrix represents a diffusion barrier for anti-microbials [25] and
provides additional resistance to host immune effector mechanisms such as phagocyte attacks
as well as external threats such as UV light [26, 27]. Major building blocks of S. aureus biofilms
are exopolysaccharides (EPS), proteins and nucleic acids [28]. The main EPS in S. aureus
biofilms is poly-f-1,6-N-acetyl-d-glucosamine (PNAG). PNAG plays a crucial role during
establishment and persistence of biofilms [29, 30] and > 90% of S. aureus strains produce
PNAG [31]. Important protein components in S. aureus biofilms are fibronectin binding protein
and biofilm associated protein (BAP), which facilitate intracellular adhesion and attachment to
biotic and abiotic surfaces [32, 33], as well as amyloid fibers, which provide resistance to
surfactants [29]. External DNA stabilizes biofilms, but can also act as a gene pool for horizontal

gene transfer in biofilms [34].

1.1.1.3 S. aureus virulence factors and anti-virulence therapies

Pathogenicity of S. aureus is facilitated by a vast arsenal of virulence factors, including toxins,
immune-evasion factors as well as protein and non-protein factors that facilitate host
colonialization [26]. Expression of virulence factors is tightly regulated, for example through
the quorum sensing system Agr, which delays expression of virulence factors during early
infection to prevent an immune response and upregulates expression upon reaching a certain
cell density threshold [26].

A major virulence factor in the context of immune evasion is Staphylococcal protein A (SpA),
which binds to conserved fragment crystallizable regions (F. regions) of immunoglobulin G
(IgG), thereby producing a camouflage coat of Igs on the cell surface and impeding
phagocytosis by macrophages [26, 35-37]. Additionally, SpA acts as a B-cell superantigen
through binding to the fragment antigen-binding region (Fa» region) of IgG, causing B-cell
apoptosis [26, 36].

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



I. Introduction page 3

The most important S. aureus toxin is probably alpha toxin, also termed alpha hemolysin or Hla
[26, 38]. Alpha toxin forms heptameric membrane-spanning pores upon insertion into
eukaryotic cell membranes, thereby inducing cell lysis through leakage and influx of ions (e.g.
calcium) and macromolecules [39, 40]. Targets for alpha toxin in the human body include
endothelial cells, monocytes and platelets [41].

Host invasion and colonialization by S. aureus is facilitated by a group of surface-anchored
proteins referred to as microbial surface components recognizing adhesive matrix molecules,
which specifically bind to extracellular components of host tissues [42]. Prominent targets for
these proteins include fibrinogen, fibronectin and collagen [43].

Because antibiotics become less and less effective, novel approaches for treatment of S. aureus
infections have begun to target the virulence factors as well as the quorum sensing system
discussed above [26]. A recent example are monoclonal antibodies directed against S. aureus
alpha toxin, which is highly conserved in many S. aureus strains and toxic to a broad range of
mammalian cells [44]. However, despite these advances no effective vaccine that protects
against S. aureus is available to date [45]. Similarly, only two new classes of antibiotics, namely
oxazolidinone and lipopeptides have reached the clinic in the last 50 years [46], which has been
frequently cited as an example for a stagnating innovation during the development of new
pharmaceuticals [6]. Stagnating innovation is diametrical to the emerging challenges discussed
above, thus emphasizing the need to improve the current situation during development of new

biopharmaceuticals.

1.1.2 Challenges during development and supply of new drugs

1.1.2.1 Challenges during biopharmaceutical development

The development of new pharmaceuticals requires high investments (> $2.6 billion) as well
long development times (~10 years) until approval of a new drug [47]. Despite improvements
through the implementation of quality by design (QbD) strategies [48], the success rate during
pharmaceutical development (defined as moving a drug from phase 1 to approval) is still low
in the clinical stage, i.e. 6.2% for orphan drugs (treatment of rare diseases) and 13.8% overall
[49]. In the preclinical stage, the failure rate is even higher, i.e. ~99% [6, 50]. The low success
rate in combination with high investments and long development times have recently been
named among the leading causes for a currently observed stagnation of innovation throughout
the entire pharmaceutical sector [51].

In the preclinical stage, the low success chance during development of new biopharmaceuticals
has conventionally been addressed by employing high-throughput techniques [52]. For

example, advances in automation, miniaturization and data handling gave rise to high-
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throughput screening techniques that can process 50,000 — 100,000 samples per day, as well as
ultra-high throughput screening techniques that can process up to 1,000,000 samples per day
(small molecules tested against biological targets [52, 53]). However, a paradigm shift from a
pure numbers game to a smart selection, i.e. the early elimination of drug candidates that are
likely to fail during development has begun [54-56]. This approach offers multiple advantages:
First, costs and development times can be reduced by narrowing down the number of potential
candidates that have to be screened [57]. Second, resources can be saved by sorting out product
candidates that fail late in the development process, considering that late phases (i.e. clinical
phases II and III) have the greatest impact on per launch costs [58]. Third, research times can
be reduced, considering that the clinical phases II and III are the longest phases (~2.5 years
each) in the drug development process [58].

Statistical data analysis techniques that accelerate the development of biopharmaceuticals
include multivariate data analysis (MVA) and statistical design of experiments (DoE), as well
as combinations thereof [59]. The central concept of MV A is to simplify the extraction of useful
information (e.g. trends or extreme values) from collected data, considering that researchers are
confronted with increasingly large and complex datasets [59]. Examples for MV A tools used
during the development of biopharmaceuticals include principal component analysis, principle
least square regression or decision trees [59, 60].

The central concept of DoE is to identify causal effects by investigating multiple potential
causes simultaneously, rather than investigating potential causes separately by varying only one
variable at a time, which is the conventional approach [61]. DoE can thereby reduce the costs
and time required for experiments up to 75% compared to the conventional approach [62]. The
statistical methods used to analyze experimental data generated with a DoE approach are linear
regression and analysis of variance (ANOVA) [63].

The relationship between the experimental response and multiple independent variables is
modeled as multiple linear regression (Equation 1). Regression coefficients in the model are
estimated by the least squares method, i.e. regression coefficients are fit to minimize the

distance between the model and experimental data.
Y = Bo + Bixy + Baxy + Prpxix2 + € Equation 1 [64]

Where y represents the response (dependent variable), f represents the expected change of the
response per unit change of the input variable (regression coefficient), x represents an input
variable and ¢ accounts for all effects not included in the model, including noise. The term

[S1.2x1x2 represents a two-factor interaction.
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The value of a regression coefficient does not allow to draw a conclusion about the significance
of the relationship between input variable and response. Instead, ANOVA is used to test
whether a variable has a significant influence on the response by comparing the variation
resulting from changes in that variable to changes resulting from noise. Based on the identified
significant influence factors, the value of the response can be estimated from input variables

(Equation 2).
Yy = § = by + byXy + byxy + by px1x; Equation 2

Where y represents the observed value, y represents the value predicted by the model, by
represents the intercept (x = 0), b; represents the slope and x represents an input variable. The

term b2 x; x> represents a two-factor interaction.

Different design types are used depending on the experimental purpose: Screening designs are
used to identify the main influence factors out of many potential influence factors as well as
their interactions [65]. Response surface methodology is used to make an accurate estimate of
the quantitative impact of identified influence factors on the response, provided a sufficient
number of experiments [65]. Both design types have been successfully applied to various
challenges during pharmaceutical development, including medium optimization, formulation

development or drug release [60, 66]

1.1.2.2 Challenges during biopharmaceutical supply

In addition to the development of new pharmaceuticals, production capacities must exist to
supply the latter, ideally on a global scale to efficiently fight emerging diseases. For example,
increasing the global production capacity of SARS-CoV-2 vaccines from ~3 billion to ~4 billion
courses per year has been estimated to reduce the time required to achieve a global vaccination
rate of ~70% by more than 4 months, thereby preventing financial losses of ~$1 trillion [67].
However, the rapidly spreading SARS-CoV-2 pandemic has demonstrated that production
capacity for recombinant proteins become scarce in emergency scenarios because
manufacturing of other drugs and diagnostics cannot be stopped or delayed [66, 68, 69],
resulting in unequal vaccine distribution at the expense of developing countries [70]. Even
though novel nucleic acid-based vaccination strategies allow a rapid response to emerging
diseases, maintaining cold-chains (e.g. -70°C) is a major challenge for the global distribution
of nucleic acid-based vaccines [71]. In contrast, protein-based vaccines require less stringent
cold chains and are therefore important especially in resource-limited countries [72].

Aside from the pandemic, capacity bottlenecks for manufacturing of biopharmaceuticals
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become more likely in the future, considering that market size and product range are growing
faster than the production capacity [73], and that existing production capacity is often bound
by existing products that cannot be discontinued [74]. Similarly, production capacity controlled
by contract manufacturing organizations, who can react more quickly to new demands due to a
flexible business model is often booked out years in advance [74]. Therefore, to sustain the
growing demand for biopharmaceuticals in the future, flexible production capacity is desirable
[73]. Plant-based production platforms can complement established platforms, for example
with emergency response production capacity in the context emerging diseases [74]. This
additional capacity would be particularly useful in developing countries by eliminating the

requirement for cold chains [69, 70].

|.2 Plant-based production of biopharmaceuticals

The global market for biopharmaceuticals was about $240 billion in 2019 and showed an
expected compound annual growth rate of 14.2% [75]. The majority of biopharmaceuticals are
recombinant proteins, predominantly antibodies corresponding to 65.6% of total sales (2018,
[75, 76]) and vaccines corresponding to ~14.5% of sales (2015, [77]). To date, recombinant
proteins are mainly produced in prokaryotes and mammalian cells [78, 79]. Specifically, E. coli
is favored for the production of simple proteins that do not require complex post translational
modifications, whereas mammalian cells such as Chinese hamster ovary (CHO) or murine
myeloma cells are preferentially used for the production of glycoproteins such as antibodies
[78, 79]. Plant-based expression systems do not yet hold a significant share of the global protein
production capacity (< 1% of the capacity of mammalian cell bioreactors [78]), but offer several
unique features compared to prokaryotes and mammalian cells that make them attractive in
market niches such as animal-free production or rapid response to emerging diseases [74, 78,

80, 81].

1.2.1 Unique features of plants compared to dominant hosts

The dominant prokaryotic host for recombinant protein expression, E. coli cannot naturally
carry out complex post translational modifications (PTMs) such as glycosylation or the
formation of disulfide bonds [82, 83], which are often crucial for biological activity and suitable
pharmacokinetics of recombinant therapeutic proteins [83, 84]. In contrast, plant-based
expression systems are able to perform the PTMs required for recombinant pharmaceutical
proteins [82—84] and offer additional flexibility because target proteins can be directed to
different cell compartments, which differ in their ability to carry out PTMs [85, 86]. For
example, chloroplasts have a bacterial origin and are not capable of glycosylation or the
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formation of disulfide bonds [87], whereas glycosylation is enabled when directing a target
protein to the secretory pathway [84]. Moreover, plant-based expression systems can be used
to produce anti-microbials, which can be problematic for prokaryotic hosts due to their toxicity.
In addition to targeting with signal sequences the use of compartment-specific promotors can
further help to avoid toxicity in the plant host [88]. A potential concern in prokaryotic
expression systems are endotoxins. However, this concern can also apply to transient expression
in plants, when relying on prokaryotes to deliver a transgene into plants.

Compared to mammalian cell culture, which requires expensive (>$100 L) media [89],
upstream production costs are low in plant-based expression systems, because they only require
light, water and inexpensive (< $0.01 L' [90]) fertilizer for cultivation [86]. Specifically, the
cultivation costs of plants account for only 2 — 10% of the costs of microbial fermentations and
< 0.01% of the cost of mammalian cell cultures depending on target protein and yield [89-91].
Moreover, plant-based expression systems can react more flexible towards changing demands
then mammalian cell culture, because no new infrastructure has to be constructed [74].
Additionally, plant-based expression systems can be used for the expression of toxic products
such as immunotoxins (i.e. antibody fragments linked to a toxin), which are emerging as new
tools for cancer therapy, but can be problematic in mammalian hosts due to the toxin component
[81, 92-94]. Unlike mammalian cells, plant-based expression systems neither support the
replication of human pathogens, nor do they require animal-derived components such as serum

[95, 96], and are thus thought to offer a better safety profile [97, 98].

1.2.2 Plant molecular farming

The production of recombinant proteins in plants is referred to as molecular farming and aims
to utilize the protein itself instead of traits the recombinant protein confers to the plant host
[99]. Plants are interesting platforms for recombinant protein production, because high biomass
yields of ~500,000 kg haly™! (tobacco [100]) can be combined with high product yields of up
to ~6 g kg'! [101]. Different plant hosts are available for recombinant protein production, for
example N. benthamiana, N. tabacum, cereal crops as well as cell lines derived thereof [87,
102]. Cereal crop such as maize (Zea mays), rice (Oryza sativa) and barley (Hordeum vulgare)
are widely used production hosts, because their seeds can act as self-contained bioreactors that
protect the product [87]. N. benthamiana can provide high biomass yields (~30% of tobacco
[103]) in a scalable manner and is susceptibility to plant viruses due to a defective form of
RNA-dependent RNA polymerase [104, 105], thus facilitating the use of viral expression
vectors. N. tabacum (tobacco) is an excellent production host, because it is well characterized,

easy to manipulate with established transformation procedures [106, 107] and scalable through
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conventional agricultural practices [108]. Additionally, N. benthamiana and N. tabacum are
non-food and non-feed crops, thus minimizing the risk to contaminate food or feed chains by
spreading a transgene [109].

The two main expression strategies for production of recombinant proteins in plants are
transient expression and stably transformed transgenic plants. Stable transformed plants can be
established in approximately 4 — 6 months [105], whereas transient production processes can
be established in only 3 weeks, as demonstrated for an influence vaccine [110]. For generation
of transgenic plants, a transgene has to be integrated into the plant genome, followed by time
consuming selection of transformed cells [111, 112]. In contrasts, during transient expression a
transgene is not integrated into the plant genome and remains as episomal DNA in the plant cell
nucleus [113]. Transient expression is thus unaffected by chromosomal position effects [114],
which contributes to variability in stable plants [115]. Because transgene expression declines
after 2 — 3 days [114], the transient setup is best suited for short-term high-level expression
strategies.

Transient expression in plants has been mediated by (i) infiltration with the plant pathogen
Agrobacterium tumefaciens, (i1) with plant virus-based vectors and (iii) by combining plant
viruses with DNA delivery through Agrobacterium [116]. The first approach exploits the ability
of the tumor-inducing (Ti) plasmid (~200 kbp) of A. tumefaciens to transfer a part of the Ti
plasmid termed transfer DNA (T-DNA) into plant cells [117, 118]. This mechanism was refined
into a binary vector system by placing the virulence (vir) genes required for T-DNA transfer
onto one plasmid (the helper plasmid) and the T-DNA onto a separate plasmid, so that the latter
can be easily modified in E. coli [116]. Oncogenes were deleted from the Ti plasmid to prevent
the undesired formation of tumors (crown gall disease) in transformed plants. The
Agrobacterium system does not confer systemic expression of the foreign gene, but is
compatible with T-DNAs of ~150 kbp [119], and can be used to simultaneously deliver multiple
transgenes into the same cell (co-transformation), for example antibody heavy and light chains
[114].

Plant virus-based expression vectors exploit the ability of a viral sequence to spread from an
initially infected cell, allowing systemic expression of a transgene [120, 121]. Depending on
the strategy used for their engineering, plant virus-based vectors can be differentiated into full
virus vectors, and more recently developed deconstructed vectors [122]. In the former strategy,
a wildtype virus is modified to carry a heterologous sequence, which is then expressed in the
plant host. Safety concerns and instability of large (> 2.0 kbp) inserts led to the development of

deconstructed virus vectors [121, 123], where undesired or limiting functions are either deleted
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from a wildtype virus or they are moved to the plant host through genetic engineering [122]. In
this context also the viral movement proteins and coat proteins have been replaced with a gene
of interest, thereby relying on A4. tumefaciens for delivering deconstructed viral vectors into
plant cells [121]. The utilization of 4. tumefaciens to deliver virus-based vectors to plants is
termed agroinfiltration and allows high recombinant protein yields (up to ~0.7 mg g fresh
mass [124]) due to efficient transcription and/or replication in plant cells [116, 124]. Prominent
examples for deconstructed viral vectors are the MagnICON system or the geminiviral DNA

replicon system [124].

Table 1: Overview of plant-made biopharmaceuticals that were approved for use in humans.

Product and year Host Expression strategy Company
Elelyso (taliglucerase alfa) Daucus carota Transgenic cells in Protalix

for treatment of Gaucher’s (carrot) suspension culture Biotherapeutics
disease, 2012

CaroRx for prevention of N. tabacum Expression in transgenic ~ Plant

dental caries, discontinued® (tobacco) plants Biotechnology
ZMapp for treatment of N. benthamiana Transient expression in Mapp

Ebola virus, 2015° plants Biopharmaceutical
iBio-CFBO3 for treatment of ~ N. benthamiana Transient expression in iBio

systemic sclerosis, 2016° plants Biotherapeutics
Palforzia (AR101) for oral Arachis hypogaea Peanut flour produced Aimmune
immunotherapy of peanut using Good Therapeutics
allergy, 2020 Manufacturing Practices

CoVLP for COVID-19 N. benthamiana Transient expression in Medicago
vaccination, 2022 plants

@ approved as medical device, °

drug designation.

emergency compassionate approval for human use, ¢ received orphan

Despite the flexibility of plant-based expression systems, only a small number of
biopharmaceuticals derived from plants has so far gained regulatory approval for the use in
humans (Table 1). Economic constraints are probably the foremost cause currently limiting a
broader application of plant molecular farming, considering that companies are unlikely to risk

a large investment when regulatory approved alternatives are already established [86, 125].

1.2.3 Mitigation of constraints in plant molecular farming

To make plant expression platforms more economically competitive compared to established
hosts outside of market niches, low product yields, downstream processing costs and the lack
of regulatory approval need to be addressed in particular [68, 80, 86]. However, significant
progress has been made to overcome these limitations and plant molecular faming continues to

mature as a technology [80, 87].
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In the context of lacking regulatory approval, success stories such as taliglucerase alfa (Table
1) have cleared the way for novel plant-made biopharmaceuticals. More regulatory harmony
can be expected in the future, because plant molecular farming has begun to consolidate around
transient expression in N. benthamiana as well as stable expression in N. tabacum, crops and
cell lines derived thereof [87, 102]. The lack of operational large-scale production facilities (<
5 in the range of ~250 tons biomass per year [69, 74]) is currently being addressed through
ongoing construction processes worldwide [74, 87].

Whereas upstream production is already cost efficient in plants (I.2.1), downstream processing
can be further optimized to reduce production cost in plant-based production platforms [78, 80].
Downstream processing is challenging in differentiated plants, because plant tissue has to be
disrupted, thereby releasing particulate and soluble contaminants as well as host cell proteins
(HCPs) alongside the product [68, 126]. Particulate impurities can be efficiently removed with
depth filters, but filters have previously accounted for > 20% of the total production costs [127].
The combination of flocculants and cellulose-based filter aids has reduced these costs to < 5%
[127]. Several strategies have been developed that facilitate the removal of HCPs and/or bulk
water from plant extracts. One example is blanching of plant tissue, i.e. the incubation of intact
leaves in a ~60°C water bath, which allows to remove ~80% of HCPs before chromatography
[128]. The method has recently been refined to allow purification of a broader range of target
proteins [129]. Another example is the implementation of ultrafiltration/diafiltration, which
relies on membranes with a defined pore size to separate the target protein from HCPs and
remove bulk water before chromatographic purification [130]. Additional strategies that omit
the need to disrupt plant tissue are product secretion in plant cell suspension cultures [131] or
extraction of recombinant proteins from the apoplast by infiltration centrifugation [132].

A concern frequently raised in the context of plant-made recombinant proteins is non-human
glycosylation [133]. However, multiple glyco-engineered plant lines and plant cell cultures
have been engineered to address this problem [133—135]. This development has been further
accelerated by the release of CRISPR/Cas9 [133]. In some applications a non-human
glycosylation can also be advantageous [78]. A prominent example for a beneficial effect of
non-human glycosylation is the improved uptake of recombinant taliglucerase alfa (Elelyso) by
macrophages through vacuole-specific glycans [136]. In the context of vaccines, plant-specific
N-glycans can act as adjuvants and facilitate the uptake by antigen presenting cells [110].

A major limitation of plant-based expression systems is the often low (1 — 2% TSP) target
protein accumulation [137]. Product yields in plant cells are limited by the high vacuolar

volume (predominantly water) taking up the majority of the cellular space (> 95% in BY-2 cells
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[78, 138]). Reducing the cell’s water content, for example by increasing the medium osmolality
has therefore allowed to increase product yields (~20-fold [139]). In cell-free systems the
vacuole can even be entirely removed, which in combination with the removal of translation-
inhibiting substances, contributed to high productivities (~3 g L™! cell lysate [140, 141]). Post-
transcriptional gene silencing was proposed as another productivity-limiting factor, but has
been addressed in N. benthamiana through silencing suppression, which allowed a ~50-fold
enhanced target protein accumulation, corresponding to ~7% TSP [114]. Silencing can be
countered with different strategies, for example with the tombusvirus pl19 protein, which
sequesters small RNA duplexes and prevents initiation of the RNA silencing pathway [142].
However, silencing suppression with p19 is not yet possible in N. tabacum [143]. Beyond
cultivation and epigenetic, productivities in plant-based expression platforms can be further
increased by optimizing the transgene construct through screening for ideal combinations of

e.g. promotors, untranslated regions and signal sequences [137, 144].

1.3 High-throughput screening in plants

Increasing costs, research times and a low success rate during the development of new
biopharmaceuticals (I.1.2.1) emphasize the need for efficient high-throughput screening tools
to accelerate process development, especially in early stages [145, 146]. So far, high throughput
screening tools have been mainly described for prokaryotic expression platforms [147, 148],
which cannot carry out complex PTMs, thus limiting the range of target proteins that can be
expressed as discussed above (I.2.1). Mammalian cell cultures allow for complex PTMs, but
high sterility requirements complicate high-throughput applications [149]. Similar to
mammalian cell cultures, plant-based expression systems can carry out complex PTMs and
moreover allow heterologous protein expression within days [150] and under non-sterile
conditions [151]. However, compared to bacteria, yeast and mammalian cells [148, 152—-157],
few tools for high throughput expression screening are available in plants. High-throughput
screening tools that are of particular interest to overcome the design-build-test bottleneck in
plant-based expression systems span cloning, expression and quantification as well as

combinations thereof [158].

1.3.1 Automated cloning of vector libraries

The first step in high-throughput screening, namely generation of expression vectors,
represented a long-lasting bottleneck in molecular biology [159, 160], but fortunately several
high-throughput compatible methods for DNA assembly have become available by now. These
cloning methods can be classified into (i) restriction enzyme-based cloning, (ii) recombination-
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based cloning or (iii) ligation-independent cloning [161]. Cloning based on restriction enzymes
and DNA ligase has been used for more than four decades and is hence well established in many
laboratories. The technique is simple, efficient, universal and cost efficient, and since the
implementation of type IIS restriction enzymes a viable option for high-throughput applications
[161]. Specifically, type IIS restriction enzymes cleave DNA 1 — 20 base pairs (bp) away from
their recognition sequences [162], thus allowing to assemble DNA fragments without
introducing unwanted sequences, as well as one-pot restriction and assembly [163]. A
prominent example for restriction enzyme-based cloning with type IIS enzymes is Golden Gate
assembly [163].

Recombination-based cloning relies on site-specific recombinases to exchange DNA fragments
between vectors, without the need for restriction enzymes or ligase [161]. The implementation
of Seamless Ligation Cloning Extract, which uses bacterial cell extract as an alternative to
expensive commercial kits has facilitated the use of recombination-based cloning in high-
throughput settings [164]. A prominent example for recombination-based cloning is Gateway
cloning [161].

An alternative approach for cloning of expression vector libraries is ligation-independent
cloning, which relies on regions of homology (10 — 30 bp [165]) to assemble DNA fragments
that have been linearized by PCR or with restriction enzymes [166]. Complementary single-
stranded overhangs (cohesive ends) are generated on these DNA fragments by treatment with
an exonuclease. Annealing of DNA fragments is mediated by the cohesive ends and the
resulting DNA complexes can be directly transformed into E. coli without the need for in vitro
ligation [167], because nicks are repaired by host repair mechanisms [167]. Ligation-
independent cloning is simple, efficient [166] and compatible with high-throughput settings
[147, 165]. Examples for cloning methods that are based on ligation-independent cloning
include Gibson assembly, overlap extension cloning and In-Fusion cloning [161].
Standardization of workflows has led to increasing automation of the DNA assembly methods
discussed above, thereby improving their reliability and accuracy, and ultimately allowing more
complex projects [168, 169]. Cloning benchmarks that have been achieved by automating DNA
assembly with the help of liquid handling stations reach 500 — 1000 assembly reactions per day
at costs of < $3 [170]. However, cloning throughput has previously far exceeded expression
throughput in major plant-based expression platforms including Nicotiana spp., because of a
low transformation efficiency and large footprint [158]. Only now have technologies become
available in these platforms that allow expression of several hundred constructs per day [151,

171].
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1.3.2 High-throughput expression in plant cell packs

One example for a high-throughput expression tool in plants (N. tabacum) is a leaf disc-based
screening assay, which allows to conduct 14 Agrobacterium-mediated infiltration events in
parallel [137]. A screening throughput of ~500 (manual) — 2,500 samples (automated) per day
at costs of < $0.5 per sample is possible with so called plant cell packs, hereafter referred to as
PCPs [171]. PCPs are cast into 96-well plates by depriving plant cells from a suspension culture
of liquid medium, using filters with a cut-off size <40 um in combination with vacuum (50
kPa, 1 minute [171]) or centrifugation (1800 % g, 1 minute [151]). The resulting cell pellet is
infiltrated with recombinant A. tumefaciens containing vectors for transient protein expression.
After incubation for 30 minutes to several hours, surplus A4. tumefaciens cell suspension is
removed by vacuum or centrifugation and PCPs are incubated at 90 — 95% relative humidity
for 3 — 5 days before protein extraction [171]. The PCP technology is scalable between ~60 mg
and at least ~100 g and compatible with different plant cell suspension cultures, for example N.
tabacum Bright Yellow 2 (BY-2). In approximately 3 years after the technology has been
introduced, PCPs have been successfully used to assess the accumulation of various target
protein classes in plants, including but not limited to antibodies, biofilm degrading enzymes,
immunotoxins, lectins as well as model proteins such as DsRed, GB1 and SpA [81, 143, 172—
174]. Analysis often remains a bottleneck during high-throughput screening [175]. Therefore,
to make full use of PCPs as a screening tool, an analysis method is required that is selective,
sensitive and can keep up with a throughput of ~500 samples per day. Assays based on surface
plasmon resonance (SPR) spectroscopy fulfil these requirements and can be automated and

multiplexed to facilitate high-throughput assays [176—-178].

1.3.3 Quantification with surface plasmon resonance spectroscopy
SPR is an optical effect that occurs when exciting a thin metal film (typically gold or silver)
with monochromatic polarized light and some of the incident light interacts with delocalized
electrons (plasmons) of the metal film, thus reducing the intensity of the reflected light [179].
The angle of incident light at which minimal light reflectance is observed (resonance angle or
SPR angle [179, 180]) depends on the refractive index of the medium in close proximity (~300
nm [177]) of the metal film. The refractive index changes proportionally to mass of e.g. analyte
molecules binding to the surface of the metal film, which can be measured (in real time) by the
change in the resonance angle [176], typically expressed in resonance or response units (RU).
A resonance angle shift of 0.0001° is defined as 1 RU, corresponding to the binding of 1 pg
mm?~ protein [179, 181].

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



L. Introduction page 14

Analyte concentrations can be determined based on calibration curves or with calibration free
concentration analysis (CFCA), depending on the availability of standards [180]. Direct or
indirect assay formats are available for analyte quantification in the former application.

In a direct SPR assay, an analyte in solution binds to an immobilized ligand without additional
sample preparation. A calibration curve is constructed from the change of the RU over time
(i.e. the slope) and the concentration of the standards [179]. Instead of the slope, the response
signal obtained at the end of an analyte injection can be used for quantification as well [180].
Because the resonance signal is proportional to the molecular mass of the analyte, small target
proteins (< 10 kDa [182]) are difficult to quantify in direct assays.

In contrast to direct SPR assays, indirect assays (based on competition or binding inhibition)
are independent of the target proteins size and are therefore preferable for small target proteins
[182, 183]. In an indirect assay, the analyte (or a conjugate thereof) is immobilized on the sensor
surface and the sample is mixed with a defined amount of ligand (typically larger than the
analyte) before injection [184]. Only ligand molecules that retain free binding valencies after
incubation can bind to the sensor surface [184]. Consequently, the resonance signal in indirect
assays is inversely proportional to the amount of analyte in the sample [182].

Calibration-free concentration analysis (CFCA) does not require standards, but knowledge
about the molar mass and diffusion coefficient of the analyte [180]. The analyte concentration
in a sample is calculated from the change of the initial binding rates measured at different flow
rates (e.g. the lower and upper limit of the device) and the diffusion coefficient of the analyte
[185]. In CFCA, measurements are conducted under diffusion limited conditions, indicated by
a linear RU slope during injection.

Because ligands cannot be easily coupled to an inert gold surface, commercial sensor chips are
often covered with a self-assembled monolayer of lipids or dextran, which typically extends
~100 nm from the gold surface and provides functional groups for bioconjugation chemistry
techniques [186]. A frequently used example is amine coupling, which relies on primary amino
groups for covalent binding [187].

If the surface of the sensor chip is functionalized with a ligand that specifically binds the target
protein, target detection and quantification is possible even in crude mixtures of proteins [179,
180], thus omitting the need for purification and facilitating the evaluation of expression
studies. When combined with a high-throughput expression platform such as PCPs (1.3.2),

target protein detection with SPR assays can facilitate screening and process development.
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.4 Aim of the thesis and workflow

This thesis aims to advance the low success rate during the development of new
biopharmaceuticals by increasing the screening throughput across the entire development
process (Figure 1A — D), and by identifying parameters that can guide selection of candidate
proteins and expression vectors (Figure 1E). This concept was applied to transient expression
in Nicotiana spp., which can rapidly supply recombinant proteins, for example in response to
emerging pandemics [110]. Model proteins required to set up and refine high-throughput tools
for biopharmaceutical protein production in plants were specifically selected to suit a global
objective, namely treatment of infections with MRSA (I.1.1). An overarching objective was to
investigate the physiological mechanisms that govern (i) recombinant protein accumulation, (ii)
variation and (iii) correlation factors in plant-based expression systems, using data generated

with these model proteins (Figure 1E).

A B C D

High-throughput High-throughput High-throughput High-throughput
cloning: expression: purification: quantification:

g
= o a
S =

DI
ol 5o
© 5 3
£ cg
o T §
Q
[ LS
S o8
» S e

3

Accumulation levels Correlation factors Variation

Figure 1: Workflow and work packages for establishing a plant-based high-throughput screening
platform. A. Modular vectors and automation on a liquid handling station were combined for high-
throughput cloning of vector libraries for Agrobacterium-mediated transient expression. B. Expression
vectors cloned in (A) were used to establish correlation factors between BY-2 PCPs and differentiated
plants. C. Miniaturized chromatography columns and automation on a liquid handling station were
combined for high-throughput screening of chromatography conditions. D. Surface plasmon resonance
(SPR) spectroscopy assays were developed to facilitate high-throughput quantification. E. Data from
multiple work packages were combined to investigate physiological mechanisms that govern
recombinant protein accumulation, correlation factors and variation in plant-based expression systems.

1.4.1 Model protein classes and molecular targets

Model protein classes selected to establish and refine high-throughput screening tools were
chosen to suit a multi-layered strategy for the treatment of infections with MRSA (Figure 2).

Specifically, interleukins were selected as model protein class, because they can be used to
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modulate an immune response and thus potentially counter S. aureus immune evasion strategies
such as interference with chemokine signaling [188]. The biological activity of plant-made
inflammatory and anti-inflammatory cytokines has already been demonstrated [189, 190],
which is a prerequisite for this strategy. Beyond modulating an immune response, cytokines are
receiving increasing attention as defined medium additives for human and animal cell culture,
currently often supplied in the form of crude mixtures [191-193].

S. aureus-specific antibodies were selected as model protein class, because no effective vaccine
that protects against S. aureus infections is currently available [45, 194], and because antibiotics
have become less and less effective against S. aureus [195]. Because S. aureus can bind and
neutralize commonly used IgG1 antibodies through SpA [36, 37], anti-S. aureus antibodies
were designed based on an IgG3 scaffold, which cannot be neutralized by SpA. However, IgG3
antibodies have so far been difficult to produce in established expression systems, including

CHO cells and plants [196—198].

Biofilm degrading
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Figure 2: Schematic representation of molecular targets for treatment of infections with MRSA.
A. Stimulation of an immune response with recombinant cytokines and antibodies that cannot be
neutralized by S. aureus. B. Targeting of the biofilm matrix as well as virulence regulating proteins in
S. aureus (co-) infections. C. Lysis of S. aureus cells with endolysins that are specific for the pathogen.
Targets that were addressed in this project are displayed in red.

Treatment of infections with MRSA is complicated by the pathogen’s ability to form biofilms,
which protect the bacterium against environmental threats such as disinfectants, antibiotics or
host immune effector mechanisms [27]. Because harsh methods for biofilm removal are
unsuitable for the removal of S. aureus biofilms in the human body, biofilm degrading enzymes
were investigated as a third model protein class to allow removal of biofilms under mild
conditions. Beyond the medical sector, biofilm degrading enzymes have a wide range of
potential applications in different branches of industry, for example in the food processing

industry [199].
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The fourth model protein class, namely polyphosphate kinases (PPKs), was selected as potential
drug target [200]. PPKs are involved in virulence, biofilm formation and quorum sensing [201]
and are widely conserved in bacteria including major pathogens such as Pseudomonas
aeruginosa, Heliobacter pylori or Mycobacterium tuberculosis [202, 203]. S. aureus does not
possess PPK homologs, but PPKs still represent an interesting drug target in the context of
co-infections of S. aureus and other pathogens such as P. aeruginosa [203]. Seemingly
contrasting their name, the kinetics of PPKs from the PPK2 family favor the polyphosphate-
driven synthesis of nucleoside diphosphates and nucleoside triphosphates rather than their
degradation [203, 204], which is desirable for cofactor regeneration [204, 205]. Consequently,
PPKs are receiving increasing attention for ATP regeneration in enzymatic reactions, allowing
to harness ATP-dependent enzymes for industrial applications without the need to add
stoichiometric quantities of cofactor [204].

An additional model protein class chosen for further investigation were phage-derived
endolysins, which represent a possible alternative for antibiotics [195, 206]. Endolysins are
utilized by phages during the lytic cycle to digest the host cells peptidoglycan layer and release
virions from the cytosol. Topical application of endolysins is especially effective against gram-

positive bacteria such as S. aureus due to the freely accessibly outer peptidoglycan layer [207].

1.4.2 State of completion

To assess whether plant-based expression systems can support a multi-layered strategy against
S. aureus, the individual model proteins (1.4.1) had to be produced, purified and tested for
activity. The state of completing for each model protein class is displayed hereafter (Table 2).

Table 2: State of completion during assessment of Nicotiana spp. for the production of different
model protein classes directed against emerging MRSA.

Expression Transfer to Scalable
Model protein class screening in differentiated purification Characterization
PCPs plants strategy
Cytokines (IL6, IL8) Completed Completed Completed n.a.?
PPKs (PPK-RO/TA) Completed Completed Completed Completed
Antibodies (IgG1/3) Completed Completed Completed Completed
Biofilm degrading Completed for Completed for
enzymes (DspB) one UTR N. tabacum Completed Completed
Endolysins (LyK-L) Completed Pending Pending Pending

* The biological activity of plant-made cytokines has already been demonstrated in the literature [189].

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



II. Materials and Methods page 18

Il. Materials and Methods

.1 Equipment and chemicals

All equipment used in this study is listed together with the manufacturers’ information in the
appendix, section VII.4. All chemicals and buffers are listed in the appendix, sections VIL.5 and

VIL.6, respectively.

1.2 Expression vectors and cloning

All vectors for Agrobacterium-mediated transient expression were based on pTRA, a derivative
of pPAM (GenBank AY027531), kindly provided by Dr. Thomas Rademacher (Fraunhofer
IME, Aachen, Germany). Vectors included a B-lactamase gene for selection in 4. tumefaciens
and E. coli. The expression cassette was flanked by RB7 matrix attachment regions (GenBank
U67919) to facilitate a potential comparison with stable transgenic plants by using identical

construct designs [144].

I.2.1 Gene synthesis and codon optimization

The coding sequences for all model proteins produced in this study were codon optimized for
N. benthamiana using the GeneOptimizer tool [208] and synthesized by GeneArt (Thermo
Fisher Scientific, Darmstadt, Germany) with flanking 5" Ncol/BspHI/Pcil and 3’ NotI sites for
subcloning. Constructs encoding the native heavy chain of human IgG3 (Uniprot ID P01860)
or the IgG1 antibody M12 [209] combined with a human lambda light chain were synthesized
with flanking 5" Ncol and 3’ Xhol sites for subcloning. Sequences encoding polyphosphate
kinases were kindly provided by Dr. Dirk Tischler (Ruhr University, Bochum, Germany).

1.2.2 PCR amplification

QS5 High-Fidelity DNA polymerase was used for cloning, whereas OneTaq DNA polymerase
(both from New England Biolabs, Ipswitch, USA) was used for analytical PCRs. The
polymerases were used according to the manufacturer’s recommendations using a total reaction
volume of 10 uLL and a Biometra Trio thermal cycler (Analytik Jena, Jena, Germany). All PCR
primers (Supporting Table 1) were synthesized by Eurofins (Eurofins Genomics, Ebersberg,
Germany). PCR products intended for cloning were purified with a NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel, Diiren, Germany) or with ultrafiltration plates (I11.2.9.1). DNA
concentrations after purification were quantified with a NanoDrop 2000 spectral photometer

(Thermo Fisher Scientific).
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1.2.3 Restriction digest

Restriction reactions were performed with 1 unit enzyme (New England Biolabs) per ug DNA
in a total volume of 10 puL using ~300 ng template DNA (analytical) or in a total volume of 50
uL using ~5 pg template DNA (preparative) according to the manufacturer’s recommendations.
DNA fragments from preparative restriction reactions were purified by agarose gel

electrophoresis (I1.2.4) or with ultrafiltration plates (I1.2.9.1).

1.2.4 Agarose gel electrophoresis

DNA fragments from restriction (I1.2.3) were mixed with Gel Loading Dye (New England
Biolabs) and separated on 1.2% (m v'!) agarose gels containing 0.25 mg L' ethidium bromide
at 120 V in TAE buffer (VIL6) for 40 minutes. Analytical gels were analyzed in a Gel Doc
(Bio-Rad, Hercules, USA) using an excitation wavelength of 365 nm and emission wavelength
of 580 nm. Preparative gels were analyzed on a Dual UV transilluminator (VWR, Langenfeld,
Germany), using an excitation wavelength of 365 nm. DNA fragment were cut from gels with
a scalpel and isolated from the gel fragments with a NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). DNA concentrations were quantified as described for PCR (I11.2.2).

1.2.5 Ligation
Ligation reactions were performed with T4 DNA ligase (New England Biolabs) using ~30 ng

vector backbone and a threefold molar excess of the insert in a total volume of 10 puL at 16°C
overnight (16 hours). Ligation reactions were heat inactivated by incubation at 65°C for 10
minutes in a Biometra Trio thermal cycler (Analytik Jena) before transformation into E. coli

(I1.3.1.2) or 4. tumefaciens (11.3.2.2).

1.2.6 Gibson assembly

Gibson assembly [210] was performed with commercial Gibson Assembly Mastermix (New
England Biolabs) using ~100 ng vector backbone and a threefold molar excess of insert in a
total volume of 5 pL at 50°C for 1 hour. Completed assembly reactions were stored at -20°C

until transformation into E. coli (11.3.1.2) or A. tumefaciens (11.3.2.2).

11.2.7 Assembly of modular expression vectors

Vectors with modular expression cassettes composed of a promotor, 5" and 3’ UTRs, 5’ and 3’
signal sequences, a purification tag and a terminator were created with Gibson assembly (I1.2.6)

and restriction cloning (I1.2.3). Homologous regions for Gibson assembly were introduced into
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DNA fragments through primer overhangs using PCR (IL.2.2). Restriction sites between
expression cassette elements were introduced similarly.

DNA fragments spanning the pTRA backbone upstream of the gene of interest, containing
either a CHS [211], omega [212] or TL [213] 5' UTR, were amplified from the vectors
pTRAc CHS PHACTRI, pTRAc omega PHACTRI and pTARc TL PHACTRI [214] by
PCR (Supporting Table 1). DNA fragments spanning the pTRA backbone downstream of the
gene of interest, containing either a Hiss-tag or a Hise-tag in combination with an ER retention
signal were amplified from pTRAc 000101 and pTRAc 000104 (Supporting Table 2) by PCR
(Supporting Table 1). Upstream and downstream DNA fragments and a DNA fragment
encoding the model protein IL6 (Supporting Table 1) were assembled into vectors for cytosolic
expression (no signal sequence) and intermediate constructs with an ER retention signal. Next,
the mAb24 leader peptide (LPH) for targeting the secretory pathway [215] was fused N-
terminally to the DNA sequence encoding IL6 by PCR (Supporting Table 1) and the PCR
product was introduced into the intermediate constructs by restriction cloning with Ncol and
Notl, thus completing the vectors for ER retention. The same PCR product was introduced into
the constructs for cytosolic expression to generate vectors for target protein secretion to the
apoplast. Vectors for plastid-targeting were generated by introducing the RuBisCO transit
peptide from Solanum tuberosum (rbcS [216]) into the constructs for cytosolic expression. The
rbeS signal sequence was amplified from the vector pTRAc TP CHS PHACTRI [214] by
PCR (Supporting Table 1) and introduced at the Ncol site. The correct orientation was
confirmed by sequencing (Fraunhofer IME sequencing service).

The 1008 bp Rb7 matrix attachment regions flanking the expression cassette appeared to
interfere with Gibson assembly. Vector backbones without such homologous regions were

hence used for Gibson assembly hereafter.

11.2.8 Cloning of multi-subunit constructs for antibody expression

To facilitate subcloning into modular expression vectors (I1.2.7) sequences encoding antibody
heavy and light chains were fused in frame with a self-excising linker peptide [217]. Initial
constructs for expression of IgG3 and IgG1 antibodies were synthesized (I1.2.1) with an N-
terminal LPH signal sequence for targeting the secretory pathway [215] and a C-terminal
SEKDEL sequence for retention in the ER [218]. Additional vectors for antibody expression in
the apoplast, vacuole and plastids were generated from these vectors by deleting the SEKDEL
sequence (targeting to the apoplast) and replacing the SEKDEL sequence with a KISIA signal
sequence (targeting to the vacuole [219]) or replacing the LPH leader peptide with the rbcS
signal sequence (plastid-targeting) using PCR primers with overhands (Supporting Table 1) in
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combination with restriction enzymes (I1.2.3) and Gibson assembly (II.2.6). Domain exchange
variants were generated by amplifying IgGl domains from the initial construct for IgG1
expression by PCR (Supporting Table 1) and introducing the PCR products into the constructs
for IgG3 expression in different compartments by Gibson assembly (I1.2.6). The identity of the
resulting constructs was confirmed by sequencing (Fraunhofer IME sequencing service) using
the primers 35SS FI and 35SS PARI (Supporting Table 1). Gibson assembly reactions were
conducted in pMA/K vectors to avoid interference of the matrix attachment regions flanking

the expression cassette in pTRAc vectors (11.2.7).

1.2.9 Cloning automation

1.2.9.1 PCR cleanup with ultrafiltration plates

11.2.9.1.1 Removal of DNA polymerase

Removal of DNA polymerase from PCR reactions was investigated with 100 kDa AcroPrep
filter plates (Pall, Dreieich, Germany), using 5 units Q5 polymerase in 50 pL Q5 reaction buffer
(both from New England Biolabs) and a centrifugal force of 1000 x g (Rotina 380R, Hettich,
Kirchlengen, Germany) for 10 minutes at 22°C. Polymerase that was retained by the membrane

was resuspended in 50 pL QS5 reaction buffer.

Inactivation of Q5 polymerase was investigated by adding 0.001 — 1.000 mg L' proteinase K
to 5 units Q5 polymerase in 10 pL polymerase buffer, followed by incubation at 50°C for 20
minutes. Residual polymerase activity was subsequently assessed in a PCR reaction using the
template vector pTRAc 000006 (Supporting Table 2) and primers 35SS_FI and 35SS PARI
(Supporting Table 1).

Inactivation of proteinase K before restriction cloning was investigated by adding 0.2 mg L!
proteinase K to 10 uL polymerase buffer containing 200 ng vector pTRAc_ 000006 (Supporting
Table 2) followed by incubation at 90°C for 10 or 20 minutes. Residual proteinase activity was
investigated by adding CutSmart buffer and the restriction enzymes (1 U ugona™!) Ascl, Blpl
and Notl (all from New England Biolabs) to the reaction mix, followed by incubation for 1 hour

at 37°C.

11.2.9.1.2 Removal of primers, dNTPs and salt

Removal of primers, dNTPs and salt from PCR reactions was investigated with 30 kDa
AcroPrep filter plates (Pall), using 40 mM dNTPs, 20 mM magnesium chloride and 0.01 mM
35SS PARI (Supporting Table 1) in a total volume of 50 puL nuclease free water and a
centrifugal force of 1000 x g (Rotina 380R, Hettich) for 10 minutes at 22°C. Components
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retained by the membrane were resuspended in 50 pL nuclease free water. The concentration
of magnesium chloride in retentates and permeates was quantified by freezing point osmometry
using an Osmomat 3000 (Gonotec, Berlin, Germany). Primer and dNTP concentrations were

quantified with a NanoDrop 2000 spectral photometer (Thermo Fisher Scientific).

1.2.9.2 Separation of DNA fragments with ultrafiltration plates

For separation of different DNA fragments, size-dependent precipitation with PEG was
combined with ultrafiltration membranes to split precipitated and soluble DNA.

First, Acropep 0.2 pm PTFE filter plates (Pall) were sanitized and pre-wet with 175 pL of 70%
(v v'!) ethanol followed by centrifugation at 2000 x g (Rotina 380R, Hettich) for 2 minutes.
After pre-wetting, membranes were washed with 100 pL nuclease free water and 100 pL of the
respective buffer using the same settings.

For separation experiments 1.0 pg digested DNA was mixed with 20% PEG-6000 and 2.0 M
sodium chloride to a final concentration of 6.3 % (m v'!) PEG and 0.9 M sodium chloride [220]
in a final volume of 50 uL (final DNA concentration of 20 mg L!). The PEG-DNA mixture
was transferred into AcroPrep 0.2 um filter plates and soluble and precipitated DNA were
separated by centrifugation at 1000 x g (Rotina 380R, Hettich) for 10 minutes. Precipitated
DNA that was retained by the filter plates was re-solubilized in 50 pL TRIS buffer (VIL6).
Remaining PEG was removed by filtration with 30 kDa membranes as described for the

removal of primers, dNTPs and salt (I1.2.9.1.2).

11.2.9.3 Optimization of size-dependent DNA precipitation

Optimization of size-dependent DNA precipitation with PEG was investigated by mixing
0.5 pg digested DNA with Sera-Mag Select reagent (Cytiva, Uppsala, Sweden) and nuclease
free water to final concentration of 30 —70% (v v'!) in a total volume of 20 pL (final
concentration of 25 mg L' DNA). Samples were incubated for 10 minutes at 22°C before
precipitating the carboxylate-modified, magnetic beads in a magnetic rack, removal of the
supernatant and washing with 70% (v v!) ethanol. Residual ethanol was removed by incubation
at 40°C for 10 minutes. Precipitated DNA (bound to the beads) was resolubilized by incubation
in 20 pL TRIS buffer (VIL.6) for 15 minutes at 40°C. Sera-Mag Select reagent was brought to

room temperature on a rotary shaker for 30 minutes before experiments.

11.2.9.4 Automation on a liquid handling station

Automated cloning protocols were carried out on a Vantage liquid handling station (Hamilton,
Bonaduz, Swiss), using 4titude 96-well PCR plates (Brooks Life Sciences, Chelmsford, USA),
50 uL and 300 pL pipetting tips, and an on-deck thermal cycler (Hamilton). Enzymes and
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template vectors for automated protocols were supplied in 96-well PCR plates (pre-dispensed
and stored at -20°C until needed).

Restriction reactions (I1.2.3) were prepared in a total volume of 50 uL well!, by dispensing
nuclease-free water, CutSmart buffer, restriction enzymes and template DNA into 96-well PCR
plates, followed by incubation at 37°C for 1 hour. Reactions providing vector backbones were
additionally supplemented with alkaline phosphatase to prevent re-ligation.

For separation of DNA fragments (11.2.9.2), sodium chloride, PEG and nuclease-free water
were dispensed into 0,2 um filter plates and mixed (3 pipetting cycles) with the restriction
products to a total volume of 100 pL well! and subjected to centrifugation at 1000 x g in a
HiG5000 centrifuge (GC biotech, Cambridge, UK) for 10 minutes. Because the labware gripper
can only carry two plates simultaneously, filter plates and 96-well plates for separation of DNA
fragments (I1.2.9.2) were stacked sequentially into the HiG5000 centrifuge. After
centrifugation, vector backbones were resuspended (in nuclease-free water) from the 0.2 pm
filter plates, whereas inserts were resuspended from the 30 kDa membranes.

For ligation (IL.2.5), vector backbones and inserts were re-combined in a new 96-well PCR

plate, using the same workflow described for restriction.

1.3 Bacterial cultivation and recombinant expression

I.3.1 Escherichia coli
E. coli DH5a (Thermo Fisher Scientific) was used for cloning and E. coli 10-beta (New England
Biolabs) served as (non-T7 based) expression host for comparison of target proteins that were

produced in E. coli and in plants.

1.3.1.1 Preparation of chemically competent E. coli

For preparation of chemically competent E. coli, 5.0 mL lysogeny broth (LB) pre-cultures were
inoculated from E. coli glycerol stocks and incubated overnight (16 hours) at 37°C and 160
rpm. Main cultures (50 mL LB medium in 0.5 L baffled flasks) were inoculated with a 1:100
ratio (v v'!) of the pre-cultures and incubated similarly until reaching an ODeoonm of 0.4 — 0.6.
Cells were harvested by centrifugation at 3220 x g (5810 R, Eppendorf, Hamburg, Germany)
for 10 minutes at 4°C, resuspended in 10 mL cold (4°C) 100 mM magnesium chloride and
incubated for 30 minutes on ice. After a second centrifugation cycle using the same conditions,
cells were resuspended in 1.0 mL cold (4°C) 100 mM calcium chloride containing 15% (v v'!)
glycerol. Aliquots (50 pL) were prepared in pre-chilled (4°C) 1.5 mL reaction tubes and stored
at -80°C until needed.
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1.3.1.2 Transformation of E. coli

Chemically competent E. coli were transformed by mixing ~100 ng plasmid DNA, 10.0 pL
ligation mix (II.2.5) or 5.0 uL Gibson assembly mix (I.2.6) with 50 pL competent cells
(IL.3.1.1). The cell suspension was incubated on ice for 30 minutes, subjected to a 30 second
heat shock at 42°C and immediately transferred onto ice again. Cells were regenerated by
adding 1.0 mL LB medium (VIL7) followed by incubation at 37°C and 160 rpm for 1 hour.
After regeneration, the cell suspension (50 uL plate') was plated onto LB agar plates (VIL.7)
supplemented with 100 mg L' ampicillin or 50 mg L' kanamycin. Plates were incubated at
37°C overnight (16 hours) before picking single clones for preparation of LB master plates

supplemented with the same antibiotics.

1.3.1.3 Preparation of E. coli glycerol stocks

For preparation of glycerol stocks, 5.0 mL LB cultures containing 100 mg L' ampicillin were
inoculated from master plates (I1.3.1.2) and incubated overnight (16 hours) at 37°C and 160
rpm. Cultures were adjusted to an ODsoonm 0f 2.0 using the same medium and mixed with 50%
(v v sterile glycerol in a 1:1 ratio (final ODgoonm of 1.0). Aliquots (1.0 mL) were prepared in
Nalgene cryogenic vials (Merck, Darmstadt, Germany) and stored at -80°C.

1.3.1.4 SacB negative selection with E. coli

For SacB negative selection, 50 pL chemically competent E. coli DHS5a (I1.3.1.1) were
transformed with ~100 ng pTRAc 000431 (Supporting Table 2) as described above (11.3.1.2)
and regenerated for 1.5 hours at 37°C and 160 rpm in 1.0 mL LB medium (VII.7), which was
optionally supplemented with 100 g L' sucrose. The cell suspension (50 pL plate™!) was then
plated on LB agar plates containing 50 g L' sucrose or used to inoculate 5.0 mL LB liquid
cultures containing 100 g L' sucrose. Plates were incubated at 37°C for 16 hours in the dark.
Liquid cultures were incubated at the same conditions at 160 rpm. Sodium chloride was omitted
from LB medium for negative selection with SacB (VIL.7). Ampicillin was added during all

steps except regeneration at a concentration of 50 mg L.

11.3.1.5 Recombinant protein expression in E. coli

Model proteins were produced in E. coli as controls for their plant-made counterparts, using a
pASK-IBA33plus expression vector. Pre-cultures and main cultures were prepared as described
for the preparation of competent cells (I1.3.1.1), using 50 mg L' ampicillin to maintain selective

pressure. After reaching an ODesoonm of 0.2 —0.4, expression was induced by adding
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anhydrotetracycline hydrochloride (Merck) to a final concentration of 200 pug L', followed by

incubation overnight (16 hours) at 28°C (temperature during expression) and 160 rpm.

1.3.2 Agrobacterium tumefaciens (Rhizobium radiobacter)

A. tumefaciens GV3101:pMP90RK was used for transient expression and cultivation studies.

1.3.2.1 Preparation of competent A. tumefaciens

11.3.2.1.1 Electrocompetent A. tumefaciens

For preparation of electrocompetent A. tumefaciens, 5.0 mL YEB (VIL.7) pre-cultures
(supplemented with 25 mg L*! kanamycin and rifampicin) were inoculated from 4. tumefaciens
glycerol stocks and incubated overnight (16 hours) at 28°C and 160 rpm. Main cultures (50 mL
YEB medium in 500 mL baffled flasks) supplemented with the same antibiotics and
concentrations were inoculated with 50 pL of the pre-cultures and incubated similarly for 24
hours until reaching an ODgoonm 0of ~5.0. Cells were harvested by centrifugation at 3220 x g
(5810 R, Eppendorf) for 10 minutes at 4°C, washed twice with cold (4°C) deionized water and
once with cold (4°C) 10% (v v!) glycerol before resuspension in 3 mL 10% (v v'!) glycerol.
Aliquots (50 pL) were prepared in chilled (4°C) 1.5 mL reaction tubes and stored at -80°C.

[1.3.2.1.2 Chemically competent A. tumefaciens

For preparation of chemically competent cells, A. tumefaciens main cultures were inoculated as
described for electrocompetent cells and harvested after reaching an ODgoonm of 0.5 — 0.8 by
centrifugation at 3220 x g (5810 R, Eppendorf) for 10 minutes at 4°C. Cells were washed with
5.0 mL cold (4°C) 20 mM calcium chloride and resuspended in 1.0 mL cold (4°C) 20 mM
calcium chloride [221]. Aliquots were prepared as described for electrocompetent cells and

stored at -80°C until needed.

11.3.2.2 Transformation of A. tumefaciens

11.3.2.2.1 Transformation of electrocompetent A. tumefaciens

Electrocompetent A. tumefaciens were transformed by mixing ~500 ng plasmid DNA or
10.0 pL ligation mix (I1.2.5) with 50 uL competent cells (I11.3.2.1). The cell suspension was
transferred into chilled (4°C) 0.2 cm electroporation cuvettes (Bio-Rad) and subjected to
electroporation at 2400 V, 25 puF and 200 Q [221]. Cells were regenerated by adding 0.5 mL
YEB medium (VIL7) followed by incubation at 28°C and 160 rpm for 2.5 hours. After
regeneration, the cell suspension (10 uL plate’!) was plated onto PAM4 agar plates (VIL.7)

supplemented with 25 mg L' rifampicin, 25 mg L' kanamycin and 50 mg L' carbenicillin.
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Plates were incubated at 28°C for 72 hours before picking single clones for preparation of

PAM4 master plates supplemented with the same antibiotics.

[1.3.2.2.2 Transformation of chemically competent A. tumefaciens

Chemically competent A. tumefaciens were transformed by mixing ~500 ng plasmid DNA or
10.0 pL ligation mix (I1.2.5) with 50 uL competent cells (I1.3.2.1) followed by freezing in dry
ice and ethanol for 5 minutes [221]. Cells were thawn by incubation at 37°C for 5 minutes and

regenerated and plated as described for electrocompetent cells.

1.3.2.3 Preparation of A. tumefaciens glycerol stocks

For preparation of glycerol stocks, 5.0 mL PAM4 cultures containing 25 pg mL™! rifampicin,
25 pg mL! kanamycin and 50 pg mL™ carbenicillin were inoculated from master plates
(I1.3.2.2) and incubated for 24 hours at 28°C and 160 rpm. Cultures were adjusted to an ODsoonm
of 2.0 using the same medium and mixed with 50% (v v'!) sterile glycerol in a 1:1 ratio (final

ODeoonm of 1.0). Aliquots were prepared as described for E. coli (11.3.1.3).

1.3.2.4 SacB negative selection with A. tumefaciens

For SacB negative selection 50 pL aliquots of competent A. fumefaciens (11.3.2.1) were
transformed with ~100 ng pTRAc_ 000431 (Supporting Table 2) as described above (11.3.2.2)
and regenerated for 4.5 hours at 28°C and 160 rpm in 1.0 mL PAM4 medium (VIL.7), which
was optionally supplemented with 100 g L' sucrose. The cell suspension (25 pL plate™) was
then plated on PAM4 plates or used to inoculate 5.0 mL PAM4 liquid cultures, both containing
100 g L' sucrose. Plates were incubated at 28°C for 80 hours in the dark. Liquid cultures were
incubated for 100 h at the same conditions at 160 rpm. During all steps except regeneration
kanamycin and rifampicin were added at a concentration of 25 mg L™ and carbenicillin was
added at a concentration of 100 mg L', Antibiotics were re-added in liquid cultures to 25 mg

L' (kanamycin, rifampicin) and 50 mg L' (carbenicillin) after 48 hours.

1.3.2.5 Limiting dilution cloning with A. tumefaciens

For limiting dilution cloning 10 pL ligation mix containing ~500 ng backbone DNA and a
threefold molar excess of insert DNA were mixed with 50 pL chemically competent
A. tumefaciens (11.3.2.1) and subjected to a single round of freeze-thaw cycling (11.3.2.2.2).
Cells were regenerated by adding 0.5 mL PAM4 medium (VIL.7) followed by incubation at
28°C and 160 rpm for 3 hours (in 2 mL 96-well plates) before harvesting cells by centrifugation
at 3220 x g (5810 R, Eppendorf) for 5 minutes. After removing the supernatant cells were

resuspended in PAM4 medium supplemented with 25 mg L! rifampicin, 25 mg L' kanamycin
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and 100 mg L' carbenicillin. The cell suspension was then subjected to a two-fold serial
dilution in 96-well plates using the same medium (final cultivation volume of 100 uL) and
incubated at 28°C and 160 rpm for 96 hours in the dark. Antibiotics were re-added to 25 mg L!

(kanamycin, rifampicin) and 50 mg L™ (carbenicillin) after 48 hours of incubation.

11.3.2.6 Small scale A. tumefaciens cultures for infiltration of PCPs

For infiltration of PCPs, 0.5 mL well! PAM4 cultures in 2.0 mL deep well plates (Ritter,
Schwabmiinchen, Germany) were inoculated with 20 pL well™! A. tumefaciens glycerol stock
(I1.3.2.3) and incubated on a rotary shaker at 30°C and 1000 rpm for 24 hours, using an
automated protocol for cultivation and sub-cultivation [ 151]. Cultures were subjected to a single
round of sub-cultivation, using an inoculation ODsoonm of 0.1 and the same cultivation
conditions as above. Plates were sealed with gas permeable membranes with a vapor
transmission rate of 4200 g m? d”! (Macherey-Nagel), mounted on a custom sealing lid [151].
Rifampicin, kanamycin (25 mg L) and carbenicillin (50 mg L) were added during all

cultivation steps.

1.3.2.7 Large scale A. tumefaciens cultures for infiltration of whole plants

For infiltration of whole plants, 15 mL PAM4 (VIL.7) pre-cultures in 50 mL shake flasks
(Schott, Mainz, Germany) were inoculated with 0.6 mL A. tumefaciens glycerol stock (11.3.2.3)
and incubated on a rotary shaker at 28°C and 160 rpm for 24 hours. Next, 0.5 L PAM4 main
cultures in 2.5 L Thomson Ultra Yield flasks (VWR) were inoculated from the pre-cultures to
an ODgoonm of 0.1, using the same cultivation conditions. Rifampicin, kanamycin (25 mg L)
and carbenicillin (50 mg L) were added during all cultivation steps. The typical harvest

ODsoonm 0f A. tumefaciens cultures for infiltration of plants was between 6.0 and 9.0.

1.3.3 Staphylococcus aureus

S. aureus Rosenbach 1884 was used for all biofilm degradation assays. First, a 5 mL terrific
broth (TB, VIIL.7) pre-culture was inoculated with 50 uL S. aureus glycerol stock and incubated
at 160 rpm at 37°C for 16 hours. Cells were harvested by centrifugation in an aerosol-tight rotor
at 4000 x g for 5 minutes at 22°C, resuspended in MSgg medium (VIL.7) and adjusted to an
ODgoonm of 0.1 using the same medium. For formation of static biofilms, 200 uL well™! of the
cell suspension was pipetted into sterile Cellstar 96-well plates (Greiner BioOne,
Kremsmiinster, Austria). Plates were sealed with gas-permeable membranes with a vapor

transmission rate of 700 g m™ d"! (Merck) and incubated for 24 hours at 37°C without agitation.
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Blanks (200 pL well! MSgg) were incubated similarly. Supernatants were removed from

biofilms and blanks before enzymatic treatment.

1.4 Plant cultivation and recombinant expression
11.4.1 BY-2 cells

N. tabacum cv. Bright Yellow 2 (BY-2) cells were used for all expression studies in PCPs and
cultivated either in shake flasks (I1.4.1.1) or stirred tank bioreactors (11.4.1.2).

11.4.1.1 Cultivation of BY-2 cells in shake flasks

Shake flask BY-2 cultivations were conducted in 0.25 L glass flasks (Schott, Mainz, Germany)
containing 0.05 L medium for routine cultivations or in 0.10 L glass flasks containing 0.02 L
medium for cultivation in a LEDitSHAKE device [222]. Routine cultivations were conducted
under artificial white light (Osram Lumilux Cool White, HO 49W/840), whereas the
LEDitShake device was used to test exposure to defined light wavelengths. MS medium (VIL.7)
containing 30 g L! sucrose or 30 g L! glucose as carbon source was used for all shake flask
cultures. Shake flasks were inoculated with a seeding cell density of 2 x 10% cells L' and
cultivated at 160 rpm (50 mm eccentricity) and 26°C for 5 — 8 days in a Climo-Shaker ISF1-X
(Kuhner, Birsfelden, Germany). The relative humidity was ~50%. BY-2 cultures were passaged

after 7 days using the same seeding cell density.

1.4.1.2 Cultivation of BY-2 cells in stirred tank bioreactors

Stirred tank BY-2 cultivations were conducted in fed-batch mode [223], using a 5.0 L double-
walled glass bioreactors (Applikon, Schiedam, Netherlands) for 20 — 60 days. MS medium
(VIL7) containing 30 g L' sucrose was used for the batch phase. The carbon source was
replaced with 20 g L' sucrose or 20 g L! glucose in the feed for the fed-batch phase. Optionally,
a modified feed composed of twofold concentrated MS medium (VII.7) supplemented with 40
g L' sucrose was used for the fed-batch phase. For all stirred tank cultivations, the medium was
supplemented with 0.01% (v v'!) Pluronic L61 (BASF, Burgbernheim, Germany) to reduce
foaming and wall growth [224]. Stirred tanks were inoculated with 20 g L BY-2 cells from 7
days old shake flask cultures (I1.4.1) and incubated at 26°C (P =10, I = 2,700, D = 0), using a
dissolved oxygen tension (DOT) set point of 20%, which was maintained through a 100 — 160
rpm stirrer cascade (P =20,1=150, D = 6); the DOT is equivalent to the oxygen partial pressure.
The temperature and DOT were maintained through a Proportional-Integral-Derivative (PID)
controller. The effects of the individual constants on the controller output are described through

Equation 3.
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The fed-batch phase was started after reaching a BY-2 wet cell mass of 100 g L™, corresponding
to a packed cell volume of 30 — 40% (v v'!). The feed (VI1.7) was controlled through a 12 x 320
mm capacity sensor (Aber instruments, Aberystwyth, UK) coupled to a Futura head amplifier
and transmitter (Aber instruments, Aberystwyth, UK) to maintain a BY-2 wet cell mass of 95
~105 gL' (P=5,1=0, D=0). The aeration rate was 1.0 L min™! (air) corresponding to 0.25
vvm in a filled tank (4.0 L) and 0.4 vvm after harvesting (2.5 L). The DOT was measured with
a 12 x235mm Z010023525 dissolved oxygen sensor and the pH (not controlled) was measured
with a 12 x 235 mm Z001023551 pH sensor (both from Applikon). All stirred tanks were
controlled with an EZ-Control Unit (Applikon).

Cour = Kpe(t) + K, fote(r) dt + Kj % e(t) Equation 3

Where C,. represents the control signal, e represents the difference between the measured
process variable and the desired setpoint (the control error), Kp is the proportional gain, K; is

the integral gain and Kp is the derivative gain.

I1.4.1.3 Characterization of BY-2 cell cultures

The BY-2 wet cell mass was measured by removing the cultivation medium from 10 mL cell
suspension with a PC600 suction pump, using 11.0 um Whatman filter papers (Cytiva, Uppsala,
Sweden) and applying an 80 kPa vacuum for 15 seconds. Cultures were agitated before
measurements to prevent sedimentation. The BY-2 dry cell was measured by drying the wet

cell mass obtained as described above at 65°C for 5 days.

The fraction of dead BY -2 cells was determined by mixing 1.0 mL cell suspension with 50.0 pL
tryptophan blue (VIL.5) before adding the cell suspension into a Fuchs-Rosenthal chamber. For
cell counting 5 large squares (each corresponding to 4 x4 small squares) were counted
diagonally through the chamber (4 squares on the diagonal, 1 square next to the diagonal) using
a trinocular microscope (BMS, Breukhoven, Netherlads) equipped with a 40 x objective and a
10 x eye piece. Cells with a damaged cell wall appeared blue after addition of tryptophan blue,

whereas cells with an intact membrane excluded the dye.

For osmolality measurements, the cultivation medium was removed from 10 mL BY-2 cell
suspension as described for the wet cell mass. The osmolality of the cell-free supernatant was
then measured by freezing point osmometry using an Osmomat 3000 (Gonotec) and 0.0 mM

and 500.0 mM glucose standards for calibration.
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11.4.1.4 Transient expression in BY-2 PCPs

11.4.1.4.1 PCP casting

PCPs were cast manually from BY-2 cells, because a previously established automated protocol
for PCP casting [151] was not compatible with multiple different BY-2 cultures. For generation
of PCPs, BY-2 suspension cultures were concentrated to a wet cell mas of 200 g L by
sedimentation (1 % g, 30 minutes), followed by decanting the supernatant. To obtain PCPs with
a wet cell mass of 60 mg, 300 pL well™! of the BY-2 cell suspension was pipetted into 96-well
AcroPrep Advance filter plates with a pore size of 30 — 40 um (Pall) using wide bore tips
(Ratiolab, Dreieich, Germany), followed by centrifugation at 1800 x g (Rotina 380R, Hettich)
for 1 minute to remove the cultivation medium. If the wet cell mass was >200 g L™!, the volume
of BY-2 suspension for PCP casting was reduced instead of diluting the cell suspension with

fresh MS medium, which would compromise harvest time point experiments.

11.4.1.4.2 Infiltration

Infiltration of BY-2 PCPs with A. tumefaciens was conducted with an automated protocol [151].
Briefly, A. tumefaciens cultures from 96-well plates (I1.3.2.6) were harvested by centrifugation
at 3800 x g (Rotina 380R, Hettich) for 5 minutes, followed by removal of the cultivation
supernatant and re-suspension in infiltration buffer (VIL.6). For PCP infiltration, the
Agrobacterium cell suspension was adjusted to an ODgoonm of 0.4 with the same infiltration
buffer and induced for 1 hour at 28°C and 160 rpm. PCPs were infiltrated by adding 100 pL
PCP! of the Agrobacterium cell suspension, followed by incubation for 1 hour at 22°C. The
infiltration solution was removed by centrifugation at 1800 x g (Rotina 380R, Hettich) for 1
minute. Infiltrated PCPs were incubated at 26°C and 80% relative humidity for 48 — 96 hours

over a water reservoir [151].

1.4.2 Differentiated plants

N. benthamiana and N. tabacum cv. K326 plants were used for all expression studies in

differentiated plants. Both species were cultivated in a phytotron for 7 weeks (I1.4.2.1).

11.4.2.1 Cultivation of differentiated plants in a phytotron

N. benthamiana and N. tabacum seeds were germinated on stone-wool blocks (Cultilene,
Tilburg, Netherlands) for 7 days and then transferred to a phytotron for cultivation at 25/22°C
(day/night), 70% relative humidity and a 16-hour photo period. Plants were illuminated with
red (285 pmol m? s, 660 nm peak) and blue (39 pmol m? s™!, 450 nm peak) light wavelengths
using 120 cm GreenPower LED modules (Philips, Amsterdam, Netherlands). Plants were

irrigated for 15 minutes per hour with the nutrient film technique [100], using 0.12 m wide

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



I1. Materials and Methods page 31

polypropylene gullies and a ~0.8 g L™! Ferty 2 Mega solution (Planta Diingemittel, Regenstauf,
Germany) corresponding to a conductivity of 1.2 mS cm™'. The concentration of Ferty 2 Mega
was increased to 1.4 mS cm™ after 2 weeks of cultivation and to 1.6 mS cm™! after 4 weeks of

cultivation.

1.4.2.2 Transient expression in differentiated plants

[1.4.2.2.1 Infiltration

For infiltration of differentiated plants, 5.0 L infiltration solution with an ODgoonm of 0.5 were
prepared from A. tumefaciens cultures (I1.3.2.7) by dilution with twofold concentrated plant
infiltration buffer (VIL.6) and deionized water. The cell suspension was induced for 1 hour at
room temperature and 100 rpm. The stem and leaves of N. benthamiana or N. tabacum plants
were carefully submerged in the cell suspension using a 5.0 L bucket placed in a desiccator
before applying a ~10 kPa vacuum for 2 minutes, which was released instantaneously. Before

infiltration, all plants were thoroughly watered for 1 hour.

[1.4.2.2.2 Incubation after infiltration

After infiltration with 4. tumefaciens (11.4.2.2.1), N. benthamiana and N. tabacum plans were
incubated in foil-covered incubation racks in an inverted position for 5 days at 22.2 + 1.5°C and
constant illumination (24 hours day™'). Plants were illuminated with a total light intensity of
~50 umol s m™? using 8 Lumilux 58W/830 warm white and 8 Lumilux 58W/840 cool white
fluorescent tubes (Osram, Munich, Germany). Plants were irrigated every 1.5 hours for 7.7
seconds using MRS-10122 nozzles (Micro Rain Systems, Altenburg, Germany) with a water
flow rate of 149 +5mL min (30% relative humidity before irrigation and 80% relative

humidity after each irrigation cycle).

1.5 Downstream processing

11.5.1 Extraction of E. coli

E. coli cultures (11.3.1.5) were harvested by centrifugation at 5000 % g for 15 minutes at 4°C
and resuspended in 10 mL cold (4°C) extraction buffer (VIL6) supplemented with 1.0 g L!
lysozyme, 1.0 g L'! DNase I, 1.0 uM PMSF and 100 mM magnesium chloride. After incubation
for 15 minutes on ice, cells were extracted with a SonoPuls MS73 ultrasonic homogenizer
(Bandelin, Berlin, Germany) for 3 % 90 seconds on ice, using 10 second pulses and an amplitude
of 50%. Cell debris was removed by centrifugation at 13,000 % g for 5 minutes at 4°C, followed
by sterile filtration with a Sartopore Capsule with a retention rating of 0.2 um (Sartorius-

Stedim, Gottingen, Germany).
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11.5.2 Extraction of BY-2 PCPs
11.5.2.1 Bead mill

PCPs were extracted with a 3 vm’!

ratio of extraction buffer, which was optionally
supplemented with detergents (VIL.6), in a MM 300 bead mill (Retsch, Han, Germany). Briefly,
PCPs and a single 3 mm chrome steal bead per PCP (Spherotech, Fulda, Germany) were
transferred into Chromabond collection tubes (Macherey-Nagel), sealed with PTFE coated
silicone mats and extracted for 2 x 3 minutes at 28 Hz. Plates were inverted after the first
extraction cycle. Extracts were clarified by centrifugation at 5100 x g (Rotina 380R, Hettich)

for 8 minutes at 4°C. Supernatants were stored at -20°C.

1.5.2.2 Infiltration-centrifugation

PCPs were cast as described above (11.4.1.4.1) using glucose as carbon source for BY-2
cultivation (IL.4.1.1). PCPs were infiltrated with A. tumefaciens containing the vectors
pTRAc 0000101 or pTRAc_ 000102 (Supporting Table 2) using an infiltration ODsoonm of 0.4.
After 96 hours of incubation (I1.4.1.4), PCPs were subjected to infiltration-centrifugation by
adding 100 pL of the respective buffer (VIL.6) per PCP, followed by application of a 10 kPa
vacuum for 1 minute and incubation for 30 minutes at 22°C. Apoplastic fluid was subsequently

collected by centrifugation at 1500 x g (Rotina 380R, Hettich) for 1 minute.

11.5.3 Extraction of differentiated plants

Differentiated plants were harvested by cutting shoots 3 — 4 cm above the stone-wool blocks.
Whole plants including the stem were extracted with a 3 v m™! ratio of extraction buffer (VIL.6)
in a ProBlend 6 (Philips, Amsterdam, Netherlands) for 3 % 30 seconds with 30-second breaks
between mixing cycles [128]. Extracts intended only for analysis were clarified by
centrifugation (twice at 16,000 x g for 20 minutes at 4°C). Extracts intended for process
development were clarified using a BP-410 bag filter (Fuhr, Klein-Winterheim, Germany) with
a nominal retention rating of 1.0 um and a 22 cm? PDH4 depth filter composed of K700 and
KS50 filter layers (Pall) with ~10.0 and ~0.6 um nominal retention ratings, respectively, using
a flow rate of 12 mL minute™! [225]. As an alternative for PDH4, 17.3 cm? Sartopure GF Plus
glass fiber filters (Sartorius-Stedim) with a nominal retention rating of 1.2 pm were tested for
clarification, using a flow rate of 10 mL minute™. Before chromatography (I11.5.5), clarified
extracts were additionally passed through Sartopore Capsules with a retention rating of 0.2 pm

(Sartorius-Stedim).
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11.5.4 Ultrafiltration/diafiltration

All ultrafiltration/diafiltration (UF/DF) experiments were conducted with a Sartocon Slice 200
bench-top system (Sartorius-Stedim). Regenerated cellulose membranes with a filter area of
200 cm? were used for all experiments (Sartorius-Stedim). The UF/DF purification process
consisted of a 100 kDa ultrafiltration step for removal of host cell proteins and a 10 kDa (ILS8)
or 30 kDa (DspB) diafiltration step for removal of bulk water (Table 3). By default, 3 cycles of
fourfold feed (II.5.3) concentration were conducted during the ultrafiltration step, using
extraction buffer (VIL.6) to restore the feed starting volume after each concentration cycle. All

retentate and permeate fractions were kept on ice during the UF/DF process.

Table 3: UF/DF settings for purification of different target proteins.

Ultrafiltration step Diafiltration step
Target Initial Final TMP TFF T™MP TFF
protein volume [L]  volume [L] [kPa] [mL min!]  [kPa] [mL min™]
IL6/8  0.20 0.05 200 (2.0 bar) 550 50 (0.5 bar) 550
DspB  0.50 0.50 50 (0.5bar) 550 50 (0.5 bar) 550

TMP — transmembrane pressure, TFF — tangential flow rate.

Ultrafiltration membranes were regenerated by washing with extraction buffer (VIL6), 1.0 M
sodium hydroxide and ultra-pure water, using a wash volume of 10 L m? (extraction buffer,
sodium hydroxide) or 20 L m? (ultra-pure water) per membrane area. Membranes were stored

in 20% (v v'!) ethanol at 4°C.

1.5.5 Chromatography

High-throughput chromatography screening was carried out with a Janus G3 liquid handling
station (PerkinElmer, Waltham, USA). Laboratory scale chromatography was carried out with
an Akta Pure FPLC system (Cytiva, Uppsala, Sweden). The Unicorn v6.4 software (Cytiva)

was used to automate chromatography methods.

1.5.5.1 Immobilized metal affinity chromatography

High-throughput screening of IMAC conditions was conducted with 0.2 mL RoboColumns
(Supporting Table 18) packed with Chelating Sepharose FF resin (Repligen, Weingarten,
Germany). Resins were charged with nickel ions (VIL.6) and equilibrated with 5 column
volumes IMAC equilibration buffer (VII.6) before loading 10 column volumes 0.2 pm filtered

extract (I.5.3). Columns were washed with 5 column volumes IMAC equilibration buffer
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(VIL.6) and 5 column volumes IMAC washing buffer containing 10 — 60 mM imidazole (VIL.6)
before eluting the target protein with 5 column volumes IMAC elution buffer (VIL.6). The
contact time was 2.0 minutes during all steps.

Laboratory scale experiments were conducted with prepacked 1.0 mL Chelating Sepharose FF
columns (Cytiva) or an XK26/20 column (Kronlab, Dinslaken, Germany) packed with the same
resin (Supporting Table 18). Resins were charged and equilibrated as described for
RoboColumns before loading 10 or 50 column volumes 0.2 um filtered (II.5.3) or UF/DF-
purified extract (I1.5.3). Washing and elution were conducted as described for RoboColumns,
using 30 mM imidazole for the washing buffer (VIL.6). A volumetric flow rate of 0.5 mL
minute! (linear flow rate of 0.8 m hour!) was used during all steps when working with
prepacked 1.0 mL columns, corresponding to a contact time of 2.0 minutes. For the 50 mL
column a flow rate of 15 mL minute™! (linear flow rate of 1.7 m hour™') was used, corresponding

to a contact time of 3.3 minutes.

11.5.5.2 Protein G chromatography

Prepacked 1.0 mL HiTrap Protein G HP columns (Cytiva) were used for protein G
chromatography (Supporting Table 18). Columns were equilibrated with 5 column volumes
equilibration buffer (VII.6) before loading 100 column volumes 0.2 um filtered extract (I1.5.3).
Columns were then washed with 5 column volumes equilibration buffer (VIL.6) and 5 column
volumes washing buffer (VII.6) before eluting the target protein with 5 column volumes elution
buffer (VIL.6). Elution fractions were immediately neutralized with 15% (v v'!) neutralization
buffer (VIL6). A volumetric flow rate of 0.5 mL minute™ (linear flow rate of 0.8 m hour™') was

used during all steps, corresponding to a contact time of 2.0 minutes.

1.6 Protein quantification and characterization

1.6.1 Bradford assay

The quantity of total soluble protein (TSP) in supernatants (II.5) was determined using the
Bradford method [226]. Briefly, 5.0 pL sample or bovine serum albumin standards with
concentrations of 0, 125, 250, 500, 750, 100, 1500 and 2000 mg L' [227] were pipetted into
flat-bottom 96-well plates (Sarstedt, Niimbrecht, Germany) and mixed with 195 puL. Bradford
reagent (Thermo Fisher Scientific). After incubation for 10 minutes at 22°C, the absorbance at
595 nm was measured using a Synergy H1 plate reader (Agilent, Frankfurt, Germany). The TSP
concentration in samples was calculated based on a standard curve build from the serum

albumin standards. Samples and standards were analyzed in triplicates.
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11.6.2 Fluorescence spectroscopy

11.6.2.1 DsRed extract concentration

The quantity of DsRed in supernatants (I.5) was determined by fluorescence spectroscopy.
Briefly, 50 uL sample or DsRed standards with concentrations of 0, 5, 15, 25, 75, 125, 175 and
225 mg L' [144] were pipetted into black half-area 96-well plates (Greiner BioOne) and
fluorescence was measured at an emission wavelength of 586 nm (excitation at 556 nm,
automated read height and gain), using a Synergy H1 plate reader (Agilent). The DsRed
concentration in samples was calculated based on a standard curve build from the DsRed

standards. Samples and standards were analyzed in triplicates.

11.6.2.2 DsRed surface fluorescence

The surface fluorescence of BY-2 PCPs expressing DsRed was used as surrogate for the DsRed
concentration in PCP extracts. The DsRed surface fluorescence was measured with the same
device and settings used for quantification of DsRed in extracts (I1.6.2.1), using a consistent

read height (8.9 mm) and a constant gain value (52).

11.6.3 Surface plasmon resonance spectroscopy

A Sierra SPR2/4 (Bruker Daltonics SPR, Hamburg, Germany) and a Biacore T200 (Cytiva)
were used for SPR experiments. High Capacity Amine sensors (Bruker) were used with the
Sierra SPR 2/4, whereas CM5 sensors were used with the Biacore T200 (Cytiva). Assays were
conducted at 25°C. All peptides used for SPR assays were synthesized by Thermo Fisher

Scientific.

1.6.3.1 Quantification of His-tagged proteins

An indirect SPR assay format based on binding inhibition was used to quantify model proteins
through their Hise-tag, using monoclonal anti-His antibody as ligand. Different peptide designs
were tested to functionalize sensors with Hise epitopes (Supporting Table 20), using ethyl-3-
diaminopropyl-carbodiimide/N-hydroxylsuccinimide (EDC/NHS) chemistry [228] for peptide
coupling. Briefly, sensor surfaces were conditioned by alternating exposure to 30 mM
hydrochloric acid and 25 mM sodium hydroxide, followed by activation with a mixture of 0.48
M EDC and 0.10 M NHS for 10 minutes and coupling with 500 uM peptide in coating buffer
(VIL.6) for 15 minutes. Excess reactive groups were deactivated by injection of 1.0 M
ethanolamine for 10 minutes, followed by conditioning with 5 injections of regeneration buffer
(VIL6). Reference surfaces were functionalized similarly, omitting the coupling of peptides.

Functionalized sensors were stored in sterile PBS at 4°C.
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Binding inhibition assays were conducted by diluting supernatants (II.5) in PBS-T running
buffer (VIL.6) until they were in the range of the calibration curve (0.4 — 100.0 nM His-tagged
peptide in PBS-T), typically 1:40 or 1:80, before mixing 50 uL sample or standard with 50 uL
of 20 nM MonoRab anti-His antibody (GenScript, Piscataway, USA), prepared in the same
buffer. After incubation for 1 hour on a rotary shaker at 22°C, samples were injected over
peptide-coated sensors for 3 minutes at a flow rate of 10 pL minute! to capture antibody
molecules with unoccupied binding sites. The quantity of His-tagged protein in a sample was
calculated based on the relative binding inhibition measured with His-tagged standards using a
Boltzmann function (Equation 4). Sensors were regenerated with a 30 second injection of

regeneration buffer (VIL6), using a flow rate of 30 pL minute™.

y = Al+f§0 + A4, Equation 4
1+e dx

Where y (in %) is the inhibition (dependent variable), x (in nM) is the analyte concentration

(independent variable), 4; is the initial value (minimal inhibition in %), 4> is the final value

(maximal inhibition in %), Xy is the center (in nM) and dx is the slope.

1.6.3.2 Quantification of IgG1 and IgG3 antibodies

A direct SPR assay format was used to quantify IgG1 or IgG3 antibodies with immobilized
protein A/G. Sensors were functionalized as described for the coating of peptides (11.6.3.1),
using 100 mg L' recombinant protein A (quantification of IgG1) or protein G (quantification
of IgG3) produced in E. coli (Thermo Fisher Scientific). Typical protein A/G immobilization
levels were ~5000 resonance units (RU).

Direct SPR assays were conducted by diluting supernatants (II.5) in HBS-EP running buffer
(VIL6) until the signal was in the linear range of the calibration curve (0.0 — 2.0 mg L' 2G12
in HBS-EP), typically 1:40 or 1:80, before injection over protein A/G coated sensors for 3
minutes at a flow rate of 30 pL minute”!. The quantity of IgG1 or IgG3 in a sample was
calculated based on the resonance signal measured with 2G12 standards [229], using Equation
5. Measurements were corrected with the RU recorded with extracts from wildtype plants.

Sensors were regenerated with a 30 second injection of 30 mM hydrochloric acid [230].

monomer
RUsampleXMm, stax0ligostd Cstd . 'quthentic std Cstd .
— —_— =
Csample X RUgq X dllsample Csample RUsample X RUgtq EquaUOn 5

M, sampleX0lig0sample

Where RUampie 15 the reference-corrected resonance signal of the sample, RUju 1s the reference-

corrected resonance signal of the 2G12 standard, My, s and My, sample are the molar masses of
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the standard and sample, and oligosu and oligosampie describe the oligomerization state of
standard and sample. The term cys RUxa describes the slope that is obtained from a dilution

series of standards with a known concentration (csw), and dilsampie 1s the sample dilution factor.

1.6.3.3 Binding kinetics of IgG3 antibodies

Binding kinetics were measured with protein G-purified IgG3 (I1.5.5.2) derived from the ER or
apoplast and recombinant alpha toxin (antigen) produced in E. coli (Abcam, Cambridge, United
Kingdom), using a Biacore T200 (Cytiva) and HBS-EP running buffer (VIL.6). Briefly, IgG3
antibodies were captured on protein G-coated sensors (11.6.3.2) at a concentration of 7.35 mM
(ER derived IgG3) or 10.62 mM (apoplast derived IgG3), followed by injection of 24 — 400,000
pM alpha toxin in HBS-EP. Alpha toxin was dialyzed against HBS-EP for 16 hours at 4°C to
remove glycerol (20% v v!) from the formulation. After every antigen injection the sensor
surface was regenerated as described for IgG3 quantification (I1.6.3.2), followed by the next
cycle of IgG3 capture and antigen injection. The association rate constant k, and the dissociation
rate constant kq of the antibody-antigen complex were derived from the signal measured with
different alpha toxin concentrations, using the Biacore T200 evaluation software. The

equilibrium dissociation constant Kp was calculated from kq and k. using Equation 6.

Kp = — Equation 6

11.6.4 Polyacrylamide gel electrophoresis

Precast 4 — 12 % (m v'') BIS-TRIS polyacrylamide gels (Thermo Fisher Scientific) were used
for gel electrophoresis with MES running buffer (Thermo Fisher Scientific). Samples were
prepared by mixing 26 uL supernatant (II.5) with 10 pL lithium dodecyl sulfate (LDS) Loading
Buffer and 4 pL Reducing Agent (both from Thermo Fisher Scientific) followed by
denaturation at 80°C for 10 minutes. Gels were loaded with 15 pL. sample per lane and 5 pLb
PageRuler pre-stained protein standard (Thermo Fisher Scientific). Electrophoresis was

performed in an X-Cell SureLock Mini-Cell (Thermo Fisher Scientific) at 200 V for 40 minutes.

1.L6.4.1 Coomassie staining

Coomassie staining was performed at room temperature (22°C) subsequently to gel
electrophoresis (I11.6.4). Gels were washed twice in ultra-pure water for 5 minutes, stained with
Simply Blue Safe Stain (Thermo Fisher Scientific) for 4 hours and de-stained in ultra-pure water
overnight. All washing and incubation steps were conducted at 16 rpm using a rotary shaker.

Gels were scanned at 600 dpi using a Canon 5600 scanner (Canon, Krefeld, Germany).
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1.6.4.2 Silver staining

Silver staining was performed at room temperature (22°C) subsequently to gel electrophoresis
(I1.6.4), using a custom protocol. Gels were fixated in solution I (VIL.6) for 1 hour, washed
twice with solution II for 20 minutes (VII.6) and incubated in solution III (VIL.6) for 1 minute.
After washing (twice) in ultra-pure water for 1 minute, gels were incubated in solution IV
(VIL.6) for 20 minutes and developed in solution V (VIL6). The reaction was stopped by
addition of solution VI (VIL.6). All washing and incubation steps were conducted at 16 rpm

using a rotary shaker. Gels were scanned as described for Coomassie gels (11.6.4.1).

11.6.4.3 Western blotting

After separation by gel electrophoresis (I1.6.4) samples were transferred onto nitrocellulose
membranes (Merck) in an X-Cell II Blot Module (Thermo Fisher Scientific) or a Trans-Blot
Cell (Bio-Rad) at 30 V for 1 hour in blotting buffer (VIL6). After blocking with 5% (w v!)
milk powder in PBS-T (VIL6), proteins were specifically detected with primary and
(optionally) secondary antibodies (Table 4), using an incubation time of 1 hour for each
antibody. Membranes were washed 3 times for 5 minutes in PBS-T after each incubation step.
Secondary antibodies were conjugated with alkaline phosphatase (AP), which was used for
colorimetric protein detection with a mixture of 0.30 g L™! nitroblue tetrazolium (NBT) and 0.15
g L' 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as substrate. All washing and incubation
steps were conducted at 16 rpm. Blots were dried and scanned as described for Coomassie gels
(1L.6.4.1).

Table 4: Overview of antibody combinations used for target protein detection on western blots.

Target protein Primary Concentration Secondary Concentration
or domain antibody [mg L] antibody [mg L]

Goat anti-rabbit

Rabbit anti-Hiss 0.10 IeG AP (Jackson  0.06

HiS()

(GenScript A00174) 111-045-045)
Goat anti-mCherry Rabbit anti-goat
DsRed (Thermo Fisher 0.20 IgG AP (Jackson  0.06
TA150126) 305-055-046)
Goat anti-human IgG
(Hur;i?ﬁl gact}i n) (H+L) AP (Jackson 0.12 n.a. n.a.
quantiticatio 109-055-003)
Goat anti-human IgG
e (H+L) AP (Jackson 0.12
(ﬁe tection) 109-055-003) n.a. n.a.
Goat anti-human IgA  0.15
AP (Merck AP506A)

Antibody solutions were prepared in 5% (w v') milk powder in PBS-T (VIL6). AP — alkaline
phosphatase, H — antibody heavy chain, L — antibody light chain, n.a. — not applicable.
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1.6.5 Dot blot analysis

Hise-tagged model proteins were optionally quantified by dot blot analysis, using the same
antibody pair used for detection of Hise-tagged proteins on western blots (I1.6.4.3) and authentic
purified model proteins as standards (I1.5.5.1). Briefly, 5 puL supernatant (I.5) or authentic
standards with concentrations of 0.5, 2.0, 4.0, 6.0, 8.0, 10.0, 12.5 and 15.0 mg L' [174] in PBS
(VIL.6) were pipetted on nitrocellulose membranes (Merck). Membranes were air-dried for 5
minutes, blocked with 5% (w v'!) milk powder in PBS-T (VII.6) and Hiss-tagged proteins were
specifically detected as described for western blots. The signal from the alkaline phosphatase

color reaction was quantified by densitometric analysis.

11.6.6 PPK activity assay

The activity of recombinant PPKs produced in plants or E. coli was assessed in an enzymatic
assay [231], using adenosine diphosphate (ADP) as substrate and hexametaphosphate (both
from Merck) as phosphate donor. Briefly, 100 pL assay solution I (VIL.6) and 700 pL assay
solution II (VIL.6) were heated to 37°C in a thermo shaker, omitting the addition of PPK in
solution I and the addition of NAD" in solution II. After equilibration for 2 minutes, assay
solution I and assay solution II were mixed and the reaction was started by addition of purified
PPK (II.5.5.1) and NAD". The ADP consumption rate was measured indirectly through the
phosphorylation of glucose to glucose-6-phosphate, catalyzed by hexokinase, and the oxidation
of glucose-6-phosphate to 6-phosphogluconolactone, catalyzed by glucose-6-phosphate
dehydrogenase [231]. The reduction of NAD" to NADH in the latter reaction was monitored by
measuring the absorbance at 340 nm for 1 hour in a spectrometer, using a quartz glass cuvette.
The PPK activity was calculated from the change in absorbance over time using the Lamber-

Beer law (Equation 7).
AA = ¢ -d -Ac Equation 7

Where AA is the change in absorbance, ¢ is the molar extinction coefficient (exapa 340im = 6220

M cm™), d is the path length of the cuvette (in cm) and Ac is the change in concentration.

11.6.7 Biofilm degradation assay

The activity of recombinant DspB produced in plants or E. coli was assessed against authentic
MRSA biofilms in an experimental biofilm assay [174]. Briefly, tenfold serial dilutions of 0.04
—400.00 mg L! purified DspB (11.5.5.1) were prepared in biofilm assay buffer (VIL.6) and 200
uL well! were added to preformed S. aureus biofilms in 96-well plates (11.3.3). After enzymatic
treatment for 2 or 6 hours at 37°C without agitation, supernatants were discarded and plates
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were washed twice with ultrapure water. Remaining biofilm was stained with 200 uL well™!
0.1% (m v'') crystal violet (Carl Roth, Karlsruhe, Germany) for 5 minutes at 22°C. After
washing (twice) with ultrapure water and air drying for 10 minutes at 22°C, crystal violet was
resolubilized by addition of 200 uL well™! acetic acid and incubation on a rotary shaker at 300
rpm for 10 minutes. Signals were readout at 595 nm using a Synergy H1 plate reader (Agilent).
The activity of DspB was calculated by fitting the enzyme concentration and remaining biofilm
(compared to untreated controls) with a dose response function (Equation 8).

Ax—Aq

y = A1t T tesxop Equation 8

Where A; is the minimum biofilm signal (in % of the untreated control), 4> is the maximum
biofilm signal (in % of the untreated control), logxy is the enzyme concentration at half-maximal
response (ICso in g L) and p is the Hill slope (the slope of a tangent to the curve at half-

maximal response).

I1.7 Data evaluation and visualization

Advanced image data analyzer (AIDA) v5.1 (Raytest, Straubenhardt, Germany) and ImageJ
v1.51j8 [232] were used for densitometric evaluation of LDS gels (I11.6.4) and dot blots (I11.6.5).
Design Expert v13 (Stat-Ease, Minneapolis, USA) was used to set up and analyze statistical
designs (II.7.1). OriginPro 2015 SR2 vb9.2.272 (OriginLab, Northampton, USA) was used to
plot data and for statistical analysis (I1.7.2).

1.7.1 Design of experiments

A statistical design of experiments (DoE) approach was used to establish predictive models that
characterize the impact of the expression cassette design (I1.7.1.1), BY-2 cultivation conditions
(I1.7.1.2) or exposure to light (II.7.1.3) on model protein accumulation or integrity (I1.7.1.4).
Significant model factors were preselected by automatic backwards selection from a quadratic
base model, using a p-value threshold of 0.10. Factors with a p-value > 0.05 were manually

removed. Exceptions were made to maintain model hierarchy if needed [90].

1.L7.1.1 Expression models
The effect of the 5" UTR, target compartment and antibody scaffold on the accumulation of
IgG3 in N. benthamiana and N. tabacum was investigated using historical response surface

models with 122 runs (Table 5).
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Table 5: Factors and factor ranges investigated for building an IgG3 expression model.

Level
Factor
1 2 3 4 5
5" UTR [-] CHS omega TL n.a. n.a.
Target ER ER
compartment [-] Apoplast (1 x LPH) (2 x LPH) Vacuole Chloroplast
Antibody IgG3 IgG3

1gG3 n.a. n.a.

scaffold [-] (IgG1 CH3) (IgG1 CH3/2)

n.a. —not applicable.

1.7.1.2 Harvest time model
The effect of the BY-2 cultivation time and PCP incubation time on the accumulation of DsRed
in different cell compartments was investigated using a D-optimal response surface design with

92 runs, conducted in two blocks (Table 6).

Table 6: Factors and factor ranges investigated for building a BY-2/PCP harvest time model.

Level

Factor

1 2 3 4
B.Y-2 cultivation 120 144 168 192
time [h]
P.CP incubation 48 72 96 n.a.
time [h]
Target Apoplast ER Chloroplast Cytosol

compartment [-]

n.a. — not applicable.

1.L7.1.3 Light exposure model
The effect of different light wavelengths, intensities and the duration of BY-2 light exposure
on the accumulation of DsRed in different cell compartments was investigated using a

D-optimal response surface-mixture design with 144 runs (Table 7).

Table 7: Factors and factor ranges investigated for building a BY-2 light exposure model.

Level

Factor

1 2 3 4
Eght wavelength Far red red Green Blue
Light intensity 20 30 40 n.a
[nmol s m?] B
Exposure time 1 o) 3 n.a
[weeks] h
Compartment [-] Apoplast ER Chloroplast Cytosol

n.a. — not applicable.
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1.7.1.4 1gG integrity model
The effect of the 5" UTR, target compartment, IgG scaffold, BY-2 cultivation time and PCP
incubation time on IgG integrity was investigated using an I-optimal split-plot response surface

design with 216 runs (Table 8).

Table 8: Factors and factor ranges investigated for building an IgG integrity model.

Level

Factor

1 2 3 4
BY-2 cultivation ), 144 168 192
time [h]
ITCP incubation 48 7 96 na.
time [h]
Compartment [-]  Apoplast ER Chloroplast Cytosol
Antibody 1gG3 1gG3
scaffold [-] 1gG3 (IeG1 CH3) (eG1 CH3/2) 1801

The PCP harvest time point was treated as hard-to-change factor. n.a. — not applicable.

11.7.2 Statistical methods

A Shapiro-Wilk test was used to test for normality and an F-test was used to confirm equal
variance of data sets [233]. Unpaired two-sample, two-sided #-tests were used to compare
normally distributed data from negative selection, plant (cell) cultivation and activity tests,
using a significance level of a = 0.05. Welch's #-test was used if variances differed significantly
and a Mann-Whitney U-test (Wilcoxon test) was used to compare non-normally distributed data
[234]. Screening studies in PCPs or differentiated plants were evaluated by analysis of variance
(ANOVA) using Design Expert (Stat-Ease) or OriginPro (OriginLab) with a post hoc
Bonferroni test [235] and a significance level of a = 0.05.

In statistical tests comparing two groups, N refers to the total number of samples from both

groups, whereas n refers to the number of samples from a single group.
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lll. Results and discussion

Results presented in the following sections have been published as denoted hereafter:

I11.2.3.3.1 Opdensteinen, P., Buyel, J.F., Reducing water uptake into BY-2 cells by
I1.2.3.3.2 systematically optimizing the cultivation parameters increases product yields

I11.2.3.3.4 achieved by transient expression in plant cell packs. Biotechnology Journal
2022, 17(10), 2200134, DOI: 10.1002/bi0t.202200134.

111.2.4.1 Opdensteinen, P., Sperl, L.E., Mohamadi, M., Kiindgen-Redding, N., Hagn, F.
and Buyel, J.F., The transient expression of recombinant proteins in plant cell
packs facilitates stable isotope labeling for NMR spectroscopy. Plant
Biotechnology Journal 2022, 20(10), 1928-1939, DOI: 10.1111/pbi.13873.

[11.4.2.2  Opdensteinen, P., Meyer, S., Buyel, J.F., Nicotiana spp. for the expression and
purification of functional IgG3 antibodies directed against the Staphylococcus
aureus alpha toxin. Frontiers in Chemical Engineering 2021, 3, 737010, DOI:
10.3389/fceng.2021.737010.

lll.1 High-throughput cloning

The standardization of workflows and synthetic biology tools has facilitated the automation of
DNA assembly [236-238], which is the starting point for many projects in molecular biology,
thus allowing to generate and explore increasingly complex construct libraries [168]. By
applying the same concept to plant biotechnology, a high-throughput platform for cloning of
transient expression vectors was established that facilitates a systematic investigation of current
limitations of plant-based expression systems, e.g. low yields, and batch to batch variation [78,
90]. Establishing a high-throughput cloning platform comprised generation of modular vectors
(ITI.1.1), implementation of negative selection to maximize the cloning success rate (III.1.2)

and automation to increase the cloning throughput (I11.1.3).

l1l.1.1 Modular expression vectors

The first step towards high-throughput cloning was to set up modular vectors based on pTRA,
a derivative of pPAM (GenBank AY027531), to facilitate the rapid exchange of vector
elements. An approach based on restriction enzymes was chosen, because after more than 50
years of application [239] this technique is established in many laboratories, compatible with
PCR amplification [240] and parallelization, especially when combined with type IIS restriction

enzymes, which allow one-pot assembly reactions [241].
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ll.1.1.1 Selection of target proteins

The model proteins (Table 9) used to establish a high-throughput screening platform for
recombinant protein production in plants were chosen to suit a multi-layered strategy for
treatment of infections with MRSA (1.4.1).

Specifically, the proinflammatory cytokine IL6 (Uniprot ID P05231) was chosen as a model
protein because of its ability to promote bacterial killing by neutrophils [242], aiming to support
the treatment of S. aureus infections by stimulating the immune response [243]. So far
recombinant IL6 production has proven to be challenging with established expression platforms
including plants and bacteria due to aggregation and susceptibility to degradation [189, 244].
In the same context IL8 (Uniprot ID P10145) was chosen as model protein, because S. aureus
evasion protein SSLS5 interferes with normal neutrophil activation and migration trough IL8
[188]. Additionally, IL8 has a longer half-life time than IL6 [245], thus allowing to compare
the effect of intrinsic protein stability on recombinant accumulation levels in plants.
Polyphosphate kinases from Thermocrispum agreste and Rhodococcus opacus (PPK-RO) were
selected not only as conserved anti-bacterial drug targets, but also because they can be used for
co-factor regeneration in industrial application. Specifically, the PPK from 7. agreste (PPK-
TA) was chosen as model, because of its origin from a thermostable organism [246], thus
facilitating a potential purification from plants by heat treatment of leaf tissue or plant extracts
in the future [247]. For example, a thermal stability of > 60°C enables blanching of leaf tissue,
which has been shown to simplify purification of (heat-stable) recombinant from plants
tremendously by precipitating ~80% of plant HCPs before chromatography [247]. The PPK
from R. opacus (PPK-RO) was selected as a counterpart from a mesophilic organism.
Antibodies directed against S. aureus toxins have been successfully used to treat infections with
MRSA [195]. This concept was developed further by using an IgG3 antibody scaffold (Uniprot
ID P01860), which unlike the commonly used IgGl cannot be bound and neutralized by
S. aureus SpA. Compared to IgGl, IgG3 offers additional advantages like a more potent
complement activation [248] and a more flexible hinge region, but has so far been difficult to
produce recombinantly due to aggregation and degradation [249]. IgG1 antibodies directed
against the same target (S. aureus alpha toxin) were selected as a control for IgG3.

DspB (Uniport ID Q840G9) was chosen as a model for biofilm degrading enzymes, because it
is one of only two reported enzymes capable of hydrolyzing poly-f-1,6-N-acetyl-d-glucosamine
(PNAG), which is a key element in bacterial biofilms [250] and highly conserved among

diverse bacteria including S. aureus [251, 252]. DspB has so far been produced in stable
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transgenic plants to protect them from pathogens [253], but the transgenic production of DspB
has not been investigated in detail in plants.

The chimeric enzyme LysK-L (Uniprot IDs Q6Y7T6 and P10547) was selected as a model for
endolysins, because it combines amidase, alanyl-glycyl endopeptidase and glycyl-glycyl
endopeptidase activities, thus achieving efficient lysis of antibiotic-resistant S. aureus [254].
The plant-based production of LysK-L has been difficult with viral vectors, likely due to their
size limitation [116, 255], thus representing an interesting target for the Agrobacterium system

used herein, which is compatible with genes > 2.0 kb [114].

Table 9: Overview of model proteins used to set up and test modular expression vectors.

Molecular Isoelectric Instability Aliphatic

E‘oteln E]r ganism of origin mass point index index
[kDa] [-] [-1 [-1
PPK-RO Rhodococcus opacus 81.50 5.48 37.01 96.73
PPK-TA Thermocrispum agreste  80.10 5.51 43.03 96.71
IL6 Homo sapiens 20.80 6.21 57.89 84.81
IL8 Homo sapiens 11.10 9.10 24.95 101.52
IgG3? Homo sapiens 54.58 8.16 49.37 61.24
1gG3 (IgG1  Homo sapiens 54.58 8.16 49.63 62.40
CH3
domain)*
1gG3 (IgG1  Homo sapiens 54.58 8.16 49.23 61.82
CH3/2
domain)®
IgGl Homo sapiens 49.40 8.36 45.56 67.39
M12)
DspB Actinobacillus 41.00 5.70 30.83 81.36
actinomycetemcomitans
Lysk-L° Staphyolococcal phage  71.30 9.48 31.32 60.68
K, Staphylococcus
simulans

2 protein properties correspond to the antibody heavy chain. All mAbs contained the variable domain of
the M12 antibody (Figure S1).° LysK-L is a fusion protein of LysK and lysostaphin [254]. All protein
properties were calculated with Expasy ProtParam [256].

A C-terminal hexa histidine-tag (Hise-tag) was fused in frame with the respective target protein
coding sequences to facilitate purification and quantification (Figure 3). The Hise-tag was
chosen, because it is one of the smallest affinity tags available (0.84 kDa [257]), thus likely
minimizing the impact on target protein properties such as solubility or function [258, 259].

The purification tag was omitted for target proteins of the IgG class, because these can be
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readily detected with group specific antibodies and can be quantified and purified with protein

A,GorL.

11.1.1.2 Selection of vector elements for screening studies

The expression cassette elements selected for an initial set of modular vectors constitute
promotors, UTRs and signal sequences, because they have been shown to strongly affect
recombinant expression in plants [144]. Systematically screening libraries of these elements
facilitates the identification of combinations that achieve high product accumulation. The
double-enhanced Cauliflower mosaic virus 35S promotor was selected as an example for a
strong constitutive promotor, conferring high transgene transcription in plants [260]. Three
different 5’ UTRs, namely the Petroselinum hortense chalcone synthase 5" UTR (CHS [211]),
the Tobacco mosaic virus omega prime sequence (omega [212]) and the Tobacco etch virus
leader sequence (TL [213]) were selected for screening of promotor and UTR combinations
that confer high transgene expression [144]. Because of compartment-specific differences in
protein modification and degradation [85], the LPH, rbcS [216] and KISIA signal sequences
[219] as well as the SEKDEL retention signal [218] were included in the modular vector system
to investigate the effect of sub-cellular targeting on recombinant protein accumulation and

activity (Table 10, Figure 3).

Table 10: Overview of signal sequence combinations used in the modular vectors system and the
resulting targeted sub-cellular compartment.

5' signal sequence 3’ signal sequence Targeted compartment

None None Cytosol

rbeS None Plastid (BY-2), chloroplast (differentiated plants)
LPH None Apoplast

LPH SEKDEL Endoplasmic reticulum

LPH KISIA Central vacuole

KDEL — ER retention signal from the chaperone protein grp78. KISIA — vacuolar targeting signal from
the Amaranthus hypochondriacus 11S globulin. LPH — leader peptide of the antibody mAb24 heavy
chain. rbcS — transit peptide from the ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit
of Solanum tuberosum. Amino acid sequences are provided in the appendix (Supporting Table 3).

1.1.1.3 Assembly of modular vectors

To assemble modular expression vectors, DNA fragments containing the expression cassette
elements chosen for initial screening studies (III.1.1.2) were amplified by PCR (Figure 3A),
thereby introducing restriction enzyme recognition sequences and complementary sites for

homologous recombination via primer overhangs (II.2.2). Gibson assembly (I1.2.6) was then
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used to join the amplified DNA fragments resulting in expression vectors with restriction
enzyme recognition sites flanking the sequence coding for the protein of interest as well as
expression cassette elements with a strong influence on recombinant protein expression in
plants (Figure 3A).

Whereas additional or modified nucleotides in untranscribed regions resulting from restriction
cloning did not affect the coding sequence of the target protein, the restriction sites directly
flanking the latter had to be selected carefully to maintain the target protein’s native amino acid
sequence. Ncol was chosen for the 5’ end of the target protein, because the enzyme recognition
site encompasses the translation start codon (ATG) and overhangs generated by Ncol are
compatible with overhangs from multiple other restriction enzymes (Supporting Table 4).
These enzymes can be used instead of Ncol depending on the nucleotide sequence of the target
protein and omit the need to alter the target protein sequence for restriction cloning. However,
such “Ncol-ReX” cloning events caused the original restriction sites to disappear, effectively
trapping the target protein coding sequence in the vector. Notl was chosen for the target
protein’s 3’ end (Figure 3A), because the enzyme recognition site encompasses three alanine, a
small and neutral amino acid that can simultaneously act as a spacer to ensure tag accessibility
without being susceptible to degradation [261].

To simplify cloning of antibodies which are composed of two polypeptides, the sequences
coding for the heavy and light chain were fused in frame with a self-excising linker peptide
consisting of an intein and F2A peptide [217], thus generating a single open reading frame,
which can be readily introduced into the modular vectors (Figure 3A). Using the same strategy,
the modular vectors can be used to express other multi-chain proteins or for protein co-
expression. Up to 3 proteins have been simultaneously expressed with a self-excising linker in
the literature without compromising expression levels compared to single-protein vectors [217].
Moreover, T-DNAs of at least 150 kb have been transformed into N. tabacum plants [119],
hence not posing an issue to further expanding the expression cassette in a transient expression
setting. Because antibodies did not require a tag, they were cloned into the modular vectors
through Ncol and Xhol, thereby removing the C-terminal Hise-tag and the SEKDEL or KISIA
signal sequences present in the modular vectors (Figure 3A). If retention in the ER or trafficking
to the vacuole was desired, the respective signal sequences were fused in frame to the 5’ end of
the leading peptide chain, i.e. the heavy chain by PCR (Figure S1). Equipping one of the two
fused peptide chains with a signal sequence has shown to be sufficient for correct trafficking
before [262]. After assembling modular vectors (Supporting Table 2), restriction cloning with

type II enzymes was used to exchange target proteins (III.1.1.1) and expression cassette
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elements (III.1.1.2), in order to investigate their interplay while maintaining sub-cloning

capability (Figure 3B).
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Figure 3: Schematic representation of a modular vector design for Agrobacterium-mediated
transient protein expression in plants and exchange of vector elements with endonucleases. A.
Assembly of modular expression vectors using Gibson assembly [210]. Homologous regions for the
assembly of modular expression vectors were introduced into PCR products with primer overhangs,
simultaneously adding restriction enzyme recognition sites (I1.2.7). B. Exchange of vector elements with
type Il restriction enzymes. When using type Il enzymes for restriction cloning, enzyme recognition
sites and sub-cloning capability are preserved. C. Exchange of vector elements with type IIS restriction
enzymes. When using type IIS enzymes for restriction cloning, enzyme recognition sites disappear in
the final DNA sequence. Depending on the combinations of signal sequences used, recombinant proteins
can be targeted to the cytosol, apoplast, plastid, ER or vacuole (Table 10). RE — restriction enzyme, SL
— self-excising linker.

In the future, aiming for a commercial application, type II restriction enzymes will be replaced
by type IIS enzymes to increase the throughput when exchanging genetic elements (Figure 3C).
Because type IIS restriction enzyme recognition sites can be designed so they do not appear in
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the final DNA sequence, these enzymes are most suitable for applications where sub-cloning
capability is not required anymore (Figure 3C).

In total, 430 constructs were cloned with the modular vector system, out of which 206 were
used in this thesis (Supporting Table 2). The cloning efficiency (i.e. the number of correct
clones obtained from the cloning reaction) with type II enzymes was 83.5 + 19.3% (n = 692),
which was, as expected, lower than the efficiency (> 97%) reported for type IIS enzymes [263].
Clones that were negative during colony PCR typically contained the original template vector
instead of the intended cloning product. To remove such false-positive clones and increase the
reliability of DNA assembly, a negative selection strategy was next implemented into the

modular vector system.

l11.1.2 Negative selection with SacB

Levan sucrase from Bacillus subtilis hydrolyses sucrose to form levan, which is toxic to gram-
negative bacteria like 4. tumefaciens and E. coli [263], even though is specific mode of action
is still under investigation. Including the SacB cassette (native SacB promotor, SacR control
region and SacB encoding gene sequence (Figure S2) as a default insert in the modular vector
system (II1.1.1.3) can therefore be used as a negative selection strategy in the presence of
sucrose [264]. Specifically, in the cloning process, the SacB cassette is replaced by a new DNA
sequence to be tested and only cells containing vectors where the SacB cassette was
successfully replaced can growth on sucrose selective media. Sodium chloride was omitted
from SacB selection media (VIIL.7), because SacB sensitivity has been reported to decrease in
the presence of >5 g L! sodium chloride [265]. For example, lysogeny broth (LB) medium
used for routine cultivation of E. coli contained 10 g L' sodium chloride (VII1.7) and can thus
be expected to impair SacB selection.

The SacB gene cassette was functional in E. coli as well as 4. tumefaciens (the two species
relevant for the cloning strategy) as indicated by the absence of colonies when plating SacB™
cells from both species, on solid media containing 50 g L™ (E. coli) or 100 g L (4. tumefaciens)
sucrose (Figure 4). The same cells survived when omitting sucrose (Figure 4C, F), but growth
was impaired compared to control constructs, as indicated by a ~50% smaller colony size after
16 hours (E. coli) and 80 hours (4. tumefaciens) of incubation (Figure 4C, F). However, because
the replacement of the SacB cassette with a gene of interest was the desired cloning outcome,
the impaired growth did not pose a problem and even acted in favor of negative selection against
SacB. The cloning efficiency increased from 83.5 + 19.3% (n = 692) to 95.8 = 7.2% (n = 20)

after implementing SacB negative selection into the modular expression vectors.
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Figure 4: Evaluation of SacB functionality in E. coli and A. tumefaciens. A — C. Negative selection
with E. coli SacB" and SacB- on agar plates. Chemically competent E. coli dh5a (I1.3.1.1) were
transformed with pTRAc 000431 or pTRAc 000001 (Supporting Table 2) and regenerated in the
presence of sucrose (I1.3.1.4). Plates were incubated for 16 hours at 37°C. D — F. Negative selection
with A. tumefaciens SacB* and SacB~ on agar plates. Electrocompetent 4. tumefaciens cells (11.3.2.1)
were transformed with the same constructs used for E. coli and regenerated in the presence of sucrose
(I1.3.2.4). Plates were incubated for 80 hours at 28°C. G. Growth of with E. coli SacB" and SacB" in
liquid cultures. Liquid cultures were inoculated with the same E. coli cell suspensions used for plates
and incubated at 37°C for 16 hours (I1.3.1.4). H. Negative selection with 4. tumefaciens SacB* and
SacB- in liquid cultures. Liquid cultures were inoculated with the same A4. tumefaciens cell suspensions
used for plates and incubated at 28°C and 160 rpm for 106 hours (II.3.2.4). Negative controls were
treated similarly, omitting the addition of DNA. Antibiotics were re-added in A. tumefaciens liquid
cultures to 25 pg mL™! (kanamycin, rifampicin) and 50 pg mL™! (carbenicillin) every 48 hours. Growth
curves were fitted to an exponential growth function (Equation 9, Supporting Table 5) using the software
OriginPro. Error bars represent the standard deviation from n = 3 cultures.
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In liquid cultures containing 100 g L' sucrose, SacB* but sucrose-resistant E. coli became
detectable through an increasing ODsoonm after ~11 hours of incubation (Figure 4G). The
appearance of sucrose-resistant mutants after > 10 hours of incubation was in agreement with
the literature [265] and has previously been attributed to mutations in the SacB cassette [266].
The time until the emerging of sucrose-resistant mutants in liquid cultures was estimated by
recording growth curves of SacB" E. coli and A. tumefaciens in the presence of sucrose and
converting the ODsoonm to colony forming units (CFU) using a conversation factor of
7.94 (£ 2.00) x 108 CFU ODgoonm™* for E. coli and a conversion factor of 13.66 (+ 7.06) x 108
CFU ODgoonm! for A. tumefaciens [267]. The growth curves recorded for both organisms were
then fitted to an exponential growth function (Equation 9) and the time where the number of
CFU first exceeded zero (CFU > 0) was derived by rearranging the exponential growth function

for the cultivation time (Equation 10).

Y=y +Aen Equation 9
x=In (yz/ 0) ts Equation 10

Where x is the incubation time (the independent variable), y is the number of CFU (the
dependent variable), yy is the y-offset (number of CFU at ¢ = 0), 4; is the amplitude (pre-
exponential scaling factor) and ¢, is the growth constant. Uncertainties on the incubation time x

were calculated by error propagation (Equation 22).

Adding 50 g L! sucrose already during regeneration increased the negative selection efficiency
by delaying the emergence of sucrose-resistance clones by ~2 hours, i.e. from 7.5 + 4.8 hours
t0 9.1 + 3.1 hours in E. coli (Figure S3, Supporting Table 6). The mean time until the emergence
of sucrose-resistant clones (yg) was significantly different in both settings when comparing the
fitting parameters (Supporting Table 6) using an F-test and OriginPro (p <0.001, a = 0.05).
When testing a similar setting with 4. tumefaciens, no sucrose-resistant clones emerged (Figure
4H), probably reflecting the concurrence of the 4. tumefaciens cultivation temperature (28°C)
and the optimum of SacB expression (30°C [268]). SacB™ but sucrose-resistant clones did thus
not pose an issue in 4. tumefaciens liquid cultures. In E. coli liquid cultures sucrose-resistant
clones only emerged after 9.1 =3.1 hours, when SacB~ clones had already reached the
exponential growth phase [269]. This data indicated that SacB negative selection can be used

in E. coli liquid cultures, given that cells are harvested before resistant clones emerge. The
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possibility to use liquid cultures during cloning simplifies automation by omitting the need for

plating and picking of individual colonies.

ll.1.3 Automated cloning of expression vectors

Automation in the context of DNA assembly is desirable, because it increases the throughput,
reliability and accuracy of cloning, thus facilitating the generation and testing of extensive
construct libraries [168]. Multi-well plates featuring (ultra-) filtration membranes were
especially interesting for this application, because they are compatible with automated liquid
handling stations, can be operated with centrifugal force or vacuum [270] and do not
compromise DNA integrity and transformational ability [271]. Additionally, using filter
membranes for purification of DNA prevents the risk to damage DNA by exposure to ethidium

bromide and UV light [272], which is still widely used in the context of DNA purification [273].

1.1.3.1 High-throughput DNA purification of cloning intermediates

Universal buffers are available for restriction and ligation [163], but they are often incompatible
with high fidelity polymerases such as Q5 [274]. Therefore, rapid DNA purification from PCR,
restriction or ligation preparations is necessary to ensure maximum flexibility in enzyme
selection.

To establish a rapid PCR cleanup method, 96-well plates featuring ultrafiltration membranes
with molecular weight cut offs (MWCOs) of 100 kDa and 30 kDa were challenged with PCR
reaction mix containing DNA fragment sizes typically cloned with the modular vector system.
DNA fragments in the range of 0.5 — 6.0 kbp readily passed a 100 kDa membrane (Figure 5A),
but interestingly also the ~105 kDa DNA polymerase was detected in the permeate instead of
the retentate (Figure S4). Because residual DNA polymerase might interfere with subsequent
cloning steps, for example due to exonuclease activity, addition of a proteinase directly to the
completed PCR reaction was tested as a measure to inactivate the polymerase. As anticipated,
incubation with 0.01 mg L' proteinase K completely inactivate the polymerase within 20 min
(Figure S4B). Vice versa, proteinase K was readily inactivated by a 90°C heat treatment within
10 min and did thus not interfere with subsequent restriction (Figure S4C).

Filtration with a 30 kDa membrane retained both 0.5 kbp and 6.0 kbp DNA fragments (Figure
5A), while deoxyribonucleotide triphosphates (ANTPs) and primers that might interfere with
subsequent applications passed the 30 kDa membrane (Figure 5B). The recovery of DNA re-
suspended from the 30 kDa membrane was ~70%, which matched the literature [275], but
indicated that a fraction of the DNA remained on the membrane. However, protocols for

removal of residual DNA have already been proposed in the literature, for example based on
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phosphoric acid for degradation of DNA [276], thus allowing to re-use the filter plates. The
removal efficiency of primers and dNTPs with 30 kDa membranes was ~78% and ~98% (Table
11) respectively, which was several times more efficient than the 10 — 30% removal reported
in the literature for a comparable setup using 13 kDa membranes [277]. The higher efficiency
during the removal of primers and dNTPs can be attributed to the larger membrane pore size
compared to the literature.

To achieve a rapid concentration of DNA fragments, the same setup can be used by reducing
the buffer volume for re-suspension of DNA fragments from the 30 kDa membrane (Figure
5A). Similarly, a buffer exchange or desalting can be conducted with 96-well plates featuring
30 kDa membranes, as indicated by the efficient removal of salt ions with 30 kDa membranes

(Table 11).

Table 11: PCR cleanup using 96-well filter plates with a retention rating of 30 kDa.

Component Concentration Removal

[-1 [mM] [% initial]
Deoxyribonucleotide 40 (200-fold PCR) 98.0% + 0.1
triphosphate mix

Magnesium chloride 20 (10-fold PCR) 100.0 = 0.0%
(polymerase buffer)

Primer 35SPARI (20 nt) 0.01 (100-fold PCR) 78.0% + 2.1

For all experiments a single centrifugation cycle (1000 x g for 10 min) was used with a sample volume
of 50 uL (I1.2.9.1.2). Data are means + standard deviations from n = 3 purifications. The concentration
of magnesium chloride was derived from the osmolality measured with a Gonotec Osmomat (11.2.9.1.2).

1.1.3.2 Automated separation of DNA fragments

Automating the separation of DNA fragments of different length on a liquid handling station is
desirable because it allows to automate permutation of genetic elements between expression
vectors generated with the modular vectors system (II1.1.1.3). Exchanging genetic elements in
the modular vectors always results in a large DNA fragment, i.e. the vector backbone (~6.0
kbp), and a much smaller DNA fragment, i.e. the element that is exchanged (~0.5 — 2.5 kbp),
for example a promotor, signal sequence, UTR or the sequence coding for the protein of interest.
However, despite the size difference it was not possible to separate these DNA fragments on a
liquid handling station using miniaturized (600 pL) size exclusion chromatography (data not
shown). As an alternative to SEC, membranes were hence tested for a size separation of DNA
fragments. Membrane-based separation processes have been successfully used to separate open,
circular and supercoiled vector isoforms [278] and the selectivity of such separation processes
has been further improved by optimizing the ionic strength and pH of the buffers used [271].

However, the underlying mechanism, i.e. a change in the vector size and conformation [278],
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cannot be utilized to separate linear DNA fragments of different length. In order to induce
conformational changes in linear DNA fragments comparable to vector isoforms and thus

facilitate separation by filtration, PEG was tested as an additive.
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Figure 5: PCR cleanup and separation of DNA fragments with combinations of 96-well filter
plates as well as optimization of the separation selectivity. A. DNA fragments in the range of
0.45 — 5.85 kbp were generated by cutting the vector pTRAc 000001 (Supporting Table 2) with BstXI,
Fsel and EcoRI and concentrated with a 30 kDa filter plate. DNA fragments were applied in 50 pL. TRIS
buffer at a concentration of 20 mg L (I1.2.9.1) and re-suspended from the 30 kDa membrane in 25 pL
of the same buffer. B. Removal of PCR primers with 30 kDa filter plates. The 20 nt primer 35SPARI
(Supporting Table 1) was removed by ultrafiltration with a 30 kDa membrane. The primer concentration
used for ultrafiltration was 0.01 mM. C. Separation of DNA fragments in the range of 0.45 — 5.85 kbp
by PEG precipitation and filtration with 0.2 pm and 30 kDa filter plates (I11.2.9.2). DNA fragments and
concentrations were similar to (A). D. Optimization of separation selectivity by modifying the binding
buffer volume fraction. DNA fragments for separation were generated by cutting the vector pMA_IRES
(Supporting Table 2) with EcoRI and Ncol, yielding 0.60 kbp and 2.40 kbp DNA fragments. A DNA
concentration of 25 mg L' was used. Carboxyl-coated magnetic beads were used to capture precipitated
DNA. Numbers denote the volume fraction of the binding buffer (11.2.9.3).
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The addition of neutral polymers such as PEG allows to convert DNA from an extended
configuration to a condensed, globular conformation [279]. DNA molecules with higher
molecular mass precipitate at lower PEG concentrations than DNA molecules with lower
molecular mass [280] and the concentration required to achieve this conformation change can
be predicted [281], which simplifies the implementation of PEG precipitation in automated
protocols.

By combining PEG precipitation of DNA fragments with multi-well filter plates featuring
retention ratings of 0.2 um and 30 kDa it was possible to separate a 6.0 kpb vector backbone
and a 0.5 kbp DNA fragment excised from the same vector (Figure 5C). After a single
purification cycle the retained backbone was ~99% pure (recovery of ~33%), whereas the insert
was ~68% pure (89% recovery). The selectivity during separation of small and large DNA
fragments can be further fine-tuned by optimizing the concentration of PEG and salt used for
precipitation as demonstrated with a 2.4 and 0.6 kbp DNA fragment and carboxyl-coated beads
(Figure 5D). Additionally, multiple rounds of purification are possible to increase the purity.
However, a complete separation was not necessary, because dephosphorylation of vector
backbones with an alkaline phosphatase prevented re-ligation. As described for the PCR
cleanup (III.1.3.1), membranes can be regenerated by removing DNA contaminations with
phosphoric acid [276], thus allowing to re-use membranes. Membrane fouling was not observed
in the literature when using DNA concentrations of 250 ng uL™!, which is more than tenfold the

concentration used here [282].

l11.1.3.3 Automation workflow

Two different workflows were used for automated cloning, depending on whether template
vectors (Figure 6A) had restriction sites compatible with the modular expression vectors
(Figure 6, grey background) or whether compatible restriction sites had to be introduced by
PCR (Figure 6, orange background). When backbone and insert originated from vectors with
compatible restriction sites, both vectors were directly cut with type II restriction enzymes
(Figure 6B). Following heat-inactivation of the restriction enzymes, the resulting DNA
fragments were separated with 96-well filter plates (Figure 6C) as described above (I11.1.3.2).
Vector backbones and inserts from different reactions were combined and ligated into new
expression vectors (Figure 6D) and transformed into E. coli or A. tumefaciens (Figure 6E).
When restriction sites were not compatible between template vectors, DNA sequences of
interest were amplified from template vectors by PCR (Figure 6F), introducing compatible
restriction sites via primer overhangs. After inactivation of the DNA polymerase potentially

interfering with subsequent cloning steps (Figure 6G), PCR products were purified with 96-
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well filter plates (III.1.3.1) and cut with type II or type IIS restriction enzymes (Figure 6H).
When restriction sites for regular type II enzymes had been introduced by PCR (Figure 6, solid
lines), the workflow proceeded as described above for vectors with compatible restriction sites.
Introducing restriction sites for type IIS enzymes allowed one-pot restriction and ligation,
because restriction sites were removed upon ligation into the desired product, thus increasing
the cloning throughout at the expense of the sub-cloning capability.

All above workflows required at least one reaction providing a backbone and one reaction
providing an insert with an upper limit of 96 reactions per plate. To maximize the cloning
efficiency, alkaline phosphatase (AP) was added to all reactions providing vector backbones to
dephosphorylate DNA fragments and prevent re-ligation. Similarly, Dpnl was added after PCR

reactions to degrade template vectors.
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Figure 6: Schematic representation of the automated cloning workflow. Two different workflows
were used for automated cloning, depending on whether template vectors had compatible restrictions
sites (grey background) or whether compatible restriction sites had to be introduced by PCR (orange
background). Template vectors (A) with compatible restriction sites were directly cut with type Il
restriction enzymes (B), DNA fragments were purified with filter membranes (C) and re-combined for
ligation (D) and transformation (E). If template vectors did not have compatible restriction sites, PCR
was used to introduce compatible restriction sites via primer overhangs (F), followed by inactivation of
the polymerase (G) and PCR cleanup with filter plates (H). Depending on the type of restriction site
introduced, DNA fragments were either cut and purified as described above (type Il restriction enzymes,
solid lines) or were directly combined with vector backbones, restriction enzymes and ligase, thus
omitting the need for purification (type IIS restriction enzymes, dashed lines). A Vantage liquid handling
station was used for protocol automation (I1.2.9.4). AP — alkaline phosphatase, RE — restriction enzyme.

Automation of DNA assembly using the above workflow with a Vantage liquid handling station
(I1.2.9.4) increased the throughput from ~100 manual assembly reactions per week, to 288

assembly reactions per day without relying on plate stack carriers. Multiplexing up to 10 96-
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well plates per day was possible when utilizing plate stack carriers for the cloning protocol,

thus reaching the range of commercial applications [170].

l1.1.3.4 High-throughput transformation of A. tumefaciens

Vectors for transient expression in plants are typically assembled in E. coli before mobilization
into A. tumefaciens [283—-286]. Omitting the transformation into E. coli [264] can therefore
simplify and accelerate the workflow. Whereas E. coli is transformed by a simple heat shock,
A. tumefaciens requires electroporation, which increases consumable costs especially in a high-
throughput context. For example, multi-well electroporation plates cost > $300 per item.
Transformation by conjugation is a potential alternative, but the requirement for virulent donor
strains might raise safety concerns [287].

To overcome above limitations, direct transformation of A. tumefaciens with ligation mix was
investigated, using freeze-thaw cycling as transformation method. Freeze-thaw cycling relies
on rapid freezing and thawing of cells to create temporary lesions in the cell wall and membrane,
allowing DNA to diffuse into the cells [288]. Freezing can be achieved using dry ice or liquid
nitrogen [288]. Because the latter is difficult to handle on automated platforms and requires
additional safety measures for the operator, a bath of dry ice and ethanol was used here.
However, the transformation efficiency in this setting was on average ~22% of the efficiency
observed with liquid nitrogen (Table 12), which was in agreement with the literature [289]. The
transformation efficiency decreased to 8%, when using ligation mix instead of purified vector
for transformation (Table 5), which reflected the lower concentration of assembled vector [290].
However, a single freeze-thaw cycle with ligation mix containing 500 ng vector backbones and
different inserts (three-fold molar excess) was still sufficient to obtain A. tumefaciens clones

(4 £ 1 CFU ugona™') that contained the desired genetic constructs (Table 12).

Table 12: Freeze-thaw cycling transformation efficiency depending on the template DNA and
freezing agent. A single freeze-thaw cycle was used for every combination (11.3.2.2.2).

Freezing agent Template DNA Colony forming units
[-] [-] [CFU pgona”']

Liquid nitrogen Purified vector 50+3

Dry ice in pure ethanol Purified vector 11+£3

Dry ice in pure ethanol Ligation mix 4+1°

For generation of ligation mix, the 5’ UTR, signal sequence and target protein in the vectors
pTRAc 000009 and pTRAc 000037 (Supporting Table 2) were exchanged using the restriction
enzymes EcoRI and Xbal. Ligation was conducted with a threefold molar excess of the insert (IL.2.5).
Data are means with standard deviations from n =3 — 4 transformations. * The DNA concentration in
ligation mix refers to the vector backbone. A threefold molar excess was used for the insert.
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All six clones investigated by colony PCR were positive (Figure 7A), which was in agreement
with the success rate of 73 — 97% reported for transformation of 4. tumefaciens with ligation
mix by electroporation [291]. Increasing the number of freeze-thaw cycles offers the potential
to further improve the currently low transformation efficiency, however, a low transformation
efficiency was desired to facilitate separation of A. tumefaciens clones subsequently to
transformation to achieve monoclonality. The effect of SacB selection on this process has not

yet been tested, but will be investigated in the future.

A well-established approach for single clone isolation is limited dilution cloning, which refers
to serial dilution of cells in multi-well plates until a theoretical concentration of < 1 cell well”!
is reached [292]. After an incubation period, wells from the most thorough dilution that still
show growth are expanded and screened for expression [292]. Disadvantages of the method are
the time-consuming dilution and the requirement for often more than one round of dilution to
ensure monoclonality [292]. However, the time required to prepare dilutions can be greatly
reduced by using pipetting robots, whereas computing confidence intervals on the probability
of monoclonality can simplify the selection of dilution steps [293]. The probability of
monoclonality can be assessed through different approaches, for example based on the number
of wells without cells (i.e. wells without growth), which can be reliably assessed [293],

assuming a Poisson distribution for limiting dilution (Equation 11).
k
P(k) = *,‘(— et Equation 11 [294]

Where P(k) 1s the probability that a well contains & cells, & is zero or a positive integer and u 1s

the mean number of cells per well [294].

The probability that a cell line is monoclonal after one round of limiting dilution can be derived

by counting the wells without growth and the total number of surveyed wells (Equation 12):

PM, = P, (1) —In(s)

= Th = 1o Equation 12 [293]

Where PM; is the probability of monoclonality after one round of limiting dilution cloning and

s is the proportion of empty wells, s = P(0) = e* [294].

For calculating confidence intervals on the probability of monoclonality (Equation 12), the
proportion of empty wells, s, is replaced with the lower or higher bond of the confidence interval

calculated for s (Equation 13).
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3(1-9%)

Cl;, =8 —x — Equation 13 [293]

T* =T + k? Equation 14 [293]
2

§ = X0 Equation 15 [293]

Where ClIs; is the lower bond of the confidence interval of the proportion of empty wells, § is
an estimate for s, X is the number of wells without growth, 7 is the total number of surveyed

wells and « is the 1-a quantile of the normal distribution, x = z;., [294].
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Figure 7: Transformation of A. tumefaciens with ligation mix by freeze-thaw cycling and clone
isolation by limiting dilution cloning. A. Colony PCR of A. tumefaciens after transformation with
ligation mix by freeze-thaw cycling. For generation of ligation mix, a DNA fragment spanning the
5" UTR, signal sequence and target protein was exchanged in the vectors pTRAc 000009 and
pTRAc 000037 (Supporting Table 2), using the restriction enzymes EcoRI and Xbal. Ligation was
conducted with a threefold molar excess of the insert (I1.2.5). B. Assessment of monoclonality after
limiting dilution cloning. Chemically competent A. tumefaciens cells were transformed with the same
ligation mix as in (A), using a single cycle of freeze-thaw cycling with dry ice (I11.3.2.2.2). After
regeneration, the cell suspension (input cell density of 5.0 CFU well™') was subjected to twofold serial
dilution in PAM4 medium supplemented with 25 mg L' rifampicin, 25 mg L' kanamycin and 100 mg
L' carbenicillin and incubated at 28°C and 160 rpm for 96 hours (I1.3.2.5). Antibiotics were re-added
to 25 ng mL! (kanamycin, rifampicin) and 50 ug mL"' (carbenicillin) after 48 hours of incubation. The
probability of monoclonal was calculated from the number of wells without growth (Equation 12). A
significance level of a = 0.05 (x = 1.645) was used to calculate confidence intervals (Equation 13).

The probability of monoclonality calculated after 1 round of limiting dilution cloning with

A. tumefaciens directly transformed with ligation mix was 99% (using a significance level of
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a = 0.05) after six steps of two-fold serial dilution (Figure 7B) and thus exceeded the 95%
probability typically accepted in the literature [295].

These data indicated that a probability of monoclonality > 95% can be achieved in a single
round of limiting dilution with the proposed setting. Specifically, the synergy of limiting
dilution cloning with the low transformation efficiency of the freeze-thaw cycling method
simplified clone isolation. Template DNA impurities that could compromise the clones
obtained, can be minimized through the addition of sucrose to the cultivation medium, to trigger
the growth-inhibiting effect of SacB present in the template vectors (II1.1.2). Because the SacB
cassette is active in 4. tumefaciens and E. coli, the limiting dilution approach can be used for
the isolation of single colonies from both bacteria.

Following limiting dilution, the presence of the target vector was confirmed by colony PCR,
using universal primers that are compatible with all vectors generated with the modular vector
system (Supporting Table 1). After ensuring monoclonality, A. tumefaciens cultures were either
expanded to a 500 pL scale for infiltration of PCPs, or were used to prepare glycerol stocks for

long-term storage.

l1l.2 High-throughput expression in BY-2 PCPs

Combining high-throughput cloning and high-throughput expression offers the potential to
rapidly generate and screen expression vector libraries. However, an expression platform is
required that can keep up with an automated cloning throughput of at least 100 assembly
reactions per day (III.1.3.3). Plant cell packs (PCPs), which refer to plant cells from a
suspension culture that are deprived of medium and infiltrated with A. tumefaciens [171], are
ideal for this application, because they can be adapted to different plant species and casting and
infiltration can be automated, which allows for > 1000 samples to be tested per day at costs less
than $0.5 per sample [151]. Here, screening in PCPs was combined with a design of
experiments (DoE) approach to establish descriptive models and predict ideal expression
cassettes (II1.2.1). The transferability of results obtained in PCPs to differentiated plants was
then investigated by establishing correlation factors between both systems (II1.2.3). This
comprised investigation of the origin of variability in both systems to improve prediction
accuracy. Lastly, novel applications of the PCP technology were explored by using BY-2 PCPs
for labeling recombinant proteins with isotopes (II1.2.4) and by using infiltration centrifugation

for high-throughput extraction of recombinant proteins from PCPs.
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l1.2.1 Prediction of ideal expression cassettes

Previous research has been limited to a single target protein (DsRed) and only a limited number
of combinations of expression cassette elements have been tested. Here all possible
permutations of the CHS, omega and TL 5’ UTRs with signal sequences directing target
proteins to the apoplast, ER, plastids, cytosol or vacuole were cloned using the modular vector
system discussed above (III.1.1.3). The resulting expression vectors (Supporting Table 2) were
tested by transient expression in BY-2 PCPs, N. benthamiana and N. tabacum plants, using
IgG3 antibodies, interleukins (ILs), polyphosphate kinases (PPKs), biofilm degrading enzymes
and endolysins as model proteins. Expression data were used to establish descriptive models
that can accurately predict target protein accumulation levels depending on the expression
cassette elements used.

Models established from accumulation levels of IgG3 antibodies in N. benthamiana indicated
that the 5" UTR did not have a substantial effect on IgG3 accumulation (Figure 8, Figure S5,
Supporting Table 7), which was in agreement with previous experiments [143]. In contrast, the
CHS and omega 5’ UTRs typically outperformed the TL 5’ UTR when using DsRed [144], ILS,
PPKRO (Figure 8E — H), DspB or endolysins (Figure S6) as model proteins. The lower target
protein accumulation levels observed with the TL 5" UTR were in agreement with the literature
and have previously been linked to lower (~50%) mRNA levels, which was attributed to a
reduced mRNA half-life time [296]. The subcellular localization had a substantial influence on
the accumulation levels of all target proteins tested, but the ideal compartment differed for each
target protein class (Figure 8). For example, accumulation levels of native IgG3 antibodies were
highest in the ER (31.8 + 14.5 mg kg™!), followed by the apoplast (12.2 + 5.2 mg kg™"), vacuole
(9.5 +3.6 mg kg!) and plastids (2.5 + 1.7 mg kg!, Figure 8A, B). In contrast, the highest
accumulation of IL8 was observed in plastids (8.5 +2.6 mg kg™!), followed by the cytosol
(3.5+2.6 mg kg!), apoplast (3.2 +3.0 mg kg'!) and ER (1.9 £ 1.7 mg kg'!, Figure 8E, F),
whereas PPK accumulation was more than fivefold higher in the cytosol (7.9 +2.4 mg kg™')
and plastids (5.4 + 4.2 mg kg'') compared to the apoplast (0.7 + 0.8 mg kg™') and ER (0.6 + 0.7
mg kg!, Figure 8G, H).

The ideal compartment for target protein expression appeared to reflect the target protein origin.
For example, PPKs and DspB, which are derived from bacteria and do not contain complex
post translational modifications based on an analysis with ModPred [297], accumulated well in
plastids, which are thought to have a bacterial origin [298] and do not possess the machinery

for complex PTMs such as glycosylation [86, 299].
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Figure 8: Comparison of IgG3, IL8 and PPK accumulation in N. benthamiana and N. tabacum
plants depending on the expression cassette design. A, B. Models predicting the accumulation of
native IgG3 antibodies in N. benthamiana (A) and N. tabacum (B) when using a CHS, omega or TL 5’
UTR and targeting IgG3 to the apoplast, ER, vacuole or plastids (Supporting Table 7). Seven weeks old
plants were infiltrated and harvested after 5 dpi. C, D. Models predicting the accumulation of IgG3
domain exchange variants (Figure S1) in N. benthamiana (C) and N. tabacum (D) testing the same UTRs
and compartments as for native IgG3 (Supporting Table 7). Results from additional domain exchange
variants are displayed in the appendix section (Figure S5). E, F. Accumulation of human IL8 in V.
benthamiana (E) and N. tabacum (F) when using the same UTRs as above and directing ILS8 to the
apoplast, ER, plastid or cytosol. G, H. Accumulation of PPK-RO in N. benthamiana (G) and N. tabacum
(H) testing the same UTRs and cell compartments as for IL8. Error bars represent the standard deviation
from n =3 — 6 plants. Lowercase letters indicate significance groups. Conditions that share the same
letter were not significant different (p > 0.05).

Antibodies originating from eukaryotes are typically glycosylated and showed the highest
accumulation levels in the compartments that enable glycosylation, namely the ER and apoplast
[300]. Based on these findings the selection of a suitable compartment for expression of a target
protein of interest can be guided by the protein origin, thus reducing the number of constructs
during screening. Considering that PTM sites can be predicted with in silico tools [301], an a
priori analysis of PTM sites can further support the selectin of a suitable compartment for
expression of a target protein.

Even though the number of potential combinations of expression cassette elements can be
narrowed down as described above, the ideal combination of expression cassette elements that
maximized target protein accumulation was protein specific. For example, even within the same
protein class, the ideal compartment differed between target protein sub-classes (Figure 8A — D,
Figure S5) as indicated by a significant interaction of the antibody heavy chain scaffold and the
subcellular localization (Supporting Table 7). Multiple expression cassette designs must
therefore be screened in order to maximize target protein accumulation levels. However, the
screening effort can be reduced tremendously by using modular expression vectors in

combination with high-throughput expression in PCPs as proposed here.

111.2.2 Effect of intrinsic protein properties on accumulation levels

The different target proteins expressed in this work were next used to investigate the impact of
intrinsic protein properties such as overall stability on recombinant accumulation levels in
Nicotiana spp., aiming to determine the feasibility of a plant-based production a priori. Stability
is a fundamental protein property and can be assessed based on different principles, for example
the amino acid sequence, flexibility or hydropathy [302]. Here, the aliphatic index was used as
a measure for (thermal) protein stability and flexibility (thermostability and flexibility are
inversely related [303]), whereas the dipeptide composition-based instability index was used as

a measure for susceptibility to in vivo degradation [304]. The aliphatic index is defined as the
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relative volume occupied by aliphatic amino acid side chains and higher values indicate a higher
(thermal) stability [305]. The instability index provides an estimate for the stability of a protein
or peptide based on the presence of certain dipeptides in the primary amino acid sequence.
Instability indices < 40 indicate that a protein is likely stable in a test tube, whereas instability
indices > 40 indicate that the protein might be unstable [304].

The relationship of the instability index and recombinant accumulation levels within the same
protein class was investigated with IgG antibodies as model proteins (Figure S7A). Within this
protein class the instability index correlated well with recombinant IgG accumulation levels
when targeted to different cell compartments in BY-2 PCPs (Pearson’s r = -0.61 — -0.99,
Supporting Table 9). The same trends were observed when comparing IL6 and IL8 or PPK-RO
and PPK-TA produced in different cell compartments (Supporting Table 9). Because the
instability index does not account for any stability gained from folding, antibodies reached high
accumulation levels (~50 — 100 mg kg™') despite unfavorable instability indices (> 40, Figure
S7A) due to the presence of stabilizing disulfide bonds [304]. This observation emphasizes that
several mechanisms have to be considered for accurate stability predictions [304].

Within the IgG class the aliphatic index corelated positively (Pearson’s r = 0.81 —0.98,
Supporting Table 10) with recombinant accumulation levels in different cell compartments
(Figure S7B). Again, the same trends were observed when comparing IL6 and IL8 or PPK-RO
and PPK-TA produced in different cell compartments (Supporting Table 10). These data
indicated that a higher (thermal) stability might contribute to increased target protein
accumulation levels in plants.

When comparing different target protein classes, the situation was more complex: Even though
recombinant protein accumulation levels were still negatively correlated with the instability
index, there appeared to be different clusters, corresponding to high and low base accumulation
levels (Figure S7C). Proteins from the cluster showing high base accumulation levels shared a
near neutral isoelectric point (pl), whereas more extreme pl values were common in the protein
cluster showing low base accumulation levels (Figure S7). These findings indicated that
multiple protein properties have to be considered when attempting a priori predictions that
involve different protein classes. When comparing the aliphatic index and recombinant
accumulation levels of different target protein classes, the highest accumulation levels were
observed with an aliphatic index between 75 — 80, whereas recombinant accumulation levels
declined at higher or lower aliphatic indices. This finding might indicate that a balance between

stability and flexibility contributed to high recombinant accumulation levels in plants.

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



I11. Results and discussion page 65

However, due to the limited data available additional investigations are required to confirm or
refine these observations.

Overall, these data indicate that an in silico stability assessment, for example based on the
instability index, can differentiate between promising and unsuitable product candidates within
the same target protein class. However, when comparing different target protein classes,
additional parameters have to be considered to allow reliable predictions [306]. Machine
learning approaches that combine different parameters can hence be expected to advance
a priori stability investigations in the future [302, 307]. The high-throughput tools implemented
here facilitate the generation of bigger datasets, thus allowing to address the limited availability

of experimental data, which is a major drawback of protein stability prediction methods [302].

l1l.2.3 Transferability between PCPs and differentiated plants

Even though BY-2 cells used to cast PCPs originate from N. tabacum, expression levels
measured in BY-2 PCPs cannot directly be transferred to differentiated N. tabacum plants and
its wild relative N. benthamiana due to tissue specific differences. For example, BY-2 cells lack
veins, which are present in differentiated plants, but do not contribute to expression of
recombinant proteins [90]. Hence, individual correlation factors between these systems have to

be derived to allow predictions based on screening results in PCPs [151].

lll.2.3.1 Correlation factors

To establish correlation factors between BY-2 PCPs and differentiated Nicotiana plants,
interleukins, polyphosphate kinases and antibodies were expressed in both systems.
Differentiated plants were infiltrated by vacuum infiltration, while a previously established,
automated protocol was used to infiltrate PCPs [151]. PCPs were incubated for 72 hours after
infiltration, because this incubation time has previously achieved higher levels of correlation
between PCPs and differentiated plants (Pearson’s r = 0.98; 3 dpi) compared to longer PCP
incubation times (Pearson’s r = 0.66; 4 dpi [308]) when using DsRed as a model protein. The
harvest time of differentiated plants was 5 dpi, which was reported to maximize transient
accumulation of various target proteins including antibodies or DsRed [296, 309, 310].
N. benthamiana and N. tabacum plants were extracted as a whole to mimic the situation in a
vertical farming unit, where whole plants are inverted and harvested by cutting the plant stem
with blades [100].

Correlation factors were derived by linear correlation analysis based on target protein

accumulation levels in BY-2 PCPs and in differentiated plants (Figure 9). A strong positive
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correlation (Pearson’s r = 0.88), was found when comparing accumulation levels in PCPs and

N. benthamiana plants (Figure 9A), which was in agreement with previous literature [171].
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Figure 9: Correlation between transient protein accumulation levels in PCPs and differentiated
plants. A — D. The transferability of results between BY-2 PCPs and differentiated plants (A, B) or
between different plant species (C) was investigated by expressing IL8, PPK-RO, IgG3 and DspB in the
respective system and assessing the correlation of target protein accumulation levels by linear
regression. D. Target protein accumulation levels in PCPs were optionally corrected for biosynthetically
active biomass (II1.2.3.2) before assessing correlation. Both PCPs and differentiated plants were
extracted with a 3 v m™! ratio of extraction buffer (VIL.6). BY-2 cells used to cast PCPs were harvested
after 168 hours of cultivation in shake flasks with sucrose as carbon source (I1.4.1.1). PCPs were
incubated for 72 hours after infiltration. Whole plants were extracted after 5 dpi. Accumulation levels
of IL8, PPK-RO and DspB were quantified by dot blot (I1.6.5) and accumulation levels of IgG3 were
quantified by SPR (11.6.3.2). Slopes and confidence intervals of linear regression functions were
calculated with OriginPro. Regression functions were not error weighted, because direct and
instrumental weighting were not compatible with missing error values. If available, error bars represent
the standard deviation from n =3 — 6 PCPs or plants.
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The actual correlation factors, i.e. the slope of the respective regression lines, were 1.82 + 0.16
when comparing PCPs and N. benthamiana plants (Figure 9A) and 2.67 = 0.31 when comparing
BY-2 PCPs and N. tabacum plants (Figure 9B). Thus, target protein accumulation in BY-2
PCPs was about twofold higher compared to N. benthamiana and about threefold higher when
compared to N.tabacum.

When comparing target protein accumulation levels in N. benthamiana and N. tabacum (Figure
9C), again a positive correlation was found (Pearson’s r = 0.65). Overall, these data indicated
that expression in PCPs and plants correlated well across different types of protein products,
which is a prerequisite when using BY-2 PCPs as a surrogate for screening in differentiated

plants.

11.2.3.2 Physiological origin of correlation factors

To investigate the mechanistic origin of these correlation factors, the fraction of
biosynthetically active biomass was estimated for N. benthamiana and N. tabacum plants.
Herein active biomass was defined as biomass that contributes to target protein production. For
example, the plant stem [100], leaf veins [90] and leaf areas that were not successfully
infiltrated with A. tumefaciens cell suspension produce little or no target protein. The active
biomass was derived from the total biomass by correcting for (i) the mass fraction of the plant

stem, (ii) the mass fraction of veins and (iii) non-infiltrated leaf areas using Equation 16.
Mmeg=my -m;-1n, - Qa, Equation 16

Where m, is the active biomass (i.e. biomass contributing to target protein expression), m; is the
total biomass, m; is the ratio of leaf biomass and total biomass, 7, is the ratio of leaf tissue other

than veins and total leaf tissue and a. is the ratio of the infiltrated leaf area and total leaf area.

Correction factors were derived from the fraction of active biomass in PCPs and the fraction of

active biomass in differentiated plants using Equation 17.

Mga pcpP

CFpiant = Equation 17

Ma plant

Where mq pcpis the ratio of active biomass in BY-2 PCPs and m, pran is the active biomass ratio

in differentiated plants.

In N. benthamiana plants the stem accounted for 27 + 4% of the total biomass (SD, n =106),
whereas it was only 18 + 7% in N. tabacum (SD, n = 81). Veins accounted for approximately

35% of the leaf tissue (N. tabacum [90]) and infiltration efficiencies of approximately 95%
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were observed for BY-2 PCPs and N. benthamiana plants. The infiltration efficiency measured
for N. tabacum was 70 + 28% (SD, n = 26). Based on these data the active biomass ratio was
0.48+0.06 for N. benthamiana and 0.37+0.20 for N.tabacum (Equation 16). The
corresponding correction factors were 1.99 + 0.24 for N. benthamiana and 2.58 = 1.41 for N.
tabacum, which was in the range of the experimentally derived correlation factors (Figure 9A,
B). Similarly, the correlation factor between N. benthamiana and N. tabacum plants (1.69 +
0.33) was in agreement with the experimentally derived correction factor of 1.44 + 0.57.
When assessing the correlation between expression levels in BY-2 PCPs and corrected
expression levels in N. benthamiana and N. tabacum, the slopes of the regression curves were
0.92 £ 0.08 and 1.04 + 0.12, respectively, and thus close to a perfect correlation (Figure 9D).
These findings indicated that an estimate for correlation factors can be made, based on the
fraction of biosynthetically active biomass in differentiated plants, assuming that plant cells of
the same or a closely related species are used for screening in PCPs.

A remaining drawback that impaired the investigation of correlation factors between BY-2
PCPs and differentiated plants was the high variation of target protein accumulation levels of
19% observed in BY-2 PCPs, 25% in N. benthamiana and 62% in N. tabacum (Figure 9). The
physiological origin of varying (transient) target protein accumulation levels in BY-2 PCPs and

differentiated plants was investigated next.

111.2.3.3 Origin of variation in BY-2 PCPs

[11.2.3.3.1Effect of the carbon source and cultivation setting on BY-2 productivity
Interestingly, the variability in BY-2 PCPs was affected by the BY-2 cultivation setting and
carbon source (Figure 10A). Specifically, a higher intra and inter batch variability, represented
by the coefficient of variation (CV) of DsRed accumulation, was observed when cultivating
BY-2 cells in stirred tanks instead of shake flasks before casting PCPs (Supporting Table 11).
When replacing the default carbon source sucrose with glucose, the mean intra-batch variability
(CV of DsRed accumulation within the same BY -2 batch) fell significantly from ~15% to ~10%
(Mann-Whitney U-test, a = 0.05, p < 0.01, n = 44), and the mean inter-batch variability (CV of
DsRed accumulation across different BY-2 batches) fell significantly from ~55% to ~30%
(Kruskal-Wallis ANOVA, a=0.05, p<0.01, n=44). The observed variabilities were in
agreement with the literature [151].

The compartment-specific accumulation of DsRed in PCPs increased when glucose instead of
sucrose was used as carbon source during BY-2 cultivation (Figure 10B). The effect was

reproducible with additional target proteins and was strongest for target proteins that

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



I11. Results and discussion page 69

accumulate at levels > 50 mg kg such as DsRed or the SPA Z-domain, whereas the

accumulation of IgG1, IgG3 and human ferritin only doubled (Figure S8).
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Figure 10: Phases during transient protein expression in PCPs and comparison of different BY-2
cultivation settings using DsRed as a model protein. A. Schematic representation of high-throughput
screening in PCPs and influence factors investigated. B. Productivity of BY-2 PCPs depending on the
targeted cell compartment, BY-2 cultivation setting and carbon source using the surface fluorescence as
surrogate for DsRed accumulation (Supporting Table 11). C. Correlation between surface fluorescence
and extract concentration of DsRed targeted to different cellular compartments. The slope and
confidence interval of the error weighted (Equation 18) linear regression function was calculated with
OriginPro. Error bars in (C) represent the standard deviation from n =3 —7 BY-2 PCPs. Lowercase
letters indicate significance groups. Conditions that share the same letter were not significant different
(p > 0.05). T — stirred tank, F — shake flask.

Wi = Equation 18

CY

Where w; is the weighting factor and o, is the variance of the data point.

The effect of the carbon source on BY-2 productivity was next investigated in detail by
cultivating BY-2 cells in parallel with similar mass concentrations of sucrose and glucose and
investigating macroscopic (wet cell mas and dry cell mass) and microscopic (cell number)
properties of BY-2 cells under both conditions. DsRed was again used as a model to facilitate
the evaluation of productivities under both conditions by measuring the PCP surface
fluorescence. The latter correlated well (Pearson’s r = 0.96) with the concentration of DsRed in

PCP extracts (Figure 10C), which was in agreement with previous literature [151]. To avoid
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artifacts from repeated sampling, multiple flasks were cultivated in parallel and only sampled

a single time.
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Figure 11: Analysis of different BY-2 cell harvest time points in shake flaks in terms of PCP
productivity, cell growth and the cell-specific wet and dry mass. A. Model predicting the
accumulation of DsRed in PCPs after infiltration with 4. tumefaciens depending on the BY-2 and PCP
harvest time point (Supporting Table 12). Data correspond to the expression of DsRed in BY-2 cells
cultivated on glucose as carbon source. B. Cell-specific wet mass of BY-2 cells depending on the harvest
time point in shake flasks. C. Cell-specific dry mass of the same samples as in (B). D. Ratio of the cell
dry and wet mass during cultivation of BY-2 cells using sucrose or glucose as carbon source. The
concentration of the carbon source was 30 g L' in all settings. Error bars represent the standard deviation
from n = 2 — 4 individual flasks with three technical replicates per measurement (*p < 0.05, **p < 0.01,
**%p <0.001).

The accumulation of DsRed in BY-2 PCPs correlated positively with the PCP incubation time
after infiltration (Figure 11A), which was in agreement with the literature [151]. The highest
DsRed accumulation (~2.0 g kg™') was observed when harvesting BY-2 cells after 144 — 168
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hours to cast PCPs (Figure 11A). The cell-specific BY-2 wet mass continuously increased
during BY-2 cultivation regardless of the carbon source used, reaching a plateau after ~216
hours. While the cell-specific BY-2 wet mass was comparable for both carbon sources (Figure
11B), the cell-specific dry mass was higher when using glucose instead of sucrose as carbon
source (Figure 11C). The difference was significant (p < 0.05) for all but a single harvest time
point, which exhibited a high variation of the cell number. The cell-specific dry mass reached
a maximum after 144 — 168 hours of cultivation, which coincided with the maximum of DsRed
accumulation (Figure 11A). The cell specific dry mass thus appeared to reflect the biosynthetic
capacity per cell and can hence be used to estimate suitable BY-2 harvest time points.

The continuous increase of the BY-2 cell wet mass during cultivation can be attributed to a
growth mode that is unique to plant cells, namely cell growth by elongation, i.e. the uptake of
water into the central vacuole [311]. This hypothesis was supported by the decreasing ratio of
cell-specific dry and wet mass during BY-2 cultivation (Figure 11D). Similarly, the increased
productivity of BY-2 cells cultivated on glucose instead of sucrose was accompanied by a lower
relative water content as indicated by the higher ratio of cell-specific dry mass and cell-specific
wet mass (Figure 11D). Comparable observations have been reported in the literature, where a
twofold reduction in the packed cell volume, a surrogate for the water content, resulted in 20-
fold higher yields [139]. Likewise, the high yields achieved with BY-2 lysates (3.0 g L! lysate
[140]) can be partially attributed to the removal of water from BY-2 cells, i.e. a ~50% reduction

of the cell volume by removing the vacuole [141].

[11.2.3.3.2 Effect of the medium osmolality on BY-2 productivity

A major driver of water uptake into BY-2 cells is the osmolality of the cultivation medium
[312], which is directly affected by the type and concentration of carbon source (i.e. a
monosaccharide exhibits twice the osmolality than a disaccharide at similar mass
concentrations). The effect of the medium osmolality on the productivity of BY-2 cells (in a
PCP setting) was thus investigated next.

The productivity of BY-2 cells sampled though stirred tank cultivations varied severalfold in a
PCP setting (Figure 12A). The productivity correlated with the medium osmolality measured
at the respective cultivation time (Figure 12B) and was well described by a lognormal function
(Equation 19). The BY-2 productivity reached a maximum at a medium osmolality of ~140
mOsmol kg™!, while productivities declined at osmolality values < 100 and > 150 mOsmol kg™
A similar course was observed when changing the default infiltration pH from 5.6 to 7.5 (Figure

12B), which reduced the infiltration efficiency [313], indicating that the effect of the medium
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osmolality had a generic effect on transient expression and was not limited to narrow

experimental conditions.
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Figure 12: Effect of the carbon source on the medium osmolality and BY-2 productivity in stirred
tank BY-2 cultures. A. Time course of the osmolality and BY-2 PCP productivity in stirred tank
cultures depending on the carbon source. Sucrose (green) or glucose (blue) was used as the carbon
source (30 g L! in the batch phase, 20 g L in the fed-batch phase). Osmolality data were combined
from four cultivations with sucrose and two cultivations with glucose as carbon source. The correlation
between the medium osmolality and cultivation time was assessed by linear regression (batch phase
sucrose, r = -0.94, adj. R* = 0.88; batch phase glucose, r = -0.85, adj. R? = 0.65; fed-batch phase sucrose,
r=-0.55, adj. R?=0.28; fed-batch phase glucose, r =-0.93, adj. R?=0.87). B. Effect of the medium
osmolality during BY-2 cultivation in stirred tanks with 30 or 60 g L sucrose or 30 g L'! glucose as
carbon source on the productivity of BY-2 PCPs. The pH values refer to the conditions during infiltration
with A. tumefaciens, which is most efficient under acidic conditions. Data were fitted to a lognormal
model (Equation 19) using OriginPro (sucrose pH 5.6, adj. R? = 0.85; sucrose pH 7.5, adj. R>=0.86;
glucose pH 5.6, adj. R?=0.68, Supporting Table 13). In all experiments PCPs were incubated for 72
hours after infiltration (I1.4.1.4.2). Vertical lines in (A) denote the end of the batch phase for sucrose
(solid line) and glucose dashed line). Error bars represent the standard deviation from n =4 — 7 PCPs.

x 2
- ] ,
V=Yoot mmse v Equation 19

Where y is the DsRed expression (the dependent variable), yo is the minimal DsRed expression
(the minimal value (y-offset) of the distribution), x is the osmolality (the independent variable),
Xc 1s the center of the distribution, w is the standard deviation (width) of the distribution, and A4

is the area under the curve.

Interestingly, the productivity decline at medium osmolalities > 140 mOsmol kg was less
severe when using glucose instead of sucrose as carbon source or when doubling the sucrose
concentration (Figure 12B). While the reduced BY-2 productivity at osmolalities < 100

mOsmol kg! was linked to an increased water uptake as discussed above, the cause for the
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effect of the high osmolality is not yet clear. One potential explanation is osmotic stress, leading
to metabolic changes that limit protein biosynthesis as reported for the production of phenolic
compounds [314].

The physiological origin of the productivity maximum observed when cultivating BY-2 cells
at a medium osmolality of ~145 mOsmol kg' was investigated next, by converting the medium
osmolality to osmotic pressure, followed by comparison with the osmotic potential reported for
N. tabacum tissues in the literature. N. tabacum was chosen for comparison, because BY -2 cells
originate from N. tabacum (root cells). Osmolality was converted to osmotic pressure 7z using

Van't Hoff's law (Equation 20).
m=Rx*T *g Equation 20 [315]

Where R is the gas constant, 7 is the absolute temperature in Kelvin (299°K at 26°C), n is the
number of moles of a solute in solution, V is the mass of water in the solution and x is the

osmotic pressure. The solute potential Ps is related to the osmotic pressure as ¥s = -7 [316].

The medium osmolality that resulted in the highest productivities in BY-2 PCPs (~145 mOsmol
kg!) corresponded to an osmotic potential of -0.36 MPa, which was close to the osmotic
potential of -0.42 + 0.07 MPa reported for extracts of N. tabacum roots [317]. In contrast, a
twofold higher osmolality (~288 mOsmol kg') and consequently higher osmotic potential
(-0.65 £0.04 MPa) was reported for extracts from N. tabacum leaves [317]. These data
indicated that isotonic medium conditions might allow to boost the productivity of BY-2 cells,
possibly because the cells have to spend less energy to maintain their turgor. The transferability
to other plant cell lines has yet to be explored. In any case, the medium osmolality likely has to
be optimized individually for different cell lines, given the differences in osmotic potential

between plant species or different tissues of the same plant species [317].

[11.2.3.3.3 Optimization of fed-batch cultivation conditions to improve BY-2 productivity
During stirred tank BY-2 cultivation with sucrose as carbon source, the medium osmolality fell
below the critical threshold of ~100 mOsmol kg™ within 7 days of cultivation, after which it
stabilized at ~75 mOsmol kg! due to the constant feed that contained 20 g L'! sucrose (Figure
12A). This agreed well with the low and varying DsRed expression over an extended duration
(Figure 12A, Supporting Table 11), because BY-2 cells for casting PCPs were typically
harvested after 14 — 60 days of stirred tank cultivation when the osmolality was already < 100
mOsmol kg™!. Consequently, there was only a narrow window where the medium osmolality

was suitable for expression studies (Figure 12A).
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When replacing sucrose with a similar mass concentration of glucose, it was possible to

maintain medium osmolalities > 100 mOsmol kg

for approximately two weeks, thus
stabilizing BY-2 productivities in the same timeframe (Figure 12A). This effect was transferred
to routine BY-2 stirred tank cultivations next, by increasing the medium osmolality during the
fed-batch phase with a twofold concentrated feed. As anticipated, BY-2 productivities
stabilized during the fed-batch phase with DsRed accumulation levels of ~250 mg kg™! (Figure
S9A), which was more than fivefold of the accumulation observe with regular feed medium
(Figure S9B). The vitality of BY-2 cells was not impaired by the increased medium osmolality
as indicated by Evans blue staining [318]. However, the central vacuole in BY-2 cells appeared
smaller compared to default cultivation conditions (Figure S10), thus indicating a reduced BY -
2 water content. Because the medium osmolality resulting from the two-fold concentrated feed
(~200 mOsmol kg!) exceeded the observed productivity optimum (Figure 12B), even higher
BY-2 productivities might be possible by maintaining the medium osmolality in the range of

the productivity optimum of ~145 mOsmol kg™'.

[11.2.3.3.4 Effect of exposure to different light wavelengths on BY-2 productivity

An additional influence factor that might contribute to varying PCP productivities was the
exposure of BY-2 cells to different light conditions during cultivation. Specifically, the mean
productivity of PCPs cast from BY-2 cells cultivated in a stirred tank close to a window was
higher (26,985 + 13,015 AU, 154 + 74 mg kg'! DsRed, n = 16, data not shown) than the mean
productivity of BY-2 cells cultivated in a stirred tank under artificial light (12,186 + 9,265 AU,
69 + 53 mg kg! DsRed, n = 15, Figure 10B). This observation was surprising at first, because
the BY-2 cell line is derived from tobacco root cells and does not perform photosynthesis [319].
However, exposure to light has previously been shown to influence the ability of A. tumefaciens
to transform plant cells, including those that are not photosynthetically active [320]. Because
the spectra of artificial and natural light differed, i.e. artificial light featured narrow wavelengths
while natural light was more homogenous (Figure S11), the effect of different light wavelengths
on BY-2 cells was investigated systematically, using a DoE approach. UV light (350 — 380 nm)
was excluded from the investigation, because this is known to induce programmed cell death
in BY-2 cells [321]. BY-2 cells were continuously exposed to light (24 h d!) to accelerate the
onset of light effects [320].

DsRed accumulation in PCPs increased with the proportion and intensity of blue light during
BY-2 cultivation, whereas the productivity declined following exposure to far-red and red light
compared to “white light”, which was simulated by exposure to equal intensities of blue, green,

red and far-red light (Figure 13A).
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Figure 13: Models describing the effect of light on BY-2 cells and PCP productivity. A. Model for
the concentration of DsRed in PCP extracts as quantified by fluorescence spectroscopy (Supporting
Table 14). The DsRed concentration in PCP extracts was normalized to the TSP concentration in the
same sample to compensate for differences during extraction. B. Model for the BY -2 cell mass following
exposure to light as measured before casting PCPs for expression studies (Supporting Table 14). BY-2
cells were cultivated at 26°C, 160 rpm (I1.4.1.1) and continuously (24 h d') exposed to light in a
LEDitSHAKE device [222]. BY-2 cells were harvested after 168 hours and PCPs were incubated for 72
hours post-infiltration with 4. tumefaciens. Conditions representing “white light” (dashed red line) were
simulated as mixtures of blue, green, red and far-red light (equal intensity).

The effect was independent of the targeted cell compartment and consistent with IgG1 as a
second model protein [173]. An inverse effect was observed on the wet cell mass, i.e. the wet
cell mass decreased when BY-2 cells were exposed to blue light and increased upon exposure
to red or green light (Figure 13B). The effects on both DsRed accumulation and wet mass
increased with longer exposure times.

Similar to the experiments discussed in the context of medium osmolality (I11.2.3.3.2), light
conditions resulting in the lowest wet cell mass coincided with the highest BY-2 productivity.
These findings linked to the observations on osmolality and water uptake, because UV-B
photoreceptors, which are typically upregulated in strongly illuminated environments with a
large fraction of blue light, were also upregulated under osmotic stress conditions that limited
cell expansion by preventing water uptake [322, 323]. It is currently unclear whether the effect
of blue light is specific to root-derived cells, for which light stimuli have been reported [324],
or whether it is a more widespread mechanism. However, exposure to different light conditions
appeared to induce undesired variation in BY-2 productivity, even though BY-2 cells do not

require light as an energy source, and should therefore be eliminated or controlled.

11.2.3.4 Origin of variation in differentiated plants

Even more than in BY-2 PCPs, screening in differentiated plants was complicated by a high
inter and intra batch variation (15 — 50% [90]). An approach that has been proposed to overcome
this issue is increasing the number of infiltrated plants [325]. However, this approach is not
always feasible considering the additional foot print required for plant cultivation and
incubation after infiltration. The focus here was hence to identify the major influence factors
that affect transient protein accumulation, thus allowing to eliminate or control the origin of
undesired variation (Figure 14A).

First, variation in the infiltrated leaf area was investigated in a vacuum infiltration setting,
assuming that only leaf tissue that has been infiltrated with 4. tumefaciens cell suspension can
contribute to recombinant protein expression. Seasonal variation, which is known to influence
recombinant protein expression [326, 327], was controlled by cultivating plants in a phytotron

setting. Because the position of sampling spots and the age of plant leaves have been shown to
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contribute to varying productivities [90], whole plants were infiltrated and extracted instead of

sampling individual leaves.
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Figure 14: Phases during transient protein expression in whole plants and variation of the
infiltrated leaf area in Nicotiana spp. A. Schematic representation of screening in whole plants and
factors influencing productivity. B, C. Representative pictures of N. tabacum (A) and N. benthamiana
(B) leaves after vacuum infiltration. Variation of the infiltrated leaf area was investigated by infiltrating
7 weeks old plants (I1.4.2.2.1) and quantifying the total and infiltrated leaf area of each leaf using the
software Imagel. D, E. Infiltration efficiency and variation of target protein accumulation levels in
different settings. Pre-treatment refers to the incubation of plants for 24 hours in plastic bags before
infiltration. The detergent Silwet Gold was added to the infiltration solution at a concentration of 0.04%
(v vh). IgG3 accumulation levels in plant extracts were quantified by SPR (I1.6.3). Expression levels in
(D) refer to total biomass. Error bars represent the standard deviation from n = 22 — 48 leaves (*p < 0.05,
**p < 0.01, ***p <0.001).
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A monoclonal antibody (IgG3) was used as model protein, because antibodies can be accurately
quantified in crude plant extracts using surface plasmon resonance spectroscopy [328], thus
improving the signal to noise ratio and facilitating the identification of effects [329].

Whereas the infiltrated area of N. benthamiana leaves was ~95% after vacuum infiltration the
infiltrated area of N. tabacum leaves was only 70 + 28% after vacuum infiltration and varied
considerably (Figure 14B, C). To improve the infiltration efficiency and reproducibly, an
approach reported for Arabidopsis thaliana was tested, namely pre-incubation of plants in a
plastic bag for 24 hours before infiltration to induce stomata opening [330]. The average
infiltration efficiency increased from 70 + 28% to 83 + 17% after pre-incubation (Figure 14D),
but the variation was not significantly different in both settings (Kruskal-Wallis ANOVA,
p=0.411, N =70, a=0.05). Because the pre-incubation of plants in plastic bags doubled the
hands-on time for vacuum infiltration from 10 minutes to 20 minutes per plant, the addition of
a surface active agent to the infiltration solution was investigated as an alternative next. Surface
active agents have again been successfully used to improve the infiltration efficiency in the
context of A. thaliana plants [331]. The addition of 0.04% (v v'!) Silwet Gold significantly
(Kruskal-Wallis ANOVA, p <0.001, N =74, a. = 0.05) reduced the variation of the infiltrated
leaf area of N. tabacum plants (Figure 14D). The average infiltrated leaf area increased to
93 + 13%, which was close to the efficiency observed with N. benthamiana. As anticipated, the
significantly reduced variation of the infiltrated leaf area translated to a significantly reduced
(two-sided, two-sample F-test, p = 0.028, N = 6, a = 0.05) variation during recombinant protein
expression (Figure 14E). However, the overall expression decreased by about half, indicating
that the surface active agent negatively affected either A. tumefaciens or plants or potentially
impaired DNA transfer between both. Consequently, future research should focus on
identifying a suitable detergents and concentration ranges to benefit from the reduced variation

of the infiltrated leaf area.

The plant age is known to influence transient protein expression in N. benthamiana, with a
proposed optimal infiltration age of 8 — 10 weeks [332]. To investigate whether a defined
harvest time point is sufficient to control variation in productivity resulting from differences in
plant morphology, whole N. benthamiana and N. tabacum plants were infiltrated with
constructs for expression of IgG3 as described above. Plants were infiltrated after 7 weeks of
cultivation to simplify submerging of entire plants in Agrobacterium cell suspension for
vacuum infiltration. Despite cultivating plants in a phytotron (to control seasonal variation) and
harvesting after a defined time, i.e. 7 weeks of cultivation, the fresh biomass varied considerably

between individual plants (Figure 15A, B).
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Figure 15: Effect of the plant morphology on the productivity during transient protein expression
in N. benthamiana and N. tabacum. A, B. Expression of native IgG3 antibodies (single and duplicate
leader peptide) in the ER in N. benthamiana (A) and N. tabacum plants (B). IgG3 accumulation levels
with a single and duplicate leader peptide were combined for curve fitting because both can be regarded
as derived from the same population (i.e. both data sets were normally distributed and the variance and
mean did not differ significantly). Data from N. benthamiana were fitted to a lognormal model (Equation
19) and data from N. tabacum were fitted to an allometric model (Equation 21). Statistical analysis and
fitting (Supporting Tables 15, 16) were conducted with OriginPro. C, D. Expression of native IgG3 and
IgG1 domain exchange variants in the ER in N. benthamiana plants (C) and in N. tabacum plants (D).
DoE model coefficients (Supporting Table 8) were used to normalize for the effects of different antibody
scaffolds, allowing to compare the accumulation levels of native IgG3 and IgG1 domain exchange
variants. Data points marked in red correspond to partially withered plants, which artificially reduced
the water content. Error bars represent the standard deviation from n = 3 — 6 plants. ER — endoplasmic
reticulum, LPH — leader peptide of the antibody mAb24 heavy chain, IgG3+IgG1CH3 — IgG3 domain
exchange variant containing an IgG1 CH3 domain, [gG3+IgG1CH3-2 — IgG3 domain exchange variant
containing IgG1 CH2 and CH3 domains.

y=ax Equation 21

Where y is the IgG3 accumulation (dependent variable), x is the plant mass (independent

variable), a is the coefficient and b the power.
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The productivity, as assessed by the accumulation of IgG3 antibodies, correlated with the
biomass and was well described by a lognormal function (Equation 19) in N. benthamiana
plants (Figure 15A) and an allometric function (Equation 21) in N. tabacum plants (Figure 15B).
The highest IgG3 accumulation in both N. benthamiana and N. tabacum was observed for plants
with a biomass of ~80 g, whereas IgG3 accumulation decreased in plants with a biomass > 80
g. Interestingly, IgG3 accumulation also decreased in N. benthamiana plants with a biomass
<80 g (Figure 15A, C). Similar trends were observed, when including the accumulation levels
of additional IgG variants (Figure 15C, D).

A comparable relationship of fresh biomass and productivity has been reported for
N. benthamiana plants that were harvested and infiltrated after 4 — 12 weeks of cultivation, with
the highest recombinant protein accumulation observed in plants that were cultivated for 8§ — 10
weeks before infiltration [332]. The observation has previously been attributed to sequential
senescence, i.e. the programmed decrease of soluble protein in aging leaves [333]. In agreement
with this hypothesis, a reduced productivity has been observed in old plant leaves compared to
young leaves in multiple studies [332—334]. The hypothesis was also consistent with a positive
correlation of TSP and IgG3 accumulation observed here (Figure S12).

These data indicated that harvesting plants based on a defined physiology rather than based on
a defined time point can help to reduce inter and intra batch variation during recombinant
protein production. In the context of automated cultivation in a vertical farm setting, 2D or 3D
imaging can be used to monitor the plant physiology during cultivation and sort out plants that
don’t match predefined criteria, as recently proposed [100]. However, whether plants with a
sub-optimal morphology have to be discarded or can still be used at a different harvest time

point has to be investigated in the future.

11.2.4 Novel applications for PCPs

Section I11.2.4.1 is a shortened version of the following manuscript: Opdensteinen, P., Sperl,
L.E., Mohamadi, M., Kiindgen-Redding, N., Hagn, F. and Buyel, J.F. (2022), The transient
expression of recombinant proteins in plant cell packs facilitates stable isotope labeling for
NMR spectroscopy. Plant Biotechnology Journal, 20(10), 1928-1939. The Co-authors have
contributed to the manuscript as follows: Laura Sperl und Mariam Mohamadi cloned control
constructs for GBI expression in E. coli, expressed GB1 in E. coli and conducted NMR
measurements. Nicole Kiindgen-Redding cultivated BY-2 cells. Johannes Felix Buyel und

Franz Hagn secured funding, supported data analysis and revised the manuscript.
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1l.2.4.1 Isotope labeling in PCPs

Labeling recombinant proteins with stable isotopes allows to investigate protein structures and
dynamics in solution [335], which can help to understand disease mechanisms and facilitate the
development of therapeutics [336, 337], as recently demonstrated for the SARS-CoV-2 spike
protein [338]. To facilitate the characterization of proteins that are difficult to produce in
established bacterial systems, for example due to the need for post translational modifications
(PTMs), the suitability of BY-2 PCPs for labeling of transiently expressed proteins with
isotopes was investigated. Because previous research in BY-2 cells has focused on a single
isotope (1°N [339]), labeling experiments were carried out with deuterium oxide (*H), '°N, and
combinations of both isotopes (Supporting Table 17). GB1 was used as a model for expression
studies, because it has been well characterized by NMR [340, 341], allowing to compare plant-
made GB1 with the bacterial counterpart. The protein was cloned with a C-terminal Hise tag to
facilitate purification by IMAC.

GBI expression in PCPs was successful with BY-2 cells cultivated in media containing
deuterium oxide (50% v v''), N or both isotopes (Figure S13A, B). The highest GBI
accumulation was ~55 mg kg™ (Figure S13B), which matched accumulation levels of labeled
GB1 in E. coli [342]. Interestingly, GB1 accumulation levels in media containing isotopes were
significantly higher compared to a control without isotopes (Figure S13B), despite a reduced
cell vitality (Supporting Table 17). While the increased productivity of BY-2 cells cultivated in
the presence of labeled nitrogen might reflect altered protein expression levels (compared to
N [343]), the increased productivity of BY-2 cells cultivated in the presence of deuterium
oxide appeared to result from a reduced water content as indicated by a reduced wet cell mass
at the time of PCP preparation. Specifically, BY-2 cells cultivated in 50% v v'' deuterium oxide
only reached a wet cell mass of 90.5 g L' compared to 280.0 = 14.7 g L' in the other media
(Supporting Table 17). A potential explanation for the reduced water content is the inhibition
of cell elongation (i.e. the uptake of water), which has been reported for root cells of other plant
species in the presence of deuterium oxide [344]. The effect of the water uptake on the
productivity of BY-2 cells was consistent with the systematical investigations of water uptake
and BY-2 productivity discussed above (I11.2.3.3.2).

For analysis by ESI-MS and NMR spectroscopy GB1 was purified from extracts of BY-2 PCPs
cultivated on all isotope containing media as well as a control without isotopes by immobilized
metal affinity chromatography (IMAC, Figure 16A, B). The IMAC protocol was designed to

facilitate rapid purification of target proteins from PCP extracts, using a 30 mM imidazole
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washing step to remove non-specifically bound HCPs, before eluting GB1 with 300 mM

imidazole.
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Figure 16: Production of isotope-labeled GB1 in BY-2 PCPs and characterization by 2D-NMR
spectroscopy. A. Overlay of a Coomassie-stained LDS gel and western blot with samples from
purification of plastid-targeted GB1 from BY-2 PCPs by IMAC. BY-2 cells were cultivated in MS
medium containing 30 g L' glucose and optionally 50% (v v'') deuterium oxide (medium D, VIL7),
>N-labelled ammonium nitrate (medium N, VIL.7) or both isotopes (medium DN, VII.7). MS medium
without isotypes was used as control (medium H, VIL.7). BY-2 cells were cultivated for 7 days and
incubated for 96 hours after infiltration with A. tumefaciens (11.4.1.1). A rabbit anti-Hiss primary
antibody and an alkaline phosphatase-labeled goat anti-rabbit secondary antibody were used for GBI
detection on the western blot. C, D. Comparison of 2D-['*N,"H]-HSQC spectra of plant-made GB1 (C)
and GBI produced in E. coli (D). Identical construct designs (C-terminal Hise-tag) and isotopes ('°N
and 2H) were used for GB1 production in E. coli and BY-2 PCPs. D — medium prepared with 50% (v v'!)
deuterium oxide, N — medium prepared with labeled ammonium nitrate, DN — medium prepared with
50% (v v') deuterium oxide and labeled ammonium nitrate, S — DsRed standard (10 ug mL"), M —
marker, H — homogenate, FT — flowthrough, W — imidazole buffer wash, E — eluate.
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Using this strategy, GB1 was obtained with a high purity (> 95%) and recovery (80 + 28%),
despite using low extract volumes (< 15 mL) for chromatography.

NMR spectra of plant-made GB1 and GBI produced in E. coli were almost identical (Figure
16C, D), indicating that the plant-made GB1 was folded correctly. The labeling efficiency was
close to 100% for labeled nitrogen, which matched labeling efficiencies in E. coli [345].
Resulting from the relatively low deuterium oxide volume fraction of 50% v v'!, the labeling
efficiency of deuterium oxide was only 16%. To allow the analysis of proteins > 30 kDa [346]
the efficiency of deuterium labeling needs to be improved to > 70% [347], which can be
achieved e.g. by adapting BY-2 cells to deuterium oxide volume fractions > 50% over time
(Supporting Table 17).

Overall, these data indicated that PCPs can complement existing systems for the production of
isotopically labeled proteins, especially in the context of target proteins that are incompatible
with mammalian cells or difficult to produce in bacteria due to the need for complex PTMs.
However, to facilitate multi-dimensional NMR experiments, 1 — 10 mg of labeled target protein
would be required depending on the target protein size. Such amounts of labeled target proteins
can be produced for example by scaling up PCPs to 100 g [171] or improving the productivity
of PCPs, as demonstrated above (I11.2.3.3).

.2.4.2 High throughput infiltration-centrifugation in BY-2 PCPs

Plant-based expression systems allow to direct target proteins to different cell compartments,
thus offering a high degree of flexibility for recombinant protein expression. Targeting
recombinant proteins to the apoplast is especially interesting, because this extracellular
compartment is located outside of the plasma membrane and proteins can be extracted without
disrupting the plant tissue by infiltration-centrifugation [348]. Infiltration-centrifugation refers
to the replacement of the air space in the apoplast with an infiltration solution, which is then
recovered by centrifugation [132]. The technique has been tested with plant tissues from various
species [349] as well as non-differentiated BY-2 cells [171], but to date the method has not
been adapted to a high-throughput format. To facilitate high-throughput screening of plant-
made proteins, infiltration-centrifugation was therefore adapted to BY-2 PCPs cast in 96-well
plates.

The efficacy of infiltration-centrifugation with BY-2 PCPs was tested by infiltrating PCPs cast
in 96-well plates with constructs for targeting DsRed to the apoplast and cytosol, respectively.
DsRed was used as a model protein to facilitate quantification by measuring the fluorescence
in a plate reader. DsRed was additionally targeted to the cytosol to confirm that DsRed in elution

fractions did not originate from rupture of the cell tissue during centrifugation. Three different
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buffer formulations were tested for infiltration-centrifugation, namely tap water, regular
extraction buffer (VII.6) and extraction buffer supplemented with detergent (VIL6) to

investigate the potential for optimization of infiltration-centrifugation in the context of PCPs.
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Figure 17: Extraction of recombinant proteins from BY-2 PCPs in 96-well plates by infiltration-
centrifugation. A, B. Analysis of PCP extracts (I1.5.2.1) and infiltration-centrifugation eluates (I1.5.2.2)
from PCPs expressing DsRed in the cytosol and apoplast by LDS gel electrophoresis and staining with
Coomassie Brilliant Blue (A) or western blotting (B) using goat anti-mCherry (TA150126) and AP-
labeled anti-goat antibodies. PCPs were cast from BY-2 cells cultivated in shake flasks using 30 g L™!
glucose as carbon source. PCPs were incubated for 96 hours after infiltration with A. tumefaciens.
Tap — tap water, Phos. — regular extraction buffer (VIL.6), Det. — detergent extraction buffer (VIL6).

As anticipated, the model protein DsRed was only detectable in infiltration-centrifugation
elution fractions when DsRed had been targeted to the apoplast (Figure 17). No DsRed was
present in elution fractions when targeting DsRed to the cytosol despite extract accumulation
levels of 620 mg kg™! in this compartment, indicating that the centrifugal force used (1500 x g)
did not damage the cell tissue. These results were in agreement with literature recommending
centrifugal forces of ~1000 x g for infiltration-centrifugation [349]. Maintaining the cell
integrity 1s a prerequisite of multiple infiltration-centrifugation rounds, which allows for
continuous harvest of protein directed to the apoplast as previously suggested for leaves of
differentiated plants [350].

The highest DsRed purity (57.8 +£12.0% TSP) was observed when using tap water for
infiltration-centrifugation (Table 13), whereas the DsRed purity decreased when using
phosphate extraction buffer (39.2+7.7% TSP) or extraction buffer supplemented with
detergent (24.4 £+ 3.6% TSP) for infiltration-centrifugation (Table 13). The decreasing DsRed

purity appeared to reflect the ability of the respective buffers to solubilize host cell proteins
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(HCPs), as indicated by LDS gel electrophoresis, i.e. more HCPs were eluted when using
complex buffer formulations compared to tap water, thus decreasing the DsRed purity (Figure
17A). In agreement with this hypothesis, the zwitterionic detergent CHAPS, which was used
for the buffer with the lowest DsRed purity, has been reported to improve protein solubilization
[351].

When compared to extraction in a bead mill, the DsRed recovery after a single cycle of
infiltration-centrifugation was 49.8 + 10.6%, resulting in a DsRed yield 0of 210.8 + 23.5 mg kg
(Table 13). The recovery was in agreement with literature reporting a DsRed recovery of 40%
[171], while the DsRed yield was threefold higher, which can be attributed to optimized BY-2
cultivation conditions (I1I.2.3.3.1). The reduced recovery compared to bead mill extraction was
expected, considering that some DsRed molecules are still being trafficked through the
secretory pathway. However, unlike PCP extraction with a bead mill, infiltration-centrifugation
offers the possibility for repeated target protein harvest by applying multiple rounds of
infiltration-centrifugation to the same PCPs, thus allowing to increase the product recovery or

recover labile target proteins [171].

Table 13: Comparison of different infiltration-centrifugation buffers for elution of DsRed from
the apoplast of BY-2 PCPs cast in 96-well plates. BY-2 PCPs were infiltrated by applying a vacuum
of 10 kPa for 1 minute (I1.5.2.2). A single centrifugation cycle was used to harvest apoplastic fluid.

Purity bead Purity infiltr. Recovery infiltr.  Yield infiltr.
Buffer . . : . . . . .
] mill extraction centrifugation centrifugation centrifugation
[% TSP] [% TSP] [% bead mill] [mg kg!]
Tap water 8.5+0.5 57.8+12.0 49.8£10.6 210.8+23.5
Phosphate buffer 7.5+ 1.1 392+ 7.7 45.8+£8.9 193.8+£18.3
Detergent buffer 73+1.5 244 +3.6 33.6+5.7 142.0+9.7

BY-2 cells used to cast PCPs were cultivated on glucose, harvested after 7 days of cultivation and were
incubated for 72 hours post infiltration with A. tumefaciens. An incubation time of 30 minutes and 1500
x g was used for infiltration centrifugation (I1.5.2.2). Data values with variance indicate the standard
deviation from n = 4 PCPs. Buffer formulations are provided in the appendix section (VIL.6).

Overall, these data indicated that infiltration-centrifugation can simplify the extraction of target
proteins from PCPs cast in 96-well plates, thus omitting the need for tissue disruption and

chromatography before the functionality of a target protein can be assessed.

lIl.3 Purification of target proteins from plant extracts

To facilitate a potential application of the plant-made target proteins expressed in this work in
the context of infections with MRSA (I1I.1.1.1), purification processes were established for all

target protein classes. Similar to cloning (III.1) and expression (II1.2), automation with a liquid
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handling station was used to increase the throughput during screening for ideal chromatography
conditions (III.3.1). Based on the screening results in miniaturized chromatography columns,
which are compatible with automation on a liquid handling station, scalable purification

processes were established in the laboratory scale (I111.3.2).

l1l.3.1 High-throughput screening of chromatography conditions

To be able to keep up with the increased throughput resulting from automation of cloning and
expression, target proteins cloned with the modular vector system featured a Hiss-tag to
facilitate rapid purification by IMAC (III.1.1.1). IMAC was chosen for target protein
purification, because this method is cost efficient and compatible with mild elution conditions
such as physiological pH [352], thus simplifying the retrieval of active target proteins [353].
Compared to other affinity separation technologies IMAC is considered less specific [352], but
target protein purities up to 95% can still be achieved by carefully optimizing the
chromatography conditions [354]. To increase the purity of His-tagged proteins purified from
plant extracts, the removal of plant HCPs that persist after IMAC was investigated by washing
with low concentrations of imidazole (10 — 60 mM). Imidazole acts as a competitor to histidine
during IMAC, thus releasing bound protein [355]. PPKs were used as model proteins with
moderate accumulation levels, because high concentrations of specifically binding target
proteins can displace non-specifically binding HCPs, thus increasing the purity of elution
fractions disproportionately. Miniaturized chromatography columns (0.2 mL, Supporting Table
18) were used in combination with a liquid handling station to parallelize and speed-up
screening of imidazole concentrations for washing.

Imidazole concentrations > 10 mM eluted a distinct group of HCPs that co-purified with His-
tagged PPK-RO and PPK-TA expressed in N. benthamiana (Figure 18A, B). These HCPs were
enriched about fourfold compared to the feed (based on densitometric evaluation), indicating
that certain N. benthamiana HCPs preferentially interacted with the nickel-charged
chromatography resin. This observation can be attributed to the presence of consecutive
histidine residues in HCPs, which is more prominent in eukaryotic expression systems such as
mammals compared to bacterial expression systems [354]. The HCPs persisting after IMAC
(Figure 18A, red arrows) were analyzed by mass spectrometry and corresponded to serine
hydroxymethyltransferase, glutamine synthetase, xyloglucan hydrolase and a major latex
protein (Supporting Table 19). Serine hydroxymethyltransferase and glutamine synthetase form
large oligomers of ~475 kDa and ~200 kDa, whereas xyloglucan hydrolase and the major latex
protein are small (17 and 34 kDa), thus facilitating size-based separation methods for removal

of these HCPs. This was investigated below by implementing ultrafiltration/diafiltration
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(UF/DF) before IMAC (II1.3.2.3). The concentration of TSP in IMAC wash fractions, i.e. the
amount of HCPs eluted, increased with the concentration of imidazole in the wash buffer

(Figure S14).
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Figure 18: High-throughput screening of IMAC wash buffers on a liquid handling station. A, B.
Overlay of Coomassie-stained LDS gels and western blots with samples from purification of His-tagged
PPK-RO from N. benthamiana. Chromatography was performed with pre-packed Chelating Sepharose
FF columns (0.2 mL column volume) on a Janus G3 liquid handling station, using 2 mL clarified
N. benthamiana extract as feed (I1.5.3) and 500 pL buffer for washing (no imidazole, VII.6), removal
of HCPs (10 — 60 mM imidazole, VII.6) and elution (300 mM imidazole, VIL.6). The contact time was
2 min during all steps. Black arrows indicate the expected molecular mass of PPK-RO, red arrows
indicate HCPs. His-tagged PPK-RO was detected on western blots using rabbit anti-Hiss and AP-
labelled goat anti-rabbit antibodies. M — marker, S — DsRed standard (10 pg mL™"), H — homogenate,
F —IMAC feed, FT — IMAC flow-through, W — equilibration buffer wash, Wi — imidazole buffer wash,
E — IMAC elution fractions.
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A maximum PPK-RO purity of ~20% (assessed by densitometric evaluation of LDS gels) was
achieved in IMAC elution fractions when washing with 30 mM imidazole (Figure S14),
corresponding to a threefold increased purity compared to washing with 10 mM imidazole and
an approximately fortyfold increased purity compared to the feed. When exceeding an
imidazole concentration of 30 mM in the wash buffer, the PPK-RO purity in IMAC elution
fractions dropped to < 5% (Figure 18B). This observation can be attributed to the elution of the
target protein as indicated by analysis of IMAC fractions by LDS gel electrophoresis and
western blotting (Figure 18, black arrows). To allow an effective separation of His-tagged target
proteins from HCPs that co-purified during IMAC, the target protein affinity to the resin should
be equivalent to approximately 70 mM imidazole (Figure S14C, D). Because the binding
affinity of the His-tag correlates with the tag lengths [356], such an increase in affinity can be
achieved by extend the Hisg¢-tag, for example to 7 or 8 histidine residues. However, the effect
of additional histidine residues on the tagged protein should be carefully investigated. A major
drawback that was observed during screening of chromatography conditions with miniaturized
columns (200 pL) was drop carry-over during elution, which essentially mixed different IMAC
fractions. This problem was overcome by inverting the flow direction for 20 puL after every
elution fraction, using the lowest possible flowrate of the device (~50 uL min) to avoid
disturbing the resin.

Overall, these results indicated that liquid handling stations in combination with miniaturized
chromatography columns can facilitate the screening of chromatography conditions in the
context of plant extracts. The transferability of the screening results from miniaturized

chromatography columns to the laboratory scale was investigated next (I111.3.2).

11.3.2 Laboratory scale target protein purification

1l.3.2.1 Clarification of plant extracts in the laboratory scale

A major bottleneck that limited target protein yields when establishing scalable purification
processes in the laboratory scale was clarification, which is typically conducted by filtration
and/or centrifugation [357]. When using diatomite filters [358] to clarify plant extracts
containing target proteins other than IgG, low recoveries <20% were common (Table 14),
which have previously been attributed to binding of proteins to diatomaceous earth [358].
However, when directly mixing plant extracts containing IL8 with 5 g L™ (0.5% m v'!' [359])
diatomaceous earth, IL8 recoveries were 99.3 + 3.8% (n = 3), thus indicating that diatomaceous
earth was not the cause for low target protein recoveries. It appears hence likely that the low
target protein recoveries originated from adsorption to the positively-charged resin binder rather

than diatomaceous earth, as previously reported [360]. Clarification by ultra-centrifugation
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restored target protein recoveries to > 90% (Table 14), but the scalability of ultra-centrifugation
can be difficult due to changes in the apparatus geometry [357]. To overcome these limitations
glass fiber (GF) filters, which are scalable but do not contain diatomaceous earth nor a
positively charged resin, were tested for clarification of plant extracts next. GF filters with a
nominal retention rating of 1.2 pm restored the recovery of IL8 and DspB during clarification
to > 60% (Table 14), albeit at the cost of a ~twentyfold increased turbidity (97.8 + 9.1 NTU)
compared to filtration with a diatomite filter (5.4 = 2.3 NTU). However, the increased turbidity
did not seem to impair the purification of these target proteins by UF/DF as discussed below
(Figure 19C, D, Figure 20A, B). Further improvements of target protein recovery as well as
filtrate turbidity can be expected by systematically testing combinations of GF filters with

different retention ratings, which will be investigated in the future.

11.3.2.2 Transferability between liquid handling station and laboratory scale
Next, the transferability of screening results from miniaturized chromatography columns
(ITL.3.1) to the laboratory scale was investigated, again using PPKs as model proteins. The
purity of PPK-RO (assessed by densitometric evaluation) in IMAC elution fractions from 1.0
mL and 50.0 mL columns (18.8 +6.9%, n=4) matched the purity observed with the
miniaturized 0.2 mL columns (18.3%), using a 30 mM imidazole washing step in all settings.
HCPs persisting after IMAC in the laboratory scale matched the HCPs observed in the
miniaturized format (Figure 19A, Egep), indicating that screening results from miniaturized
chromatography columns were transferable to the laboratory scale.

A limitation of the liquid handling station was the difficulty to realize gradients for target
protein elution, as each chromatography column was connected to a single pump [361].
Gradient elution experiments (Figure 19A, Table 14) can be used to refine the conditions for a
step elution and are hence a powerful tool for chromatography optimization [362]. An approach
that has been proposed to implement gradients on liquid handling stations is to mimic gradients
with a series of step elutions, using multiple different buffers [363]. However, additional time
1s required to prepare the respective buffers, thus depreciating the reduced hands-on time during

chromatography screening with a liquid handling station.

11.3.2.3 Combined UF/DF and IMAC purification process

Because the purity of recombinant proteins required for pharmaceutical applications typically
exceeds 95% [364] and thus far exceeded the ~20% purity obtained after a single IMAC
purification step (II1.3.1), IMAC was next combined with size-based separation using UF/DF.

A size-based purification method was chosen, because major HCPs persisting after IMAC
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formed large multimers of ~475 kDa and ~200 kDa (I11.3.1), thus facilitating their separation
from smaller recombinant proteins based on size. [130]. Similarly, RuBisCO, which alone
accounts for up to ~30% of TSP in N. tabacum [130], forms a ~560 kDa hetero-hexadecamer
and can thus be removed with the same approach. UF/DF was chosen for size-based
purification, because the method is gentle, scalable [365] and can be used to remove bulk water

before chromatography, thus reducing processing times [130].

Extraction IMAC (gradient elution)
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Figure 19: Laboratory scale purification of PPK-RO and IL8 from N. benthamiana. A, B. Samples
from PPK-RO purification were analyzed on a Coomassie-stained LDS gel (A) and by western blot (B)
using rabbit anti-His and AP-labeled goat anti-rabbit antibodies. Gradient elution was performed with
100 mM imidazole over 10 column volumes. C, D. Samples from IL8 purification were analyzed
similarly. S — DsRed standard (10 pg mL™"), H — homogenate, B — bag filtrate, C — centrifugation
supernatant, D — depth filtrate (glass fiber filter), SF — sterile (0.2 pm) filtrate, FT — flow-through, Wgq
— equilibration buffer wash, Wimidazole — imidazole buffer wash, E — IMAC eluate.
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Hydrophilic regenerated cellulose (RC) membranes were chosen over commonly used
hydrophobic polyether sulfone or polypropylene membranes to minimize membrane fouling
[366], i.e. the loss of membrane performance through deposition of dissolved substances on the
membrane surface or pores. Limited by the current lack of RC membranes with cut-off sizes
between 100 and 300 kDa [130], a 100 kDa membrane was initially tested for pre-purification
of plant extracts before IMAC. To facilitate testing, the small (< 50 kDa) target proteins IL6,
IL8 and DspB were used as models, because they should readily permeate a 100 kDa
membrane.

As anticipated, oligomeric HCPs persisting after IMAC (II1.3.1) were retained by a 100 kDa
membrane, whereas recombinant IL6 (20.9 kDa) and IL8 (8.4 kDa) accumulated in the
permeate (Figure 19C, D, Table 14). The permeate from the 100 kDa membrane was re-
concentrated with a 10 kDa membrane to remove bulk water and thus accelerate subsequent
chromatographic purification by IMAC [130]. The combination of UF/DF and IMAC achieved
an IL8 purity > 95%, thus meeting the anticipated purity threshold. The same purification
strategy was successfully applied for the purification recombinant DspB (42.0 kDa) from plant
extracts (Figure 20A, B), again achieving a purity > 95% (Figure 20A, B, Table 14). These data
indicated that UF/DF can simplify the purification of target proteins of at least ~40 kDa from
plant extracts, while maintaining scalability of the process. For larger or multimeric target
proteins an inverse strategy can be utilized, for example by using a 300 kDa membrane to retain
the target protein and wash out smaller HCPs [130]. Further improvements of the selectivity
during UF/DF can be expected by optimizing the UF/DF pH, which had a major impact on
protein retention [ 130]. Specifically, a pH close to the isoelectric point of major Nicotiana HCPs
favored HCP permeation, whereas a higher pH favored HCP retention [130].

Implementing UF/DF before chromatography allowed to remove bulk water from the
purification process, which reduced the overall processing time and process footprint [130].
Additionally, pre-concentrating the target protein before IMAC was desirable, because the
target protein purity in IMAC elution fractions has been shown to correlate with the amount of
His-tagged protein in the sample. The effect has previously been attributed to displacement of
HCPs by the His-tagged target protein, given the higher affinity of the latter to the ion-charged
resin due to the dedicated tag [354]. For purification of antibodies protein A chromatography
is the industry standard [367]. However, IgG3 antibodies produced herein are not bound by
protein A, thus facilitating a potential application in the context of MRSA, but complicating
IgG3 purification. As an alternative to protein A, protein G chromatography was thus

investigated for IgG3 purification. As anticipated, protein G chromatography achieved high
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IgG3 purities of ~95% (Figure 20C, D, Table 14) in a single step, thus matching the literature
[368]. However, the recovery during protein G chromatography was < 20% (Table 14), whereas
the recovery after IMAC was typically > 70%, which was in agreement with the literature [369].
Because the low recovery limited the overall process yields during IgG3 purification, future
research should focus on optimizing protein G chromatography, for example by replacing the
acidic elution currently used, with gentler elution compared to the currently used acidic (pH 2.0

— 3.0) elution to prevent IgG3 denaturation [370].
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Figure 20: Laboratory scale purification of DspB and IgG3 from N. benthamiana. A, B. Samples
from DspB purification were analyzed on a Coomassie stained LDS gel (A) and by western blot (B)
using rabbit anti-His and AP-labeled goat anti-rabbit antibodies. C, D. Samples from IgG3 purification
were analyzed similarly using AP-labeled goat anti-human IgG and goat anti-human IgA antibodies for
the western blot. S — Standard (10 pg mL"! DsRed (A, B) or 7.5 pg mL! IgG1 (C, D)), H — homogenate,
B — bag filtrate, D — depth filtrate (glass fiber filter (A, B) or PDH4 (C, D)), SF — sterile (0.2 pm) filtrate,
FT — flow-through, Wgq — equilibration buffer wash, Wimidazole — imidazole buffer wash, Wpn g0 — alkaline
buffer wash, E — IMAC (A, B) or protein G (C, D) eluate.
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Table 14: Purification of polyphosphate kinases, interleukins, dispersin B and IgG3 antibodies from N. benthamiana. Data correspond to 7 week old plants
infiltrated without any silencing suppressor. Entire plants (including the stem) were extracted after 5 dpi.

PPK-RO PPK-TA IL8 DspB IgG3
Process Step Step Step Step Step Step Step Step Step Step Step Step
step purity recovery purity recovery purity recovery purity recovery purity recovery purity recovery
[-] [%o] (%] (%] [%] [%e] [%] (%] (%] [%] (%] [%o] (%]
Regular: Regular:
- <0.5 <0.1 Regular: Regular: Regular: Regular:
Extraction Detergent: 100 Detergent: 100 <0.5 100 <0.5 100 <0.5 100 <0.5 100
(<1.0) (<0.5)
Bag <05 98.7 na na. <05 84.3 <05 99.4 +0.8 <05 89.3+2.6 <05 722+3.1
filtration
Diatomite: Diatomite: Diatomite: Diatomite: Diatomite: ~ Diatomite: Diatomite: Diatomite:
Clarifi- (<1.0) (10.8+5.1) (<0.5) (16.5+5.1) Diatomite:  Diatomite: (<0.5) (20.8 £2.1) (<0.5) (13.4) Diatomite: Diatomite:
cation® Centrifuge:  Centrifuge:  Centrifuge: Centrifuge: <0.5 482+10.2 GF: GF: GF: GF: <0.5 722435
<0.5 96.7 n.a. n.a. <0.5 66.6+5.2 <0.5 933+6.2
UF/DF* Not used Not used (3.1£03) (842+6.4) 83+39 89.5+5.7 44+38 792 £11.8 Not used
Step Step
Affinity elution: 18.8 elution: . . Step Step Step Step Step Step Step Step
chromato- +6.9 79.1£3.9 Stepzelhgtlon. Step;ghgtlon. elution: elution: elution: elution: elution: elution: elution: elution:
graphy! Gradient: Gradient: ' ’ 4.6+1.0 78.8 £28.3 97.8 64.5 96.1 1.6 747 +£54 949+32 16.7+£3.2
94.6 70.5
Yield 5.99 +1.05 1.51+0.24
[mg ke'!] 7.76 £0.83 8.13 0.16 8.86 164.0¢ 9 5¢

plants were extracted with 3 v m™! of regular or modified extraction buffer (VIL6). ® extracts were clarified (I1.5.3) with a diatomite filter, by centrifugation or with
a 1.2 pm glass fiber (GF) filter. © UF/DF was conducted with a 100 kDa membrane (I1.5.4), followed by re-concentration of the permeate with a 10 kDa (IL) or 30
kDa membrane (DspB). ¢ PPKs, ILs and DspB were purified by IMAC using a 30 mM imidazole washing step (I1.5.5.1), whereas IgG3 was purified by protein G
chromatography (I11.5.5.2). ¢ Process yields when suppressing gene silencing in N. benthamiana with the tombusvirus p19 protein (non-optimized setting). If
available, standard deviations were calculated from n = 3 — 4 processes. Values in brackets correspond to exploratory experiments that were not used for the

subsequent process steps.
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lll.4 High-throughput target protein quantification and

characterization

After combining high-throughput cloning using modular vectors (III.1) with high-throughput
expression in PCPs (III.2), quantification and characterization of target proteins became a
bottleneck that limited the screening throughput, thus emphasizing the need for high-throughput
compatible assays. Surface plasmon resonance (SPR) spectroscopy assays allow real time
monitoring of binding interactions without the need for labeling [371] and state of the art
instruments offer a throughput of ~100—400 assays per day [371], thus matching the
throughput during screening in PCPs. Compared to widely used methods such as enzyme-linked
immunosorbent assay (ELISA), SPR assays are less dependent on the operator experience,
reducing the variability from > 10% observed in ELISA assays [372] to ~2% (CV, n = 14) in
SPR assays. Thus, to facilitate target protein quantification, a high-throughput compatible SPR
assay was established that is independent of the target protein class and size (II1.4.1). To
simplify the characterization of biofilm degrading enzymes, the DoE approach was combined

with a multi-well based biofilm degradation assay (I11.4.2).

ll.4.1 High-throughput quantification of His-tagged proteins by SPR
ll.4.1.1 Sensor functionalization

Small target proteins (< 10 kDa [182]) are difficult to quantify in direct SPR assays Figure
21A), because the resonance signal is directly proportional to the molecular mass of the analyte.
To facilitate the rapid quantification of target proteins regardless of their size, an indirect SPR
assay based on binding inhibition was thus chosen for high-throughput quantification. The
assay was based on the Hiss-tag to facilitate detection of target proteins from different classes.
The tag-based detection has a high synergy with the indirect assay format (Figure 21A), because
simple peptides rather than complex molecules can be used for immobilization. Peptides are
typically more stable than proteins [373], thus increasing the sensor lifetime, which is desirable
because of high costs of SPR sensor chips [374].

First, different peptide designs were compared, aiming to improve accessibility of the Hise-tag
after immobilization (Supporting Table 20). Peptides were immobilized by amine coupling
through primary amine groups present at the N-terminus of peptide chains as well as in the
amino acid lysine [187]. Because the peptides used did not contain lysine, immobilization was
expected to occur at the N-terminus. To mimic the anticipated application, i.e. quantification of
target proteins in crude samples, extracts of wildtype N. benthamiana plants were diluted in

different assay buffers and spiked with anti-His antibody as ligand to assess the assay specificity
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under different conditions (Supporting Table 20). The highest ratio of specific to non-specific
binding was observed with peptide P1, when using PBS-T assay buffer in combination with a
flow rate of 10 uL min™' (Supporting Table 20). The peptide design that performed best (P1)
featured 3 alanine acting as spacer and was thus identical to the tag design used for recombinant
proteins expressed in Nicotiana spp. (III.1.1.1). The lower ratio of specific and unspecific
binding with HBS-EP assay buffer compared to PBS-T was surprising, because binding of anti-
His antibodies to His-tagged proteins was not affected by EDTA or high sodium chloride
concentrations (up to 1.0 M) in the literature [375], which constitute the main differences
between both buffers (VIL.6). In agreement with these data, the signal from specific binding of
the anti-His antibody was only ~19% lower in HBS-EP compared to PBS-T, whereas the signal
from unspecific binding increased twofold, indicating that the assay buffer primarily affected
the binding of HCPs rather than binding of the anti-His antibody (Supporting Table 20).

Peptide-coated sensors were stable for at least 6 months when stored in sterile PBS at 4°C. A
capacity loss of ~6% was observed after 40 injections (Figure S15A, B), allowing to use
functionalized sensors for extended periods of time, which is desirable given the high costs of
SPR sensor chips [374]. In contrast, direct SPR assays based on an immobilized antibodies
often fail after only 10 regeneration cycles [376, 377]. The increased stability of the peptide
sensor compared to an antibody-based sensor can be attributed to the higher stability of small
peptides compared to complex proteins as discussed above. Nevertheless, to compensate for a
changing sensor capacity and to increase the assay accuracy, injections with a defined standards
should be included in routine assays, for example after 5 — 10 cycles of sample injection and

regeneration.

ll1.4.1.2 Sensor characterization

Because a stable interaction between analyte and ligand is required for a reliable assay, the
dissociation rates (kq) of several commercial anti-his antibodies were assessed next, by injecting
different antibody concentrations on a sensor functionalized with peptide P1. The dissociation
rate was independent of the antibody concentration in these experiments (Figure 21B), but the
signal to noise ratio improved, when increasing the antibody concentration (Figure S15C). The
dissociation rates derived for MonoRab and THE-His anti-His antibodies were in the range of
9.0x107° — 1.0x10™* s™! (Supporting Table 21), indicating a stable interaction between antibody
and immobilized peptide. The dissociation rate measured with a control antibody (Dianova anti-

Hise) was in the range of dissociation rates reported in the literature (Supporting Table 21).
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Figure 21: Development of an indirect SPR assay based on binding inhibition for quantification
of His-tagged target proteins. A. Schematic representation of direct and indirect SPR assay formats
for analyte quantification. B. Stability of the antibody-antigen interaction. MonoRab anti-His antibody
was captured on sensors coated with peptide P1 (Supporting Table 20) followed by a 30 min dissociation
phase. Low P1 immobilization levels (~20 RU) were used to prevent rebinding or steric hindrance. The
flow rate was 30 pL min' during dissociation. C. Effect of the analyte concentration on binding
inhibition. A constant concentration of 20 nM MonoRab anti-His antibody was mixed with 11
concentrations of peptide P1 in the range of 0.4 — 100.0 nM before injection on a sensor coated with P1
(I1.6.3.1). High P1 immobilization levels (~180 RU) were used to ensure binding of all free antibody
molecules remaining in the sample. Error bars represent the standard deviation from n = 3
measurements. Prior injection, mixtures of samples and antibody were incubated for 1 hour at 22°C on
a rotary shaker. Inhibition curves were fitted to a Boltzmann function (Equation 4). D. Transformation
of analyte concentration and binding inhibition to establish a linear relationship between both. A log
transformation was applied to data from binding inhibition assays in PBS-T or clarified N. benthamiana
extract diluted (1:40) in PBS-T. Assays were conducted similar to (C). A Sierra SPR 2/4 device was
used for all experiments. OriginPro was used to plot and fit data.

Next, the assay stoichiometry was investigated by fitting experimental binding inhibition curves
obtained with MonoRab anti-His antibody and peptide P1 (Figure 21C) to a 1:1 and 1:2 binding
stoichiometry (Figure S16). Interestingly, even when using a small (~1.0 kDa) His-tagged

peptide as analyte, the experimental inhibition curve was closer to a 1:1 stoichiometry than a
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2:1 stoichiometry as indicated by an adjusted R? value of 0.99 compared to 0.88 (Figure S16,
Supporting Table 22). These data indicate that binding of one molecule of tagged peptide
restricted the accessibility of the second binding site of the antibody as previously reported for
a comparable setting [378]. Considering that the molecular mass of even small (10 kDa)
proteins is tenfold larger than the molecular mass of His-tagged peptides used as analyte in the
inhibition experiment, the assay can be expected to follow a 1:1 rather than a 2:1 stoichiometry
under experimental conditions.

It is further noteworthy that the proposed assay can be used to assess the dissociation rate
constant, Kp, between a His-tagged molecule and an anti-His antibody by recording binding
inhibition curves and fitting the experimental data to different stoichiometries as demonstrated
here for MonoRab anti-His antibody and peptide P1 (Figure S16, Supporting Table 22). This
provides flexibility in the assay design for measuring Kp, because binding of small (< 10 kDa)
molecules to immobilized antibody is often difficult to detect due to the low molecular mass as
discussed above.

The relationship between the concentration of analyte and the measured binding inhibition was
well described by a Boltzmann function (Figure 21C, Supporting Table 22), which can be used
to calculate the analyte concentration from the measured binding inhibition (Equation 4). To
simplify the evaluation of binding inhibition assays, a log transformation was applied to the
analyte concentration and the measured inhibition, thus establishing a linear correlation
between both (Figure 21D). This held true in the presence of N. benthamiana HCPs when using
an incubation time of 1 hour (Figure 21D). The target protein concentrations derived from the
binding inhibition assay were in good agreement (Pearson’s r = 0.99) with data from a dot blot
assay using authentic standard and DspB as a model protein (Figure S15D). However, the SPR
assay was overall more precise than the dot blot assay as indicated by a fourfold lower standard
deviation when using the same anti-His antibody (Figure S15D). Even better results can be
expected when using more sensitive devices for the SPR assay such as a Biacore S200.

A remaining drawback of the proposed SPR assay are the consumable costs resulting from the
commercial anti-His antibody, which accounted for $1.30 per reaction when using commercial
anti-His antibody for the assay. An alternative to using commercial antibody is the production
in-house. For example, the cloning of monoclonal anti-His antibodies has already been
described more than 20 years ago [379] and structures and sequences of anti-His antibodies are
available in the literature [380]. Even when assuming a low antibody yield and production costs
of $20,000 g! in a plant-based expression system [357, 372], the in-house production would

reduce the consumable costs resulting from the anti-His antibody to ~$0.01 cent per reaction.
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ll.4.2 Assessment of target protein functionality

After establishing high-throughput cloning (III.1), expression (II1.2) and purification (II1.3.1)
in Nicotiana-based expression systems, the functionality of plant-made target proteins was
assessed. Exceptions were made for IL6 and IL8, because the integrity and biological activity

of plant-made cytokines including IL6 has already been demonstrated [189, 190].

ll.4.2.1 Functionality of plant-made polyphosphate kinases

The activity of purified (I11.3.2) plant-made PPKs and their counterparts produced in E. coli
was assessed in an enzymatic assay using hexametaphosphate and ADP as substrates (Figure
22A). The enzymatic assay indicated that plant-made PPKs were active, but the activity was
< 10% of the same PPKs produced in E. coli (Figure 22B). The activity was not significantly
different when expressing PPKs in the cytosol, which resembled bacterial hosts closest in terms
of PTMs, compared to expression in the apoplast (Figure 22B), which enabled complex PTMs
such as N-glycosylation. Complex PTMs are common in eukaryotes but restricted to a limited

range of bacteria [381].
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Figure 22: Functionality assessment of PPKs transiently expressed in N. benthamiana. A.
Schematic representation of the enzymatic assay used to measure PKK activity (I1.6.6). B. Activity of
PPK-RO derived from the cytosol or apoplast after purification by IMAC and optionally SEC. A
preliminary control for the enzymatic assay was generated by subjecting wildtype N. benthamiana
extract to the same purification procedure as PPK-RO. Plant-made PPK-RO purified by IMAC was 48%
pure, whereas plant-made PPK-RO purified by IMAC and SEC was 72% pure, based on densitometric
evaluation of LDS gels (I11.6.4). Error bars represent the standard deviation from n = 3 — 6 reactions. Nb
— Nicotiana benthamiana, PP, — polyphosphate, 6PGL — 6-phosphogluconolactone.

These findings indicated that PTMs were not the origin of the reduced activity of plant-made
PPKs compared to PPKs produced in E. coli. In contrast, the PPK purity potentially affected
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the activity measured in the enzymatic assay, as indicated by a lower PPK activity after
purification by IMAC, compared to purification by IMAC and size exclusion chromatography
(SEC, Figure 22B), although the difference was not significant (two-sided, two-sample z-test,
p=0.070, n=6, a=0.05). Further supporting this hypothesis, the ATP-dependent HCP
glutamine synthetase co-purified with PPKs during IMAC (I11.3.1), thus potentially interfering
with the assay. The effect of plant HCPs on the PPK activity assay was further investigated
with extracts from wildtype N. benthamiana plants. A net activity of ~0.025 U mgrsp’! was
measured in clarified N. benthamiana extract (Figure S17A), which increased from ~0.025 to
~0.035 U mgrsp’! after incubation at 45°C, corresponding to a 10% reduction of TSP (Figure
S17B). The difference in activity before and after heat treatment was significant (two-sided,
two-sample #-test, p = 0.044, n =3, a = 0.05). However, because the net activity of plant extract
was only ~10% of the activity of PPKs produced in E. coli, it appeared unlikely that HCPs were
the cause for the lower activity of plant-made PPKs compared to PPKs derived from E. coli.
Incubation at 65°C, which corresponds to a ~85% TSP reduction (Figure S17A), completely
suppressed the activity of N. benthamiana HCPs in the enzymatic assay. This observation can
be useful for the purification and characterization of PPKs from thermophilic organisms such
as T. agreste [246, 382], which will be investigated in the future.

Because neither PTMs, nor HCPs were the apparent cause of the reduced activity of plant-made
PPKs compared to their bacterial counterparts, the effect of the tag location on the PPK activity
should be investigated next. For instance, the bacterial PPKs contained an N-terminal Hise-tag,
whereas the plant-derived PPKs contained a C-terminal Hise-tag. It is therefore possible that
the C-terminal his-tag interfered with the enzymatic activity of PPKs, as observed for other
enzymes in the literature [383]. Routinely testing different tag positions with the modular vector

system can facilitate the production of functional target proteins in plants in the future.

11.4.2.2 Functionality of plant-made IgG3 antibodies

IgG3 antibodies were transiently expressed in N. benthamiana in the two compartments with
the highest accumulation levels, namely the ER and apoplast (I11.2.1), and purified by protein
G chromatography (II1.3.2). The activity of the plant-made IgG3 antibodies, i.e. their ability to
bind the antigen alpha toxin (AT), was assessed by capturing IgG3 antibodies on a protein G-
coated SPR sensor and injecting recombinant AT (produced in E. coli) in the range of 0.024 to
400 nM (Figure 23A).

As anticipated, IgG3 antibodies derived from the ER or apoplast were able to bind their antigen
(Figure 23A). ER-targeted IgG3 had a higher association rate and lower dissociation rate
compared to apoplast-targeted IgG3, resulting in overall stronger AT binding (Supporting Table
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24). The lower affinity of IgG3 antibodies derived from the apoplast compared to the ER
coincided with a ~15% lower integrity of both IgG1l and IgG3 antibodies in the apoplast
compared to the ER (Figure 23B).
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Figure 23: Activity tests with plant-made IgG3 and DspB. A. Functionality test of plant-derived IgG3
antibodies with the antigen alpha toxin (AT). In the first protocol phase (50 — 230 seconds) 1gG3
antibodies were captured on a protein G coated SPR sensor (I1.6.3.3). In the second protocol phase (500
— 680 seconds) 0.024 — 400 nM recombinant AT were injected (I1.6.3.3). AT concentrations < (0.780 nM
were not displayed for clarity. Data are raw resonance units without correction for a baseline drift,
recorded on a Biacore T200. B. Model predicating the integrity of IgG1 and [gG3 antibodies in different
plant cell compartments (Supporting Table 25). The antibody integrity was assessed by densitometric
analysis of silver-stained LDS gels and western blotting (I1.6.4). Data correspond to a BY-2 cultivation
time of 168 hours and a PCP incubation time of 72 hours. Error bars represent least significant difference
(LSD) bars around the model predicted means (95% confidence interval), calculated with Design-
Expert. C. Cultivation of MRSA biofilms in complex and defined media. Glycerol, the main carbon
source in MSgg medium (VIL.7), is reportedly taken up by S. aureus [384]. The dashed line denotes the
upper detection limit of the device. D. Enzymatic treatment of mature MRSA biofilms with DspB.
Biofilms were quantified by staining with crystal violet and read out at 595 nm after solubilization with
acetic acid (I1.6.7). Data were fitted with a dose response function (Equation 8) using OriginPro. Error
bars denote the standard deviation from n > 3 biological replicates.
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This observation indicated that the lower activity of apoplast-derived 1gG3 resulted from
degradation in the apoplast, which has previously been attributed to proteolytic activity of e.g.
serine proteases in this compartment [85, 385]. The differences in IgG integrity between
different cell compartments were significant as indicted by non-overlapping least significant
difference (LSD) bars around the model predictions (Figure 23B). In contrast to secreting mAbs
to the apoplast, retention in the ER has been reported to promote the folding and stability of
antibody-derived proteins [386], thus matching the results observed here.

Plant-made IgG3 antibodies showed an approximately fivefold lower affinity (Kp) compared
to the affinity reported for IgGl mAbs with the same CDRs produced in murine B-cell
hybridomas [387]. However, only the association rate (k.) was lower compared to the literature,
whereas the dissociation rate (kq) of the plant-made IgG3 antibodies was similar to the murine
IgG1 counterparts (Supporting Table 24). This observation indicated that the lower affinity
might be related to the antigen batch used, possibly originating from differences in the AT
amino acid sequence observed when comparing multiple suppliers, or from a loss of activity
during dialysis used to remove glycerol (20% v v'') from the supplied AT before SPR
measurements. Additionally, many literature reports suggest that plant-made mAbs perform
similar to their counterparts produced in mammalian cells [388, 389]. A fair comparison of
antibodies produced in plants and mammalian cells would therefore require parallel
measurements, using identical antigens and reagent batches as suggested for SPR assays before
[390, 391]. Potential differences resulting from the IgG scaffold will be investigated in the
future by comparing I1gG3 antibodies directed against S. aureus AT with IgG1 antibodies

directed against the same antigen that have been expressed as a control for IgG3 (Figure 23B).

1.4.2.3 Functionality of plant-made biofilm degrading enzymes

To investigate the functionality of plant-made biofilm degrading enzymes, DspB was
transiently expressed in N. benthamiana plants in the compartment with the highest
accumulation, namely the chloroplast (I11.2.1), and purified by IMAC using a C-terminal Hiss-
tag (I11.3.2). DspB with an identical amino acid sequence and tag was produced in E. coli and
purified similarly to be able to compare the activity of plant-derived DspB with its bacterial
counterpart. The activity of purified DspB was tested against experimental MRSA biofilms in
a static biofilm reduction assay, which has been successfully used to detect biofilm degrading
activity in the context of S. aureus in the literature [392]. A clinically relevant MRSA strain
(Rosenbach 1884) was used for the production of experimental biofilms to simulate a clinical
application, considering that the biofilm composition differs between S. aureus strains [9]. A

physiological temperature of 37°C was used for biofilm cultivation and degradation, because
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sensitive equipment or even human patients, both representing potential applications for the
recombinant DspB, cannot be exposed to harsh conditions such as high temperatures [393].
Chemically defined medium was used for biofilm cultivation, because biofilms cultivated on
complex terrific broth (TB) exceeded the detection limit (Figure 23C). Moreover, the variation
during biofilm formation could be significantly reduced with defined compared to complex
medium, when using experimental Bacillus subtilis biofilms as surrogate for S. aureus biofilms
[174].

As anticipated, plant-made DspB was active and reduced mature MRSA biofilms even at low
concentrations < 0.004 g L' (Figure 23D), which was in agreement with the disruption of
mature S. epidermidis biofilms with ~0.002 g L' DspB in the literature [394]. The relative ICso
was 0.0032 = 0.0006 g L' (0.0800 + 0.0150 mM) for DspB derived from N. benthamiana and
0.0031 = 0.0001 g L™ (0.0775 + 0.0025 mM) for DspB derived from E. coli (Supporting Table
26) and thus not significantly different (F-test, p=0.598, o =0.05). Biofilm removal in the
static assay stagnated at ~40% (compared to untreated controls), even when increasing the
DspB concentration to 0.4 g L' (Figure 23D). The incomplete biofilm removal was expected,
because biofilms are not only composed of EPS like poly-f-1,6-N-acetyl-d-glucosamine
(PNAG), but also contain extracellular DNA and proteins [395], which are not targeted by DspB
A similar stagnation in biofilm removal was observed with DspB produced in E. coli, further
supporting the assumption that the incomplete biofilm removal originated from properties of
the MRSA biofilm rather than a lack of DspB activity. The extend of biofilm persistence can
be attributed to the strain used, because several clinically relevant MRSA strains are known to
produce biofilms with little EPS, thus making them less susceptible to DspB compared to other
strains [9]. It is noteworthy that PCP extracts containing DspB achieved a similar biofilm
removal as purified DspB from N. benthamiana and E. coli at tenfold lower concentrations,
albeit at a shorter incubation time of 2 hours (Figure 23D, Supporting Table 26). This
observation indicated that extracts of BY-2 cells containing DspB could be directly used against
MRSA biofilms and that other anti-microbial components may be found in plant extracts, which
will be investigated in the future along with short (2 hours) incubation times for purified DspB.
The proposed biofilm assay facilitates testing of multi-enzyme mixtures for removal of
biofilms, which should be the focus of future research. Enzyme combinations that have been
suggested to completely eradicate S. aureus biofilms include combinations of DspB with DNase
or protease [9, 396, 397]. However, enzyme mixtures containing proteases with a broad
substrate spectrum should be carefully tested to rule out any autolysis or unintended proteolysis

of other biofilm-degrading enzymes [174].
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IV. Conclusion and outlook
IV.1 High-throughput screening in plants

High-throughput screening tools facilitate the development of biopharmaceuticals, but few
high-throughput tools have been available for plant-based expression platforms compared to
dominant production hosts like E. coli or CHO cells. To advance biopharmaceutical
development in plants, high-throughput techniques were therefore implemented during (i)
cloning, (ii) expression, (ii1) purification and (iv) quantification in Nicotiana species.
Combining modular vectors with automation on a liquid handling station allowed a cloning
throughput comparable to established platforms, i.e. ~1000 DNA assembly reactions per day
[170]. To achieve a matching throughput during construct evaluation, high-throughput
expression in PCPs was complemented with automated quantification by SPR, thus omitting
the need to purify PCP extracts before product quantification.

Combining high-throughput cloning, expression, and quantification with a DoE approach
allowed to rapidly generate and screen libraries of expression cassette elements and identify
combinations that maximize product accumulation. This strategy achieved 1gG3 accumulation
levels that were threefold higher than in the literature (~50 mg kg™! compared to 16 mg kg'!
[196]), thus emphasizing the potential that high-throughput screening tools offer for
optimization of expression cassettes. Using the same strategy, DspB accumulation levels of
~300 mg kg (~75 mg L' extract) were achieved, thus matching yields reported in E. coli (~60
mg L' culture, after purification [398]). Even higher accumulation levels can be expected in
the future by expanding the set of expression cassette elements used for screening, particularly
with synthetic promotors, 3" UTRs or terminators. For instance, optimization of terminator-
UTR combinations improved recombinant protein accumulation levels ~25-fold in Nicotiana
spp. [399]. Additional improvements can be expected from silencing suppression. For example,
co-infiltration with a silencing suppressor more than doubled IgG3 accumulation levels from
~50 mg kg™ to ~130 mg kg! in a non-optimized setting [143].

Beyond expression cassette optimization, productivities can also be increased (at least fourfold)
by optimizing cultivation conditions as demonstrated for the medium osmolality, harvest time
or light exposure. This approach provides an additional handle to address low target protein
accumulation in plants, which currently limits their broader application.

The PCP technology would greatly benefit from an overall increase in productivity, so that a
typical PCP of ~60 mg (or triplicates thereof) can provide sufficient protein quantities for initial

analysis and functional testing, e.g. 1 mg for NMR analysis [172]. Sufficient productivities
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provided, PCPs can be used for high-throughput protein characterization, because recombinant
proteins can be rapidly extracted from the apoplast by infiltration-centrifugation, as
demonstrated in 96-well plates.

Establishing correlation factors between PCPs and differentiated plants allowed to estimate
accumulation levels in differentiated plants (the anticipated production platform) from
screening results in PCPs, thus reducing the screening footprint. Because mayor sources of
variation were identified in both systems, even more accurate predictions can be derived in the
future by controlling the respective influence factors. Understanding the physiological origin
of correlation factors (i.e. the fraction of active biomass), will further facilitate the investigation
of correlation factors in the future.

Future research should investigate the use of PCPs in commercial screening kits. This approach
requires conservation of PCPs, which could be achieved for example by lyophilization,
considering that lyophilized plant cells can be used as bioreactors [400, 401].

As an alternative to screening in PCPs, the proposed high-throughput screening platform can
be adapted to cell-free expression systems, e.g. based on BY-2 lysates, which allow high
productivities (~3 g L! cell lysate [140]). This approach would facilitate rapid characterization
of plant-made proteins through high yields and allow to express recombinant proteins that are

difficult to produce in living plant cells due to toxicity [68].

IV.2 Smart candidate and strategy selection

A recent concept during development of biopharmaceuticals is the transition from a pure
numbers game to a smart candidate selection [54, 56]. Aiming to incorporate this concept into
plant-based expression platforms, model proteins expressed in this work were used to identify
parameters that can guide the selection of e.g. expression vectors or model proteins.

A parameter that can guide the selection of a suitable expression compartment was the target
protein origin. This means that target proteins derived from prokaryotes such as PPKs or DspB
accumulated well in chloroplasts, which have a bacterial origin, whereas target proteins derived
from eukaryotes accumulated best in compartments that enabled common eukaryotic post
translational modifications such as glycosylation. [300]. Narrowing down the number of
suitable expression compartments can speed up screening.

Assessing intrinsic protein stabilities based on the instability index or the aliphatic index can
help to sort out product candidates that cannot be produced and hence save time and resources
during screening. This approach was successful when comparing proteins within the same class

(e.g. antibodies), whereas predictions involving multiple target protein classes have to consider
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additional parameters such as the pl. Additional parameters for a priori stability predictions can
be identified in the future by expanding the set of target proteins investigated. Further progress
regarding a priori stability predictions involving multiple protein classes can be expected when
employing machine learning approaches that combine multiple stability parameters [302, 307].
A potential limitation of machine learning approaches is that they are not deterministic.

A fundamental parameter that affected the productivity of plant cells from suspension cultures
was the uptake of water, which was mainly driven by the medium osmolality. Productivities of
plant cell cultures (or PCPs derived thereof) can be further increase in the future by adjusting
cultivation conditions based on the critical osmolality thresholds identified herein (~100 — 150
mOsmol kg-'), as demonstrated in stirred tanks.

High-throughput screening of chromatography conditions with miniaturized columns and a
liquid handling station allowed to identify HCPs that persist after IMAC. Identification and
characterization of such HCPs can guide the selection of a purification strategy. For example,
HCPs persisting after IMAC formed large (~475kDa and ~200 kDa) oligomers and
implementing size-based purification by UF/DF before IMAC allowed to remove these HCPs.

IV.3 Plant-made proteins for controlling MRSA

Plant-made proteins directed against MRSA were functional (except for low PPK activities),
indicating that Nicotiana spp. can supply recombinant proteins for a multi-layered strategy to
treat MRSA infections. Using the screening strategy established herein, additional plant-made
proteins can be rapidly assessed for their usefulness against MRSA in the future. Of particular
interest are antibodies directed against additional virulence factors or biofilm degrading
enzymes that target biofilm building blocks other than PNAG. Because biofilm dispersion alone
might cause an anaphylactic shock in human patients, combinations of biofilm degrading
enzymes such as DspB and endolysins such as LysK-L should be investigated in the future,
allowing to disperse biofilms and simultaneously inactivate the pathogen. Considering that
biofilms are often exposed to shear forces in the human body, the activity of plant-made biofilm
degrading enzymes should also be investigated in dynamic models [396].

A potential drawback of the proposed screening strategy is the requirement for an affinity tag.
This limitation can be addressed by incorporating a protease-recognition site (e.g. for caspase-2)
into the affinity tag [402]. When this approach is combined with chromatography, native protein
can be eluted by injection a protease that specifically cleaves the affinity tag, thereby
simultaneously removing HCPs that would otherwise co-elute with the target protein during

chromatography [354].
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V. Summary

Plants can complement dominant expression systems such as Escherichia coli and Chinese
hamster ovary cells with additional production capacity in response to emerging infectious
diseases, but compared to these hosts few high-throughput screening tools that facilitate
biopharmaceutical development have been available in plants. To advance this situation, high-
throughput techniques were implemented during cloning, expression, purification and
quantification, thus increasing the screening throughput across the entire development process.
This concept was applied to a transient expression in Nicotiana spp., which allows to establish
production processes in as little as 3 weeks and thus quickly react to changing demands.

In combination with statistical design of experiments, the established high-throughput
screening tools allowed to rapidly clone and test libraries of expression cassette elements such
as promotors, 5’ UTRs and signal sequences and identify combinations thereof that maximize
target protein accumulation. This strategy was successfully employed to produce interleukins,
polyphosphate kinases, IgG3 antibodies, biofilm degrading enzymes and endolysins selected
for a multilayered strategy directed against methicillin-resistant Staphylococcus aureus
(MRSA). Notably, IgG3 accumulation levels achieved by systematically screening expression
cassette elements were threefold higher than the literature. Using the same strategy, dispersin
B accumulation levels equivalent to E. coli were reached. Further improvement can be expected
by expanding the set of expression cassette elements used for screening, particularly with
synthetic promotors, 3" UTRs and terminators. Plant-derived target proteins were functional,
except for a reduced enzymatic activity of polyphosphate kinases, indicating that Nicotiana spp.
can supply recombinant proteins to counter emerging MRSA. Using the high-throughput
screening tools established herein, additional plant-made proteins can be rapidly assessed for
their usefulness against MRSA in the future.

In accordance with a recent approach in biopharmaceutical development, data generated with
the different target proteins were used to identify parameters that can guide the selection of
candidate proteins and even optimization strategies. For instance, the target protein origin had
a major impact on the ideal expression compartment, thus allowing to pre-select suitable
expression compartments and reduce the screening workload. Assessing intrinsic protein
stability parameters allowed to sort out unsuitable candidate proteins, albeit currently limited
to comparisons within the same protein class. A parameter that can guide the optimization of
plant cell cultivation media is the medium osmolality, essentially controlling the uptake of water
into plant cells. Characterization of host cell proteins that persist after chromatography allowed

to derive purification strategies that facilitate their removal.
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Zusammenfassung

Pflanzen konnen etablierte Expressionssysteme wie Escherichia coli und ,,Chinese hamster
ovary“ Zellen im Kontext von Infektionskrankheiten durch zusitzliche Produktionskapazititen
erginzen. Im Vergleich zu diesen Systemen sind jedoch nur wenige Hochdurchsatz-Screening-
Tools verfiigbar, die die Entwicklung von Biopharmazeutika in Pflanzen erleichtern. Um diesen
Zustand zu verbessern, wurden Hochdurchsatztechniken wihrend der Klonierung, Expression,
Reinigung und Quantifizierung implementiert, um den Durchsatz wihrend des gesamten
Entwicklungsprozesses zu erhdhen. Dieses Konzept wurde auf eine transiente Expression in
Nicotiana spp. angewandt, da transiente Produktionsprozesse in rund 3 Wochen etabliert
werden konnen und damit schnell auf neue Anforderungen reagieren konnen.

Kombiniert mit statistischer Versuchsplanung ermdoglichten es die etablierten Hochdurchsatz-
Screening-Tools Kombinationen von Promotoren, 5'UTRs und Signalsequenzen zu
identifizieren, die die Akkumulation von Zielproteinen maximieren. Diese Strategie wurde
eingesetzt, um Interleukine, Polyphosphatkinasen, IgG3-Antikorper, Biofilm-abbauende
Enzyme und Endolysine fiir eine holistische Strategie gegen Methicillin-resistenten
Staphylococcus aureus (MRSA) herzustellen. Durch das systematische Screening von
Vektorelementen wurde in Pflanzen eine dreifach hohere IgG3-Akkumulation erreicht als in
der Literatur beschrieben. Dispersin B erreichte Akkumulationslevel dquivalent zu E. coli.
Weitere Verbesserungen konnen durch die Erweiterung der untersuchten Vektorelemente,
insbesondere mit synthetischen Promotoren, 3' UTRs und Terminatoren erreicht werden.

Die aus Pflanzen gewonnenen Zielproteine waren funktionsfihig, mit Ausnahme einer
verminderten Aktivitdit von Polyphosphatkinasen, was dafiirspricht, dass Nicotiana spp.
rekombinante Proteine zur Bekdmpfung von MRSA produzieren kann. Mit Hilfe der etablierten
Screening-Tools konnen in Zukunft weitere Proteine in Pflanzen produziert und auf ihre
Aktivitdt gegen MRSA untersucht werden.

Basierend auf einem aktuellen Ansatz in der Entwicklung von Biopharmazeutika wurden
Parametern identifiziert, die die Auswahl von Proteinkandidaten und Optimierungsstrategien
leiten konnen. So erlaubte beispielsweise der Ursprung eines Zielproteins eine Vorauswahl
geeigneter Expressionskompartimente und eine Verringerung des Screening Aufwandes. Die
Bewertung der intrinsischen Proteinstabilitdt ermoglichte es, ungeeignete Proteinkandidaten
innerhalb einer Proteinklasse auszusortieren. Die Medium Osmolalitit (Wasser Aufnahme)
kann fiir die Optimierung von Medien fiir die Pflanzenzellkultur herangezogen werden. Die
Charakterisierung von Wirtszellproteinen, die nach der Chromatographie bestehen blieben,

ermoglichte die Entwicklung von Reinigungsstrategien, die ihre Entfernung erleichtern.
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Vil.4 Register of equipment

Name Type/Use Manufacturer
2100P ISO...ooiiiiiiieeeeeeeeee e Turbidimeter........ccceveereeneeiiieeenieens Hach

2712120 i CUVEES ..ottt Ratiolab

4titude PCR plate........cccevvevvenieiieieeeeen, PCR o Brooks Life Sciences
AcroPrep Advance 30-40 pm...................... PCP casting ......cccoccvevverieiieieeieeieeeeiens Pall

AKTA pure 25 L/M .....ooovveeeeeeeeenn, Chromatography System..........c...ccoeveneene GE Healthcare
Amersham Protran nitrocellulose ................ BIOtHNG ....eevieieeiecieeee e Merck

Avanti J-26 XP ..o, Centrifuge......ccoeeeveeenieieeeee e Beckmann-Coulter
Biacore T200 .......ccceeveriiiinieieeeeeeeeen SPR .. Cytiva

Biometra Trio thermal cycler....................... PCR CyCler. ..ot Analytik Jena
Biophotometer 6131 .........ccoocieiiiiiiiinenen, Photometer ..........cooceeveenienieniiecceeee, Eppendorf
Biowizard........coooeviiniiiiieneeeeen Sterile bank........cccceveeiiiiiiiiie Kojair

Black half-area 96-well plates ..................... ASSAYS .evevieiieeii et Greiner BioOne
BP-410 ..o Bag Filter.......ccooevevienieiiececeeeeeieins Fuhr

Canon 5600 scanner...........ccocceeeecvervennennee. SCANNET ...t Canon

Capacity sensor 12x320 mm ...........ccce.ene... BY-2 cultivation..........ccceeevveevieienreniienenns Aber instruments
Cellstar multi-well culture plates................. Biofilm assays .......cccccevverieveieieeienieniens Greiner Bio One
Chromabond collection tubes ...................... PCP extraction.........cccceeveeeneveneeeienieeeenee. Macherey-Nagel
Chrome steal bead 3 mm .......ccccoocveenenen. PCP extraction.........ccoceeveeneeeneeeienieneeeee. Spherotech
ClarioStar.......coeveeveere e Plate reader.........ccooeeeeeenienieieeeeeee, BMG Labtech
Climoshaker ISF1-X......coccovviiniiiiiieen, BY-2 cultivation.........ccccceeivenieieninen. Kuhner

CIMS SEINSOLS ..eeenvieieeieeiie e sieeie e eeee e nneas SPR ..t Cytiva

Cond 3141 ceeiiiiieiieeeeen ConductoOmeter ........ccceevererenereeieieiennens WTW
CYHNAErS.....ooovveiieiieieeie et Measuring cylinder.............cocveeveeveniennnns Brand

Deep well plates 2.0 mL .........ccoeevveveennnnen. Agrobacterium cultivation......................... Ritter

Dri Block DB3.....cooiiiiiinininccceeeieene, Heat block .....ooeeeeiiniiieniieiccceeeee Techne

Dual UV transilluminator ..........cc.ccccecveneenee. UV illuminator ........cccevevercnencenienienene. VWR

ENSPire ....ooceveevieiieeeeeeeeeeee e Plate reader.........ccooceeveenienieieeeeeee, Perkin Elmer
Eppendorf S810 R...ooveveiiiiiee, Centrifuge......ccoeveveeieieieeee e Eppendorf
Erlenmeyer flasks 0.25/0.10 L..................... BY-2 cultivation.........ccocceevveieeienireee. Schott
ETHG-912 .o Thermometer ..........ccccveveereereeieeiesieeenns Oregon Scientific
EZ-Control Unit........ccoecevreevienieiieeeeee, BY-2 cultivation.........ccocceevveieeienireee. Applikon

FO-R.e e GE Healthcare .........c.ccocevineniiieiiiiees Fraction collector
Falcon tubes.........ccoevevenenencncnceeieenee, Reaction tubes ........coevevereninceieieene Greiner Bio-One
FL OLTS o Multichannel pipette...........covevveeverrienenns Anachem
Flat-bottom 96-well plates...........c..ccoeeueennen. ASSAYS ettt Sarstedt
Forma-86C ULT ....cocoeiiiiiiiiiececeeenne, Freezer -20°C ......oooiiiiiniiiiceceieeee Thermo Scientific
Freezer ...oovveiviiiiiiiiiiiicceeee Freezer -20°C .....oooviviiiiiiiiiiiiiieiee, Siemens

Gas permeable membrane............c.ccceeeeennen. Bacterial cultivation ...........ccccceeeereereennen. Macherey-Nagel
GenePulser X-cell........ccooeevieniiiinreen, Electroporation ...........cccceevveeieeenienieiens Bio-Rad

Glass bioreactor double-walled 5.0L.......... BY-2 cultivation.........ccocceevveiieienrenee. Applikon
GreenPower LED modules..........ccccccoeueee. Plant cultivation........c.ccoccevenenerceeeecnencnne, Philips

HiG5000 ....ceeieiieeieeiieeeeeee e Centrifuge.....coccveeeieeniieeeecieecee e GC biotech

High Capacity Amine sensors...................... SPR ..ottt Bruker

HiTrap Chelating Sepharose FF .................. Chromatography........ccceeeveeveveenvieeniieenneenns Cytiva

HiTrap protein G .......cccoeeveveivevvieencieeeieenne Chromatography........ccceeeveereieenvieeniveenineenns Cytiva

Hydrosart 10/30/100 kDa .........ccceecvveenneeneee. UF/DF membranes ...........cccecveervveerereennnenn Sartorius
IceMatic D201 .....ccoeviieiiiiieeeeeeee, Ice maching .........cccoevevieiveceeeeeee Castel Mac
Innova 4230 ...c..ooviiiiiiiieeeee Incubator shaker..........ccooveiviciinieniens New Brunswick Scientific
Janus G3 liquid handling station.................. AUtOMAtION.....eovereeeiieieieienceeeeeece e Perkin Elmer
KMO2 DasiC....cceeueeueeeereniinienienieeieeeereeenne MAGNEt SHITET.....eoveeueeieiiieneerieeeeeereneennes IKA
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L/S MasterfleX .......ccceveviercieeniiienieenieeeieeene Peristaltic pump.........cccceevevveevveecieeeeennen. Masterflex

Liebherr premium........c.ccooceeveenieieniieneenen, Freezer -20°C .....ooiiiiiiiiiiecieeceee Liebherr

Lumilux 58W/830 warm white .................... Plant incubation after infiltration .............. Osram

Lumilux 58W/840 cool white...................... Plant incubation after infiltration .............. Osram

Mikro 220 R coovveiieiiieeee e Centrifuge ...ooovveveeieeieeeeeeeee e Hettich

MiniSart 0.2 M ..oovvvverieieeeeeie e Syringe filter .......ccovvevevcierierieiee s Sartorius

MEK 035S oot SPECtrOmMEter ......eeveeeverireeiieeieeie e UPRTek

MM 300, Bead-mill........ccooovininininiiiiincnce Retsch

NELO .ottt e Vacuum Pump ........ceeverveerveeveevenveneeennens Labport

Nalgene cryogenic vials .......ccccocoeeveeneeerne. Glycerol Stocks......coevveiiiiinienieieeeeene Thermo Fisher Scientific
Nalgene Rapid Flow 0.2 pm.........c.cceoueene.ne. Bottle top filter........cooceeveeniiiiiieceene Thermo Fisher Scientific
NanoDrop 2000 ........cccceeveeeniienieneereeeeee Concentration measurement...................... Thermo Fisher Scientific
Omnifix, 1-20 mL......ccoocoviiiiiieieeeee, SYTINEES. .o Braun

Osmomat 3000 .......cooceevienienieieieeeeeeee, OSMOMELET ....nveeneieniieieeie e Gonotec

PDH4 depth filter (K700 + KS50)................ Clarification .........c.ccoceveeievienencncneneenee Pall

PH 3110 i PH MEtET.c...eoiiiiieiieee e, WTW
Pipetman.........cccccveeviiiinienieieeeeee e, PIPEtes..ccuveeieiieierieceeie e Gilson

PowerPac HC ........ccccevvivieiicieieeeeen, Electrophoresis module.............c.cccvervennnen. Bio-Rad

ProBlend 6........ccoeevvviiiiiieieeeeee e, Blender.......ccoevveievienieieeeeeeeeeenn Philips

RCT baSIC ..o Magnet SHITET .......cceereereeieeieeeeeeeeieeneens IKA

RoboColumn Chelating Sepharose............... Chromatography..........cccceeeeeeienieneeneennen. Repligen

Rotina 380R......ccccoeiieiieeieeee Centrifiuge ...ooovveeeeeeeeeeeeee e Hettich

RZRI o Small scale homogenizer................cccouee.. Heidolph

SartoFlow Slice 200 ........ccceoceeiiiienieniens Benchtop crossflow system....................... Sartorius

Sartopore 2 150 (0.45 + 0.2 pm) .....ceevvennenne Sterile filter .....ooveeviveieeieiieceeeee e Sartorius

Sartopure GF Plus glass fiber filter .............. Clarification .........ccceevveeeveevenienienieesieennns Sartorius

SonoPuls MS73 ..o SONICALION v Bandelin

SSM3 et Mini-gyro rocker........ccovvevvieiieienienieennens Stuart

Synergy Hl...ooooovveiiiiiiieieiccc e Plate reader.........cccoevevveneenieeiieieeieieene BioTek

TEOLOL oo Precision scale.........cocoeeveerieirnienieeenene Sartorius

Thermomixer compact...........cceceeveeeeereeennen. ThermomiXer.........cceveereereeeieeiesieieeneens Eppendorf

Thomson Ultra Yield flassk........c.cccceeeeeneee. Agrobacterium cultivation ........................ VWR

Trans-Blot Cell.......ccocvviiniiiiiieeeeeee, BIOttNE .oveeeeeeeeececeeeee e Bio-Rad

Trinocular microscope........cccceevvveeereereeennen. BY-2 characterization ...........ccceceeeenuennen. BMS

Tubes (1.5, 2.0 ML) ..ccoovvieieiieieeieeieeeen, Reaction tubes........cccevevvvevieieeieeiesieenens Sarstedt
Varioklav........coceeeeienenieninnceeeee, Steam Sterilizer.......coceevveveeveneneneneeeeene H&P

Vantage liquid handling station.................... AUtOMALION ..o Hamilton

VEKT400 ......cciioieiieieeieeieeee e Vacuum PUmMpP.......cceeveerreerreereeeeneenieenens Elektro-Waerme-Aachen
VelaPad ......ccoovveviieiieieeiecieceeeeee e Depth filter housing ..........ccccevveververieenen. Pall

VorteX-Genie 2......ccceecveeeeeeeenienieeneeeeeee e AV/0] 4o QU U Scientific Industries
Whatman filter paper 11 pm .......ccccoeeeneee BY-2 characterization ...........ccceceeveereennen. Whatman

XCell I Blot Module ........cceeeeveireinne BIOttNE «veeeeeeeececeeeee e Thermo Fisher Scientific
XCell SureLock Mini-Cell .........cccceeernenne. ElectrophOresis........ceceeveereeeeeeienieenieeneens Thermo Fisher Scientific
XK26/20 column ......ccceeeeeeeeeiieeeieeeene Chromatography..........ccceeeeeverveneeneennen. Kronlab

7001023551 pH sensor 12x235 mm............. BY-2 cultivation........cccceeevveerverneeenneeennen. Applikon

7010023525 DOT sensor 12x235 mm......... BY-2 cultivation.........ccceeevveenveeneeenieeennen. Applikon
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VIL.5 List of chemicals

Name Type/Use Manufacturer
2,4-dichlorophenoxyacetic acid.................... Medium component............cceceeevereereennen. Duchefa
5-bromo-4-chloro-3-indolyl phosphate........ ASSAYS .eeeneieiienii ettt Merck

AcetiC aCId ...eeoeveeieiieiieeee e Buffer component...........ccccoeeveeeveeieniennnnns Carl Roth
Acetosyringone 97%.......cccccveeverveneenieenenn, Buffer component...........cccoeeveeveeienvennnnns Merck
Adenosine diphosphate..........c.ccceeverivennnnee. ASSAYS .eeeneieiienie ettt Merck
AQAr-aGar......cccvevieiieiieieeie e Medium component.............oceeeveevenevennnns Carl Roth
Alpha toXin ..c..coveereiiieieenieeee e ASSAYS ettt Abcam
Ammonium nitrate (*’N) 98 atom% ............ Medium cOMPONENt.........c.cocververiererinnanes Merck
AMPICIIN..c.ooi ANDIOTIC. .ot Carl Roth
Anhydrotetracycline hydrochloride ............. ANEDIOTIC. .ot Merck

Beef exXtract........ccoooeeveiininieeeeeeen Medium component............cceceeeeereereennen. Carl Roth
Bovine serum albumin...........cccocevvevenennnnen. ASSAYS .evevieiieeii et Merck
Calcium chloride dihydrate..........c...cocu...... Medium component.............oceeeveeverreenenns Carl Roth
CarbeniCillin .....c..ceceeveeveneniincniiieceieenee, ANDIOLIC. e Duchefa
CHAPS ..ot Detergent ......ccvvvveveereerieeieeee e Merck
Coomassie Protein Assay reagent................ ASSAYS .evevieniieiiieieeee et Thermo Fisher
Crystal violet (Neisser’s solution II) ........... ASSAYS ettt Carl Roth
Deuterium oxide 99.9 atom%...........c..c....... Medium component...........cocceeeeeeenennenne. Merck
DMSO..iiiiiieieeee e SOLVENt....coeieeieeieeeeeee e Mer Merck ck
Disodium phosphate dihydrate .................... Buffer component..........cccocceeieeienennnnnen. Carl Roth
EDTA oo Buffer component...........cocceeieeienennenen. Carl Roth
Ethanol.......c.ccccovvievieniiieceeeeee e, Sanitization/pre-wetting ............ccceeveennenne. Carl Roth
Ethidium bromide solution ..............c.cu....... ClONING ....eeevieiieeeieciesieeee e Carl Roth
Ethyl-3-diaminopropyl-carbodiimide........... Amine coupling........cccoeeverinencenienenene. Merck

Evans blue dye......ccocvevvvvienieiciieeeeen, Plant cell characterization.......................... Merck

Ferric chloride hexahydrate ......................... Medium component.............oceeveeverreenenns Carl Roth
Ferty 2 Mega.....cccoveeveeeieeeieeeeeeeeeen Fertilizer ......oooveeeeiiieeeeeeee e, Planta
Formaldehyde........coccoeoiiiniiieiceee, Buffer component...........cocceevveieniennennen. Carl Roth
Fructose ...cocveeeeeveieeeeee e Medium component............cceceeeeeeeereeennen. Carl Roth
Gibson Assembly MastermiX....................... (031031 111V New England Biolabs
Glucose-6-phosphate dehydrogenase........... ASSAYS oot Merck
Glucose monohydrate............cccceeevvevenenennen. Buffer/medium component........................ Carl Roth
GLyCerol .....coovvevieriieiieieceeeeeeee e Buffer/medium component........................ Carl Roth
GLYCINEG .vvieiiiieciieieee et Buffer component............cccceeveevieieneennnnns Carl Roth
Goat anti-human Ig A AP mAbD.................... ANtibody....cvveiieiiiiee e Merck

Goat anti-human IgG AP mAbD.................... ANtibody....covveiieiieieeeee e Jackson Immuno
Goat anti-mCherry ........ccoeeeveevierieeeeeee, ANtibody...oocvveiieiee e Thermo Fisher
Goat anti-rabbit [gG AP mAb...................... ANtibody....ceveiieie e Jackson Immuno
HEPES ..o Buffer component...........ccocceevveieniennennen. Carl Roth
HEPES-KOH ......coiiiiiiieeeeeeen Buffer component...........ccocceeveeieniennennen. Merck
HeX0KINase .......ccccecuevvevenenencnenecceiceenen ASSAYS oot Merck
Hydrochloric acid 37% ...c.ccooceevveieniennennen. Buffer component..........cccceevveeriiennennnnn. Carl Roth
Imidazole .......ccovvevieeciieeieeie e Buffer component..........cccceeevveeniiennennnnn. Carl Roth
Kanamycin.......cccoeeveeeieeiieencieeieeeiee e ANEDIOLIC..evvieeiieeieecieeeee et Duchefa
Magnesium sulfate heptahydrate ................. Medium component.............ccceeerveeerereennnenn Carl Roth
Magnesium chloride hexahydrate................. Buffer/medium component..............c......... Carl Roth
MaANNIL. ..t Medium component...........coeeereeeenennenne. Carl Roth
Manganese chloride tetrahydrate ................. Medium component...........coeeeeeeeenennenne Carl Roth
MES .. Buffer component........c..ocooevereeieienncnne. Carl Roth
Methanol........ccceeveeienenenininneecccieenen Buffer component........c..occoerereeieciencnne. Carl Roth
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MilK POWAET ....covvveeeiieeiieeie e Buffer component ...........cccceevveeeiienniennnen. Carl Roth
Monosodium glutamate...........ccccceveeeeeneenne. Medium component ...........cceceeeereeenieennen. Carl Roth

MOPS ... Buffer component ...........cocceeeeeeeniencennen. Carl Roth
Murashige & Skoog salts.........ccccceveerernnnne Buffer component ...........cccceeeeeieniencennen. Duchefa
Myo-IN0STOL ..o Medium component ............ceceeeevereveneeennen. Duchefa
N-hydroxylsuccinimide...........ccccverreereennnnne. Amine coupling.........cccevvevvvecrercrenieneennn. Merck

Nickel(Il) sulfate hexahydrate....................... Buffer component ..........cccccoeveninencnnnn. Carl Roth
Nicotinamide adenine dinucleotide............... ASSAYS ..ottt Merck

Nitro blue tetrazolium ............ccoeveeveveneennnnne. ASSAYS ..oenvieniieieeie ettt Merck

Novex NuPAGE 4-12% Bis-Tris ................. Electrophoresis.......cccoeeeeeevenicneneneennenn. Life Technologies
NucleoSpin Plasmid kit .........cccocoeerieninnne DNA purification ........cccceveeeeeeeeneencennen. Macherey-Nagel
NucleoSpin gel and PCR clean-up kit.......... DNA purification ........ccccceveeveeeienvencennen. Macherey-Nagel
Q5 DNA polymerase..........cccceevveeeereeneeennen. CLONING ..ot New England Biolabs
PEG-6000......ccccoiieiniinienieniereeeee e CLONING....eeeeeiieieet e Merck
Phenylalanine .........cccccooeeveeieneeneenieeee, Medium component ...........coeceeeeverveneeennen. Duchefa

Pluronic LO1 .....ccoeviviieiiieiieeeieeeeen, Medium component ...........ceeeveeveevenieennens Merck

Potassium phosphate ...........ccceevvecireierenenen. Buffer/medium component........................ Carl Roth
Proteinase K ......c.cocvvvivienienicieeeie e, Enzyme inactivation..............ccceeveevenieennen. Carl Roth

Rabbit anti-goat IgG AP mAbD...................... ANDOAY ..o Jackson Immuno
Rabbit anti-Hise MAD ......ooceeiieiiiiiie ANtbOAY ..o GeneScript
Restriction enzymes ...........ccccoeeveereeeneeeneenne CLONING....eeeeeiieeee et New England Biolabs
Rifampicin........cocceeveeeinineeeecee ANtDIOHC .o Duchefa
Sera-Mag-Select ........ocoeeveeneriiiiirieniees CLONING....ceeeeiieeet et Cytiva

Silwet Gold.....oocvveieiiiiieiee e, Infiltration .......coooeveeieenieeec e Spiess-Urania
SimplyBlue SafeStain..........cccocevevevveniiennnns Coomassie Staining ...........cceeeververreerreennens Life Technologies
Sodium chloride ........ccccevvevieiiiiienienieiens Buffer component ...........ccccoeevveveeienieennen. Carl Roth

Sodium dihydrogen phosphate...................... Buffer component ...........cccceeevveveeieninennen. Carl Roth

Sodium metabisulfite...........cceevireierieriennnns Buffer component ...........ccccoeevveveeieniiennen. Carl Roth

Sodium hydroXide .........ccccveveeeriiienienieeinnns Buffer component ...........ccccoeevvrveeienieennen. Carl Roth

Sodium metabisulfite...........cccocereirinienens ASSAYS ..ot Merck

SOY PEPLONE ..ot Medium component ...........cceceeeeeeeeneeenen. Carl Roth

SUCTOSE ..ottt Buffer component ...........cccceeeveeiinieneennen. Duchefa

T4 DNA [igaSC.....eooeieieeieeiieiieieeieeie e CLONING....eevieiieieeit et New England Biolabs
Taq DNA polymerase.........ccccceeveeceeeeeneeennen. CLONING....ceeieieeeeit et New England Biolabs
Technical buffer .........ccceoevenininineene, Calibration.........cccoeeveveeienenencrceceeen WTW

Thiamin hydrochloric acid ...........cccccveeeeennen. Medium component .............eeveeveeverreennens Duchefa
TRIEONINE ..veoveeeiieiiicieeeeeeeee e Medium component .............ecveeveeverreennens Duchefa
TRIS-DASC.....coveerierieeieeiieeriereere e Buffer component ...........cccoeevvevinienieennen. Carl Roth
TRIS-hydrochloride............cccceevvievrnieninenen. Buffer component ...........cccoeeveevenienieennen. Carl Roth
Tryptophane ..........ccceceveevienienieeeeeeeeee. Medium component ...........cceceeeeeeeeneeennen. Duchefa
TIYPLONE ..ot Medium component ...........cceceeeeeeeenieenen. Carl Roth

Triton X-100......ccooiiiirieieeeeeee e, Detergent........ceeveveereeniee e Merck
TWEEN-20...c..ceiiiiiiiiiniienieeeeeeeeee e Detergent........coooeeviiiiiiiiniiiinieniceieeee, Merck

Yeast eXtract.....oocveueeeeeieeieiieneese e Medium component ...........cceceeeeeeeeneeennen. Carl Roth

Zinc chloride .......coeevvveiiveeeiiieieeieecieeeeee Medium component ...........cecceeeeeveerevennnen. Carl Roth
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VIIl.6 List of buffers

Concentration

Name Component mM (g L) Comment
Infiltration buffer Murashige and Skoog n.a. (0.5) Adjusted to pH 5.6 with HCI,
(PCPs) major and minor salts acetosyringone was added
Sucrose 146.0 (50.0) immediately before infiltration
Glucose monohydrate 10.1 (2.0)
MES 30.0(5.9)
Acetosyringone 0.2 (4.0x1072)
Infiltration buffer Murashige and Skoog n.a. (0.5) Adjusted to pH 5.6 with HCI,
(differentiated plants) major and minor salts acetosyringone was added
Acetosyringone 0.2 (4.0x1072) immediately before infiltration
Extraction Buffer Disodium phosphate 50 (8.9) Adjusted to pH 8.0 with NaOH,
(extraction of dihydrate sodium metabisulfite was added
plants and PCPs) Sodium chloride 500.0 (29.0) immediately before extraction,
Sodium metabisulfite 10.0 (1.9) optionally modified addition of

Extraction Buffer

(extraction of bacteria)

Phosphate buffer
(infiltration
centrifugation)

Detergent buffer
(infiltration
centrifugation)

IMAC charging
solution

IMAC equilibration
buffer

IMAC washing
buffer

IMAC elution
buffer

Triton X-100 (optional)

TRIS-HCI

Sodium chloride

Disodium phosphate
dihydrate
Sodium chloride

Sodium metabisulfite

TRIS-HCI
Potassium chloride
CHAPS

Sodium sulfite

Nickel II sulfate
hexahydrate

Disodium phosphate
dihydrate
Sodium chloride

Disodium phosphate
dihydrate

Sodium chloride
Imidazole

Disodium phosphate
dihydrate
Sodium chloride

Imidazole

0.2,90% CMC

50.0 (7.8)
50.0 (2.9)

50.0 (8.9)

500.0 (29.0)
10.0 (1.9)

100.0 (15.6)
500.0 (37.3)
6.0 (3.7)

160.0 (20.2)

100.0 (26.3)

20.0 (3.6)

500.0 (29.0)

20.0 (3.6)

500.0 (29.0)
30.0 (2.0)
20.0 (3.6)

500.0 (29.0)
300.0 (20.4)

Triton (without sodium chloride)

Adjusted to pH 7.5 with NaOH

Adjusted to pH 8.0 with NaOH,
sodium metabisulfite was added
immediately before extraction

Adjusted to pH 8.0 with NaOH

Adjusted to pH 7.5 with NaOH

Adjusted to pH 7.5 with NaOH

Adjusted to pH 7.5 with NaOH

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



VII. Appendix

page 143

List of buffers continued.

Concentration
Name Component 1 Comment
mM (g L)
Protein G Disodium phosphate 12.3(2.2) pH7.2
equilibration buffer dihydrate
Sodium dihydrogen 7.7(1.2)
phosphate
Sodium chloride 150 (8.8)
Protein G Disodium phosphate 12.3(2.2) pH 8.0
washing buffer dihydrate
Sodium dihydrogen 7.7(1.2)
phosphate
Sodium chloride 5.0(0.3)
Protein G Glycine 100 (7.5) Adjusted to pH 2.0 with HCI
elution buffer Sodium chloride 500.0 (29.0)

Protein G
neutralization buffer

PBS-(T) buffer

TAE buffer

HBS-EP buffer

Regeneration
buffer

Silver staining
solution I

Silver staining
solution IT

Silver staining
solution III

TRIS-HCI

Sodium chloride
Potassium chloride

Disodium phosphate
dihydrate
Potassium phosphate

Tween-20 (optional)

TRIS-HCI1
Acetic acid
EDTA

HEPES
EDTA

Sodium chloride
Tween-20
Glycine

Sodium chloride
Tween-20

Acetic acid
Methanol

Methanol

Sodium thiosulfate

1000.0 (121.1)

137.0 (8.0)
2.7(0.2)
8.1(1.4)

1.0 (0.2)
n.a. (0.5)

50.0 (6.0)
50.0 (3.0)
1.0 (0.3)

10.0 (2.4)
3.0 (0.9)

150.9 (8.8)
n.a. (0.5)

100 (7.5)

500.0 (29.0)
n.a. (0.5)

n.a. (126.0)
n.a. (396.0)

n.a. (396.0)

1.3(0.2)

Adjusted to pH 9.0 with NaOH

pH 7.4, prepared as 10x stock,
Tween was added to the 1x stock

pH 8.0, prepared as 50x stock

pH 7.4, prepared as 10x stock,
Tween was added to the 1x stock

Adjusted to pH 4.0 with HCI

Prepared immediately before use

Prepared immediately before use

Prepared immediately before use
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List of buffers continued.

Concentration
Name Component 1 Comment
mM (g L)
Silver staining Silver nitrate 1.2 (0.2) Prepared immediately before use
solution IV
Silver staining Sodium carbonate 188.7 (20.0) Prepared immediately before use
solution V Formaldehyde
Silver staining Acetic acid n.a. (10.5) Prepared immediately before use
solution VI
Milk powder solution Milk powder n.a. (50.0) Prepared in PBS-T buffer
AP buffer TRIS-HCI 100.0 (12.1) Adjusted to pH 9.6 with NaOH
Sodium chloride 100.0 (5.8)
Magnesium chloride 5.0 (1.0)
hexahydrate
Biofilm assay buffer TRIS-HCI 20.0 (3.2) pH 8.0
PPK assay HEPES-KOH 50.0 (13.8) pH 7.5, ADP and enzyme stocks
solution I Magnesium chloride 10.0 (2.0) were prepared same-day fresh
hexahydrate
Ammonium sulfate 50.0 (6.6)
ADP 5.0(2.1)
Hexametaphosphate 0.3(0.2)
PPK (5.0x10°%)
PPK assay HEPES-KOH 50.0 (13.8) pH 7.5, NAD and enzyme stocks
solution II Sodium chloride 10.0 (0.6) were prepared same-day fresh
Magnesium chloride 1.5 (0.3)
hexahydrate
Glucose monohydrate 5.0 (1.0)
Hexokinase 4U
Glucose-6-phosphate 1U
dehydrogenase
NAD* 1.0 (0.7)

ADP — adenosine diphosphate, AP — alkaline phosphatase, CMC — critical micelle concentration,
HCL — hydrochloric acid, NAD" — Nicotinamide adenine dinucleotide, NaOH — sodium hydroxide, PBS
— phosphate buffered saline, PPK — polyphosphate kinase.
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VII.7 List of cultivation media

Concentration
Name Component 1 Comment
mM (g L)

LB medium Tryptone n.a. (10.0) Adjusted to pH 7.0 with NaOH,
Yeast extract n.a. (5.0) sterilized by autoclaving,
Sodium chloride 171.0 (10.0) sodium chloride was omitted
Agar-agar (optional) n.a. (15.0) for SacB negative selection

YEB medium Beef extract n.a. (5.0) Adjusted to pH 7.0 with NaOH,
Yeast extract n.a. (1.0) sterilized by autoclaving
Peptone n.a. (5.0)
Sucrose 14.6 (5.0)
Magnesium sulfate heptahydrate 2.0 (0.5)
Agar-agar (optional) n.a. (15.0)

PAM4 medium Soy peptone n.a. (20.0) Adjusted to pH 7.0 with NaOH,
Yeast extract n.a. (0.5) sterilized by autoclaving,
Fructose 27.8 (5.0) PAM4 medium was stored
Magnesium sulfate heptahydrate 4.0 (1.0) no longer than 2 weeks
Agar-agar (optional) n.a. (15.0)

TB medium Tryptone n.a. (12.0) Adjusted to pH 7.0 with NaOH,
Yeast extract n.a. (24.0) sterilized by autoclaving
Glycerol 54.7 (5.0)
Dipotassium phosphate 72.0 (12.5)
Potassium phosphate 17.0 (2.3)

MS medium Murashige and Skoog n.a. (4.3) Default pH of 5.8,
major and minor salts sterilized by 0.2 pm filtration,
myo-inositol 0.6 (0.1) stored in the dark
Thiamine-HCI 3.0x1073 (1.0x107?)
2,4-dichlorophenoxyacetic acid ~ 9.0x10* (2.0x10%)
Potassium phosphate 1.5(0.2)

MS medium H Murashige and Skoog n.a. (4.3) Default pH of 5.8,

(isotope labeling) major and minor salts sterilized by 0.2 um filtration,
MS macro salts 0 stored in the dark,
MS micro salts 0 values for ammonium nitrate
myo-inositol 0.6 (0.1 ?onespogd to the C(?ncentration

L included in Murashige and

Thiamine-HCl 3.0x1073 (1.0x107?) Skog major and minor salts
2,4-dichlorophenoxyacetic acid ~ 9.0x10** (2.0x10%)
Potassium phosphate 1.5(0.2)
Ammonium nitrate 20.6 (1.7)
(**N, not labeled)
Ammonium nitrate 0
('SNH; 'SNOs)
Deuterium oxide 0
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List of cultivation media continued.

Concentration
Name Component 1 Comment
mM (g L)

MS medium D Murashige and Skoog n.a. (4.3) Default pH of 5.8,

(isotope labeling) major and minor salts sterilized by 0.2 pum filtration,
MS macro salts 0 stored in the dark,
MS micro salts 0 values for ammonium nitrate
myo-inositol 0.6 (0.1) correspond to the concentration
Thiamine-HCI 3.0x10° (1.0x10%)  Included in Murashige and
2,4-dichlorophenoxyacetic acid ~ 9.0x10* (2.0x10%) Skog major and minor salts
Potassium phosphate 1.5(0.2)
Ammonium nitrate 20.6 (1.7)
("N, not labeled)
Ammonium nitrate 0
(ISNH4 15NO3)
Deuterium oxide 50% (v vh

MS medium (D)N Murashige and Skoog 0 Default pH of 5.8,

(isotope labeling) major and minor salts sterilized by 0.2 um filtration,
MS macro salts n.a. (1.6) stored in the dark,
MS micro salts n.a. (1.0) deuterium oxide was replaced
myo-inositol 0.6 (0.1) with water to obtain medium N
Thiamine-HCI 3.0x1073 (1.0x107%)
2,4-dichlorophenoxyacetic acid ~ 9.0x10*(2.0x10%)
Potassium phosphate 1.5(0.2)
Ammonium nitrate 0
("N, not labeled)
Ammonium nitrate 20.6 (1.7)
(ISNH4 ISNO3)
Deuterium oxide (optional) 50% (v vh

MSgg medium Potassium phosphate 3.3(0.70) Adjusted to pH 7.0 with NaOH,
MOPS 100.0 (20.9) sterilized by 0.2 um filtration,
Magnesium chloride hexahydrate 1.1 (0.2) stored in the dark at 4°C

Calcium chloride dihydrate

Manganese chloride
tetrahydrate
Ferric chloride hexahydrate

Zinc chloride
Thiamine-HCI

Glycerol

Monosodium glutamate
Tryptophane
Phenylalanine

Threonine

0.5 (7.7x10?)
3.0x102 (6.0x10%)

3.0x1072 (8.0x10%)
5.1x1072 (7.0x107)
2.9x107 (1.0x10%)
54.7 (5.0)

29.6 (5.0)

0.2 (5.0x102)

0.3 (5.0x102)

0.4 (5.0x102)

HCL - hydrochloric acid, MS — Murashige and Skoog major and minor salts, MSgg — minimal salts
glutamate glycerol, NAOH — sodium hydroxide, PAM4 — plant peptone Agrobacterium medium 4,
TB — terrific broth, YEB — yeast extract broth.
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VIl.8 Expression vectors and primers

Supporting Table 1: Overview of primers used for cloning modular expression vectors and multi-

domain antibody constructs.

. Length
Primer name Sequence
a [bp]

Cloning of modular expression vectors

GA pTRAc BB frwd AAGAGAATTATGCAGTGCTGCCATAAC 27

GA_pTRAc BB rev GTTATGGCAGCACTGCATAATTCTCTTACTGT 36
CATG

GA_pTRAc BB CHS rev TAGAATCCTCGCCAGGAGGTACCATGGTGTTT 76
TTTTTTTTTTTATAAATCTCTCTATAAATCTGA
TTTGTGTTGTG

GA_pTRAc BB omega rev TAGAATCCTCGCCAGGAGGTACCATGGTCCTT 54
GTAAATAGTAATTGTAATGTTG

GA_pTRAc BB TL rev TAGAATCCTCGCCAGGAGGTACCATGGCTATC 46
GTTCGTAAATGGTG

GA_pTRAc BB tag frwd CTCTTTGAGGGCCCTTAGACAGATGGCGGCCG 44
CTCATCA CCATC

GA_IL6 frwd ATGGTACCTCCTGGCGAGGATTCTA 25

GA_IL6 rev CATCTGTCTAAGGGCCCTCAAAGAG 25

LPH IL6 frwd tagctaTCATGATGGAGTGGAGCTGGATCTTC 86
TTGTTCTTGCTCAGCGGCACTGCAGGTGTTCA
CTCCATGGTACCTCCTGGCGAG

LPH IL6 rev agtctaGCGGCCGCCATCTGTCTAAGG 27

rbeS_frwd ctactaTCATGATGGCTTCCTCTGTTATTTC 31

rbeS rev catgtaCCATGGCCCTAACGCGTC 24

Cloning of I[gG3 domain exchange variants

GA_IgGl CH2 CH3 frwd GATACCCCACCGCCGTGTCCAAGATGTCCTGC 52
TCCTGAACTTCTTGGTGGTC

GA _ IgG1 CH2 CH3 rev TGTAAGTATCTCAGTTCCGAAGGACAAACAG 31

GA _IgG1 _CH3 frwd CCTATCGAAAAGACCATCTCTAAGACCAAGGG 52
TCAGCCTAGAGAACCGCAAG

GA IgG3 no CH2 CH3 frwd CTGTTTGTCCTTCGGAAC 18

GA _IgG3 no CH2 CH3 rev AGGACATCTTGGACACG 17

GA _IgG3 no CH3 rev CTTGGTCTTAGAGATGGTCTTTTC 24

GA _IgG3 no Ch3 rev V2 CTTGGTCTTAGAGATGGTC 19

Cloning of expression vectors for targeting antibodies to the vacuole

GA_KISIA IgG1 frwd TGTCCCCTGGCAAGAAGATTTCTATTGCTTGTT 48
TGTCCTTCGGAACTG

GA_KISIA IgG1 rev AGCAATAGAAATCTTCTTGCCAGGGGACAGAG 32

GA_KISIA IgG3_ frwd TTGAGCCCTGGCAAGAAGATTTCTATTGCTTGT 49

GA KISIA IgG3 rev

TTGTCCTTCGGAACTG
GCAATAGAAATCTTCTTGCCAGGGCTCAAGC

32
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Supporting Table 1 continued.
Primer name Sequence ﬁ;;n]gth
Cloning of expression vectors for targeting antibodies to plastids/chloroplast
IgG1 3 no LPH frwd acgtatCCATGGCCCAAGTTCAGCTTCAAGAA TC 34
IgG1 3 rev ctatgaCTCGAGCTAAGAGCACTCG 25
LPH del LC frwd *TCTTACGTGTTGACCCAAGATCC 23
LPH del LC rev TGGCCCAGGGTTGGACTC 18
Cloning of expression vectors for targeting antibodies to the apoplast (deletion of SEKDEL)
KDEL del frwd *TGTTTGTCCTTCGGAACTGAG 21
KDEL del IgG3 rev CTTGCCAGGGCTCAAGC 17
KDEL del IgGl rev CTTGCCAGGGGACAGAG 17
Colony PCR and sequencing
IgG_sequencing TTCAAGAACCTCCTGTTCTC 20
35SS FI TGACGCACAATCCCACTATC 20
35SS_PARI CCCTTATCTGGGAACTACTC 20

Lowercase letters indicate non-coding sequences that served as spacer for restriction enzymes (cleavage
close to the end of a DNA fragment). Asterisks indicate phosphorylated primers for ligation of blunt

ends. BB — backbone, frwd — forward primer, GA — Gibson assembly, rev — reverse primer.

Supporting Table 2: Overview of vectors that were used in this study.

ID Vector Protein 5'UTR Signal sequences Compartment
Vectors for Agrobacterium-mediated transient expression in plants

000001 pTRAc IL6 (50% GC) CHS None Cytosol

000002 pTRAc IL6 (50% GC) CHS LPH Apoplast

000003 pTRAc IL6 (50% GC) CHS rbeS Chloroplast/Plastids
000004 pTRAc IL6 (50% GC) CHS LPH, SEKDEL ER

000005 pTRAc IL6 (50% GC) omega  None Cytosol

000006  pTRAc IL6 (50% GC) omega LPH Apoplast

000007 pTRAc IL6 (50% GC) omega  rbeS Chloroplast/Plastids
000008 pTRAc IL6 (50% GC) omega  LPH, SEKDEL ER

000009 pTRAc IL6 (50% GC) TL None Cytosol

000010 pTRAc IL6 (50% GC) TL LPH Apoplast

000011  pTRAc IL6 (50% GC) TL rbeS Chloroplast/Plastids
000012  pTRAc IL6 (50% GC) TL LPH, SEKDEL ER

000013  pTRAc IL6 (33% GC) CHS None Cytosol

000014 pTRAc IL6 (33% GC) CHS LPH Apoplast

000015 pTRAc IL6 (33% GC) CHS rbeS Chloroplast/Plastids
000016  pTRAc IL6 (33% GC) CHS LPH, SEKDEL ER

000017 pTRAc IL6 (33% GC) omega  None Cytosol
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Supporting Table 2 continued.
ID Vector Protein 5’ UTR Signal sequences Compartment
000018 pTRAc IL6 (33% GC) omega LPH Apoplast
000019 pTRAc IL6 (33% GC) omega  rbcS Chloroplast/Plastids
000020 pTRAc IL6 (33% GC) omega LPH, SEKDEL ER
000021 pTRAc IL6 (33% GC) TL None Cytosol
000022 pTRAc IL6 (33% GC) TL LPH Apoplast
000023 pTRAc IL6 (33% GC) TL rbeS Chloroplast/Plastids
000024 pTRAc IL6 (33% GC) TL LPH, SEKDEL ER
000025 pTRAc IL8 (50% GC) CHS None Cytosol
000026  pTRAc IL8 (50% GC) CHS LPH Apoplast
000027 pTRAc IL8 (50% GC) CHS rbcS Chloroplast/Plastids
000028 pTRAc IL8 (50% GC) CHS LPH, SEKDEL ER
000029 pTRAc IL8 (50% GC) omega  None Cytosol
000030 pTRAc IL8 (50% GC) omega LPH Apoplast
000031 pTRAc IL8 (50% GC) omega  rbcS Chloroplast/Plastids
000032 pTRAc IL8 (50% GC) omega LPH, SEKDEL ER
000033 pTRAc IL8 (50% GC) TL None Cytosol
000034 pTRAc IL8 (50% GC) TL LPH Apoplast
000035 pTRAc IL8 (50% GC) TL rbeS Chloroplast/Plastids
000036  pTRAc IL8 (50% GC) TL LPH, SEKDEL ER
000037 pTRAc IL8 (33% GC) CHS None Cytosol
000038 pTRAc IL8 (33% GC) CHS LPH Apoplast
000039 pTRAc IL8 (33% GC) CHS rbeS Chloroplast/Plastids
000040 pTRAc IL8 (33% GC) CHS LPH, SEKDEL ER
000041 pTRAc IL8 (33% GC) omega  None Cytosol
000042 pTRAc IL8 (33% GC) omega LPH Apoplast
000043 pTRAc IL8 (33% GC) omega  rbcS Chloroplast/Plastids
000044 pTRAc IL8 (33% GC) omega  LPH, SEKDEL ER
000045 pTRAc IL8 (33% GC) TL None Cytosol
000046 pTRAc IL8 (33% GC) TL LPH Apoplast
000047 pTRAc IL8 (33% GC) TL rbeS Chloroplast/Plastids
000048 pTRAc IL8 (33% GC) TL LPH, SEKDEL ER
000049 pTRAc PPK-RO CHS None Cytosol
000050 pTRAc PPK-RO CHS LPH Apoplast
000051 pTRAc PPK-RO CHS rbeS Chloroplast/Plastids
000052 pTRAc PPK-RO CHS LPH, SEKDEL ER
000053 pTRAc PPK-RO omega  None Cytosol
000054 pTRAc PPK-RO omega LPH Apoplast
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Supporting Table 2 continued.
ID Vector Protein 5’ UTR Signal sequences Compartment
000055 pTRAc PPK-RO omega  rbcS Chloroplast/Plastids
000056 pTRAc PPK-RO omega LPH, SEKDEL ER
000057 pTRAc PPK-RO TL None Cytosol
000058 pTRAc PPK-RO TL LPH Apoplast
000059 pTRAc PPK-RO TL rbcS Chloroplast/Plastids
000060 pTRAc PPK-RO TL LPH, SEKDEL ER
000061 pTRAc PPK-RO CHS None Cytosol
000062 pTRACc PPK-RO CHS LPH Apoplast
000063 pTRAc PPK-RO CHS rbeS Chloroplast/Plastids
000064 pTRAc PPK-RO CHS LPH, SEKDEL ER
000065 pTRACc PPK-RO omega  None Cytosol
000066 pTRACc PPK-RO omega LPH Apoplast
000067 pTRACc PPK-RO omega  rbcS Chloroplast/Plastids
000068  pTRAC PPK-RO omega  LPH, SEKDEL ER
000069 pTRAC PPK-RO TL None Cytosol
000070 pTRAc PPK-RO TL LPH Apoplast
000071  pTRAc PPK-RO TL rbcS Chloroplast/Plastids
000072  pTRAc PPK-RO TL LPH, SEKDEL ER
000073  pTRAc PPK-TA CHS None Cytosol
000074 pTRAc PPK-TA CHS LPH Apoplast
000075 pTRAc PPK-TA CHS rbeS Chloroplast/Plastids
000076  pTRAc PPK-TA CHS LPH, SEKDEL ER
000077 pTRAc PPK-TA omega  None Cytosol
000078 pTRAc PPK-TA omega LPH Apoplast
000079 pTRAc PPK-TA omega  rbcS Chloroplast/Plastids
000080  pTRAc PPK-TA omega LPH, SEKDEL ER
000081 pTRAc PPK-TA TL None Cytosol
000082  pTRAC PPK-TA TL LPH Apoplast
000083  pTRAc PPK-TA TL rbcS Chloroplast/Plastids
000084 pTRAc PPK-TA TL LPH, SEKDEL ER
000085 pTRAc PPK-TA CHS None Cytosol
000086  pTRAc PPK-TA CHS LPH Apoplast
000087 pTRAc PPK-TA CHS rbcS Chloroplast/Plastids
000088 pTRAc PPK-TA CHS LPH, SEKDEL ER
000089 pTRAc PPK-TA omega  None Cytosol
000090 pTRAc PPK-TA omega LPH Apoplast
000091 pTRAc PPK-TA omega  rbcS Chloroplast/Plastids
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Supporting Table 2 continued.
ID Vector Protein 5'UTR Signal sequences Compartment
000092 pTRAc PPK-TA omega LPH, SEKDEL ER
000093 pTRAc PPK-TA TL None Cytosol
000094 pTRAc PPK-TA TL LPH Apoplast
000095 pTRAc PPK-TA TL rbeS Chloroplast/Plastids
000096 pTRAc PPK-TA TL LPH, SEKDEL ER
000101 pTRAc DsRed CHS None Cytosol
000102 pTRAc DsRed CHS LPH Apoplast
000103 pTRAc DsRed CHS rbcS Chloroplast/Plastids
000104 pTRAc DsRed CHS LPH, SEKDEL ER
000190 pTRAc GB1 CHS None Cytosol
000191 pTRAc GB1 CHS LPH Apoplast
000192 pTRAc GB1 CHS rbcS Chloroplast/Plastids
000193  pTRAc GB1 CHS LPH, SEKDEL ER
000194 pTRAc GB1 omega  None Cytosol
000195 pTRAc GB1 omega  rbcS Chloroplast/Plastids
000196  pTRAc GB1 TL None Cytosol
000197 pTRAc GB1 TL rbcS Chloroplast/Plastids
000222  pTRAc Ferritin CHS None Cytosol
000223  pTRAc Ferritin CHS LPH Apoplast
000224 pTRAc Ferritin CHS rbcS Chloroplast/Plastids
000225 pTRAc Ferritin omega  None Cytosol
000226 pTRAc Ferritin omega LPH Apoplast
000227 pTRAc Ferritin omega  rbcS Chloroplast/Plastids
000228 pTRAc Ferritin TL None Cytosol
000229 pTRAc Ferritin TL LPH Apoplast
000230 pTRAc Ferritin TL rbcS Chloroplast/Plastids
000237 pTRAc IgG1 omega  2xLPH, SEKDEL ER
000238 pTRAc IgGl TL 2xLPH, SEKDEL ER
000239 pTRAc 1gG1 CHS 2xLPH, SEKDEL ER
000240 pTRAc 1gG3 omega  2xLPH, SEKDEL ER
000241 pTRAc 1gG3 TL 2xLPH, SEKDEL ER
000242 pTRAc 1gG3 CHS 2xLPH, SEKDEL ER
000243  pTRAc IgGl omega LPH, SEKDEL ER
000244 pTRAc IgGl TL LPH, SEKDEL ER
000245 pTRAc IgGl CHS LPH, SEKDEL ER
000246 pTRAc 1gG3 omega  LPH, SEKDEL ER
000247 pTRAc 1gG3 TL LPH, SEKDEL ER

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



VIIL. Appendix page 152
Supporting Table 2 continued.

ID Vector Protein 5’ UTR Signal sequences Compartment

000248 pTRAc 1gG3 CHS LPH, SEKDEL ER

000249  pTRAc IgG1 omega  LPH, KISIA Vacuole

000250 pTRAc IgGl TL LPH, KISIA Vacuole

000251 pTRAc IgGl CHS LPH, KISIA Vacuole

000252 pTRAc 1gG3 omega  LPH, KISIA Vacuole

000253 pTRAc 1gG3 TL LPH, KISIA Vacuole

000254 pTRAc 1gG3 CHS LPH, KISIA Vacuole

000255 pTRAc IgG1 omega LPH Apoplast

000256 pTRAc IgG1 TL LPH Apoplast

000257 pTRAc IgG1 CHS LPH Apoplast

000258 pTRAc 1gG3 omega LPH Apoplast

000259 pTRAc 1gG3 TL LPH Apoplast

000260 pTRAc 1gG3 CHS LPH Apoplast

000261  pTRAc IgG1 omega  rbcS Chloroplast/Plastids

000262 pTRAc IgG1 TL rbcS Chloroplast/Plastids

000263 pTRAc IgG1 CHS rbcS Chloroplast/Plastids

000264 pTRAc 1gG3 omega  rbecS Chloroplast/Plastids

000265 pTRAc 1gG3 TL rbcS Chloroplast/Plastids

000266  pTRAc 1gG3 CHS rbcS Chloroplast/Plastids

000267 pTRAc 1gG3+IgGICH3 omega 2xLPH, SEKDEL ER

000268 pTRAc 1gG3+1gG1CH3 TL 2xLPH, SEKDEL ER

000269 pTRAc 1gG3+1gG1CH3 CHS 2xLPH, SEKDEL ER

000270  pTRAc IgG3+IgGICH2-3 omega  2xLPH, SEKDEL ER

000271  pTRAc IgG3+1gG1CH2-3 TL 2xLPH, SEKDEL ER

000272 pTRAc IgG3+1gG1CH2-3 CHS 2xLPH, SEKDEL ER

000273 pTRAc I1gG3+1gG1CH3 omega LPH, SEKDEL ER

000274 pTRAc I1gG3+1gG1CH3 TL LPH, SEKDEL ER

000275 pTRAc IgG3+1gG1CH3 CHS LPH, SEKDEL ER

000276 pTRAc IgG3+IgGICH2-3 omega LPH, SEKDEL ER

000277 pTRAc IgG3+1gG1CH2-3 TL LPH, SEKDEL ER

000278 pTRAc IgG3+1gG1CH2-3 CHS LPH, SEKDEL ER

000279  pTRAc 1gG3+IgGICH3 omega LPH, KISIA Vacuole

000280 pTRAc IgG3+1gG1CH3 TL LPH, KISIA Vacuole

000281 pTRAc 1gG3+IgGI1CH3 CHS LPH, KISIA Vacuole

000282 pTRAc IgG3+IgGICH2-3 omega LPH, KISIA Vacuole

000283 pTRAc IgG3+1gG1CH2-3 TL LPH, KISIA Vacuole

000284 pTRAc IgG3+IgGICH2-3 CHS LPH, KISIA Vacuole
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Supporting Table 2 continued.
ID Vector Protein 5’ UTR Signal sequences Compartment
000285 pTRAc [gG3+1gG1CH3 omega LPH Apoplast
000286 pTRAc IgG3+IgG1CH3 TL LPH Apoplast
000287 pTRAc IgG3+IgG1CH3 CHS LPH Apoplast
000288 pTRAc IgG3+1gG1CH2-3 omega LPH Apoplast
000289 pTRAc IgG3+IgG1CH2-3 TL LPH Apoplast
000290 pTRAc IgG3+IgG1CH2-3 CHS LPH Apoplast
000291 pTRAc IgG3+IgG1CH3 omega  rbcS Chloroplast/Plastids
000292 pTRAc IgG3+IgG1CH3 TL rbeS Chloroplast/Plastids
000293 pTRAc 1gG3+IgG1CH3 CHS rbcS Chloroplast/Plastids
000294 pTRAc IgG3+IgGICH2-3 omega  rbcS Chloroplast/Plastids
000295 pTRAc 1gG3+IgGICH2-3 TL rbcS Chloroplast/Plastids
000296 pTRAc IgG3+IgGICH2-3 CHS rbcS Chloroplast/Plastids
000395 pTRAc SpA Z CHS None Cytosol
000396 pTRAc SpA Z CHS LPH Apoplast
000397 pTRAc SpA Z CHS rbcS Chloroplast/Plastids
000398 pTRAc SpA Z CHS LPH, SEKDEL ER
000403 pTRAc DspB CHS None Cytosol
000404 pTRAc DspB CHS LPH Apoplast
000405 pTRAc DspB CHS rbcS Chloroplast/Plastids
000406 pTRAc DspB CHS LPH, SEKDEL ER
000419 pTRAc LysK-L CHS None Cytosol
000420 pTRAc LysK-L CHS LPH Apoplast
000421 pTRAc LysK-L CHS rbeS Chloroplast/Plastids
000422 pTRAc LysK-L CHS LPH, SEKDEL ER
000423  pTRAc LysK-L omega  None Cytosol
000424  pTRAc LysK-L omega LPH Apoplast
000425 pTRAc LysK-L omega  rbcS Chloroplast/Plastids
000426  pTRAc LysK-L omega  LPH, SEKDEL ER
000427 pTRAc LysK-L TL None Cytosol
000428 pTRAc LysK-L TL LPH Apoplast
000429 pTRAc LysK-L TL rbcS Chloroplast/Plastids
000430 pTRAc LysK-L TL LPH, SEKDEL ER
000431 pTRAc SacB CHS None Cytosol
000432 pTRAc SacB CHS LPH Apoplast
000433 pTRAc SacB CHS rbeS Chloroplast/Plastids
000434 pTRAc SacB CHS LPH, SEKDEL ER
000435 pTRAc SacB omega  None Cytosol
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Supporting Table 2 continued.

ID Vector Protein 5’ UTR Signal sequences Compartment
000436 pTRAc SacB omega LPH Apoplast
000437 pTRAc SacB omega  rbcS Chloroplast/Plastids
000438 pTRAc SacB omega LPH, SEKDEL ER

000439 pTRAc SacB TL None Cytosol
000440 pTRAc SacB TL LPH Apoplast
000441 pTRAc SacB TL rbcS Chloroplast/Plastids
000442 pTRAc SacB TL LPH, SEKDEL ER
Expression vectors for E. coli

000001  pETI16b PPK-RO None None Cytosol
000002 pETI16b PPK-TA None None Cytosol
000003 %\:;_plus DspB None None Cytosol

Gene synthesis

000001 pMA IL6 (50% GC) None None None

000002 pMA IL6 (33% GC) None None None

000003 pMA IL8 (50% GC) None None None

000004 pMA IL8 (33% GC) None None None

000005 pMA GB1 None None None

000006 pMA Ferritin None None None

000007 pMK IgG1 None None None

000008 pMK 1gG3 None None None

000009 pMK SpA Z None None None

000010 pMA DspB None None None

000011  pMA LysK-L None None None

000012 pMA ECMV-IRES None None None

By default, target proteins were codon optimized for N. benthamiana using the GeneOptimizer tool
[208]. Values in brackets denote the GC content, if different codon optimization tools were used (Codon
optimization with the GeneOptimizer tool resulted in a GC content of ~50%, whereas codon
optimization with the OPTIMIZER tool [403] resulted in a GC content of ~33%). DspB — glycoside
hydrolase Dispersin B from Actinobacillus actinomycetemcomitans (Uniport ID Q840G9), DsRed —
fluorescent protein from Discosoma sp. (Uniprot ID Q9U6Y8), ECMV — Encephalomyocarditis virus,
Ferritin — human ferritin heavy chain (UniProt ID P02794), GB1 — B1 domain of Streptococcus sp.
protein G (Uniprot ID P06654), IgGl — IgG1 antibody M12 [209], IgG3 — human IgG3 antibody
(Uniprot ID P01860), [gG3+IgGICH3 — IgG3 domain exchange variant containing an IgGl CH3
domain, IgG3+IgG1CH3-2 — IgG3 domain exchange variant containing IgG1 CH2 and CH3 domains,
IL6 — human interleukin 6 (Uniprot ID P05231), IL8 — human interleukin 8 (Uniprot ID P10145), IRES
— internal ribosome entry site, LysK-L — fusion protein of LysK and lysostaphin [254], PPK-RO —
polyphosphate kinase from R. opacus, PPK-TA — polyphosphate kinase from 7. agreste, Spa Z — Z
domain of S. aureus protein A [404], CHS — Petroselinum hortense chalcone synthase 5’ UTR, omega
— Tobacco mosaic virus omega prime sequence, TL — Tobacco etch virus leader sequence, SEKDEL —
ER retention signal from the chaperone protein Grp78, KISIA — vacuolar targeting signal from the
Amaranthus hypochondriacus 118 globulin, LPH — leader peptide of the antibody mAb24 heavy chain,
rbcS — transit peptide from the RuBisCO small subunit of Solanum tuberosum.
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Supporting Table 3: Overview of signal sequences used to direct target proteins to different plant
cell compartments.

Mass  Removal of signal peptide

Signal peptide Amino acid sequence [kDa]  during processing

rbeS MASSVISSAAVATRTNVTQAGS 5.8 Yes
MIAPFTGLKSAATFPVSRKQNLD
ITSIASNGGRVRA
KDEL SEKDEL 0.7 No
KISIA KISIA 0.5 Yes
LPH MEWSWIFLFLLSGTAGVHS 2.1 Yes

KDEL - ER retention signal from the chaperone protein Grp78, KISIA — vacuolar targeting signal from
the Amaranthus hypochondriacus 11S globulin, LPH — leader peptide of the antibody mAb24 heavy
chain, rbeS — transit peptide from the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
small subunit of Solanum tuberosum.

Supporting Table 4: Enzymes that generate Ncol-compatible overhangs for restriction at the 5'
end of the target protein. Depending on the nucleotide sequence of the target protein, different
restriction enzymes can be employed to generate compatible overhangs, omitting the need to alter the
nucleotide or amino acid sequence.

Enzyme Restriction site New restriction site after ligation with Ncol
AfIIIT A*C(A,G)(T,C)GT None (no sub-cloning capability)

BspHI (Pagl) T*CATGA None (no sub-cloning capability)

Btgl C*C(A,G)(T,O)GG Necol, Btgl, Styl

Ncol C*CATGG Ncol

Pcil (Pscl) A*CATGT None (no sub-cloning capability)

Styl C*C(A, T)(A,T)GG Ncol, Btgl, Styl

Round brackets indicate degeneracy (i.e. multiple nucleotides are allowed). Asterisks indicate the
cleaving position of the restriction enzyme. Only enzymes with 6 bp recognition sequences were listed.

_Neol Xhol
LPH >[M12VH igG1 cH1 Yige1 hingeXige1 CH2 YigG1 CH3YKDEL Yintein YLinker YF2A short YLPH )__{
I I I | I I
B IgG1 heavy chain (M12 antibody) IntF2A domain with short Lambda light chain
(22 aa) F2A sequence (M12 antibody)
rNcoI Xhol
LpH [Mi2VH DJigGa cHi[lgea hinge)IgGa CH2{IgGa CHE Y KDEL Y Intein YLinker {F2A short {LPH >-{
I I I | I I
Human IgG3 heavy chain (P01860) IntF2A domain with short Lambda light chain
(22 aa) F2A sequence (M12 antibody)

Figure S1: Construct design for cloning multi-subunit proteins into modular expression vectors.
IgG1 (A) and IgG3 (B) constructs featured a self-cleaving linker composed of an intein and an F2A
peptide [217] facilitating single-promotor transcription and stoichiometric translation of the antibody
heavy and light chains. Deviating from the literature, a 22 amino acid F2A peptide was used instead of
the 58 amino acid version. CDRs directed against S. aureus alpha toxin [405] were introduced into the
variable domains of the M12 antibody [209]. Constructs for mAb expression were introduced into the
modular vector system (Figure 3) by restriction cloning using Ncol and Xhol.
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VI.9 Supplementary data
VIl.9.1 SacB negative selection

Supporting Table 5: Emerging of sucrose resistant clones during SacB negative selection in liquid
cultures. Exponential growth functions (Equation 9) were fitted to the growth curves of SacB™" E. coli
and SacB™" 4. tumefaciens cultivated in LB (E. coli) or PAM4 (4. tumefaciens) medium containing 100
g L' sucrose (Figure 4G, H). Sucrose was omitted during regeneration.

E. coli SacB* E. coli SacB" A. tumefaciens SacB
Parameter Value Error Value Error Value Error
Yo -0.09 0.08 -0.06 0.29 -0.04 0.05
A 0.01 0.01 0.14 0.08 0.01 0.01
1 2.32 0.51 4.24 0.61 8.97 1.94
k 0.43 0.09 0.24 0.03 0.11 0.02
tau 1.61 0.35 2.94 0.43 6.22 1.34

No growth of SacB" A. tumefaciens was detectable through the ODgoonm in the presence of sucrose.

Supporting Table 6: Emerging of sucrose resistant E. coli clones during SacB negative selection
in liquid cultures when regenerating cells in the presence and absence of sucrose. Exponential
growth functions (Equation 9) were fitted to the growth curves of SacB" E. coli cultivated in LB medium
containing 100 g L' sucrose (Figure S3). Cells were regenerated in the presence or absence of sucrose,
using the same sucrose concentration as above (100 g L™).

Regeneration in Regeneration in the
absence of sucrose presence of sucrose
Parameter Value Error Value Error
Yo -438393 460207 -131376 380362
A; 3926 4062 1176 828
t 1.93 0.24 1.60 0.11
k 0.52 0.06 0.63 0.04
tau 1.34 0.17 1.11 0.08

When sucrose was omitted during regeneration, sucrose-resistant clones emerged after 7.5 £+ 4.8 hours
(Equation 10). When adding 100 g L' sucrose during regeneration, sucrose-resistant clones emerged
after 9.1 = 3.1 hours (Equation 10). The parameters & and fau are derived parameters, where k£ = 1/¢; and
tau = t;xIn(2). In relation to the axis scale (Figure S3), the y-intercept is reasonably close to zero.
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1 aatcaggaag ggatggctga gggatatcgg atcgatcctt tttaacccat cacatatace
61 tgcegttcac tattatttag tgaaatgaga tattatgata ttttctgaat tgtgattaaa
121 aaggcaactt tatgcccatg caacagaaac tataaaaaat acagagaatg aaaagaaaca
181 gatagatttt ttagttcttt aggccecgtag tetgeaaate cttttatgat tttctatcaa
241 acaaaagagg aaaatagacc agttgcaatc caaacgagag tctaatagaa tgaggtcgaa
301 aagtaaatcg cgcgggtttg ttactgataa agcaggcaag acctaaaatg tgtaaagggc
361 aaagtgtata ctttggcgtc accccttaca tattttaggt ctttttttat tgtgegtaac
421 taacttgcca tcttcaaaca ggagggcetgg aagaagcaga ccgetaacac agtacataaa
481 aaaggagaca tgaacgatga acatcaaaaa gtttgcaaaa caagcaacag tattaacctt
541 tactaccgca ctgectggeag gaggegeaac tcaagegttt gcgaaagaaa cgaaccaaaa
601 gccatataag gaaacatacg gcatttccca tattacacge catgatatge tgcaaatccc
661 tgaacagcaa aaaaatgaaa aatatcaagt tcctgagttc gattcgtcca caattaaaaa
721 tatctcttct gcaaaaggcec tggacgtttg ggacagetgg ccattacaaa acgetgacgg
781 cactgtcgca aactatcacg getaccacat cgtetttgea ttagccggag atcctaaaaa
841 tgcggatgac acatcgattt acatgttcta tcaaaaagtc ggegaaactt ctattgacag
901 ctggaaaaac gctggeegeg tetttaaaga cagcgacaaa ttcgatgcaa atgattetat
961 cctaaaagac caaacacaag aatggtcagg ttcagccaca tttacatctg acggaaaaat
1021 ccgtttattc tacactgatt tctccggtaa acattacgge aaacaaacac tgacaactge
1081 acaagttaac gtatcagcat cagacagctc tttgaacatc aacggtgtag aggattataa
1141 atcaatcttt gacggtgacg gaaaaacgta tcaaaatgta cagcagttca tcgatgaagg
1201 caactacagc tcaggcgaca accatacgct gagagatcct cactacgtag aagataaagg
1261 ccacaaatac ttagtatttg aagcaaacac tggaactgaa gatggctacc aaggcgaaga
1321 atctttattt aacaaagcat actatggcaa aagcacatca ttcttccgtc aagaaagtca
1381 aaaacttctg caaagcgata aaaaacgcac ggetgagtta gcaaacggeg ctetcggtat
1441 gattgagcta aacgatgatt acacactgaa aaaagtgatg aaaccgctga ttgcatctaa
1501 cacagtaaca gatgaaattg aacgcgcgaa cgtctttaaa atgaacggcea aatggtacct
1561 gttcactgac tcccgeggat caaaaatgac gattgacgge attacgtcta acgatattta
1621 catgcttggt tatgtttcta attctttaac tggcccatac aagecgctga acaaaactgg
1681 ccttgtgtta aaaatggatc ttgatcctaa cgatgtaacc tttacttact cacacttcge
1741 tgtacctcaa gcgaaaggaa acaatgtcgt gattacaagc tatatgacaa acagaggatt
1801 ctacgcagac aaacaatcaa cgtttgcgee aagettcetg ctgaacatca aaggcaagaa
1861 aacatctgtt gtcaaagaca gcatccttga acaaggacaa ttaacagtta acaaataaga
1921 tatcccaccg atatggecag tgtge

Figure S2: SacB gene cassette for negative selection in E. coli and A. tumefaciens.
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Figure S3: Growth curves of SacB" E. coli in LB medium supplemented with sucrose depending
on the regeneration procedure. A sucrose concentration of 100 g L' was used for cultivation and
optionally during regeneration. The ODesoonm Was converted to CFU using a conversion factor of
7.94 +2.00 x 108 CFU ODgoonm™' [267]. Growth curves were fitted to an exponential growth function
(Equation 9, Supporting Table 6) using the software OriginPro.

Uncertainties for the time estimated for the emergence of sucrose-resistant clones during SacB negative
selection (Figure S3) were calculated by Gaussian error propagation using the following equation.

2 2+ 2 24 2
_ 2 y Yo Syo“ t1 Sa1°ty .
S = [s:41n (— — —) + + Equation 22
F \/ t A1 A (¥—=y0)? Aq® q

Where sr is the uncertainty of the time estimated for the emergence of sucrose-resistant clones, y is the
number of CFU at a given time of cultivation, yy is the y-offset, sy, is the standard error of the y-offset,
A; is the amplitude, s.; is the standard error of the amplitude, #; is the growth constant and s, is the
standard error of the growth constant.

RWTH Aachen University, PhD thesis by Patrick Opdensteinen, 2022



VII. Appendix

page 159

VI.9.2 Cloning automation
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Figure S4: Polymerase inactivation during automated cloning. A. Q5 polymerase in Q5 reaction
buffer was subjected to centrifugation with a 100 kDa membrane at 1000 x g for 10 minutes at 22°C
(I.2.9.1.1). The ~105 kDa polymerase (black arrow) passed the membrane. B. Polymerase inactivation
with proteinase K. Q5 polymerase (in polymerase buffer) was incubated with 0.0001 — 1.000 mg L"!
proteinase K for 20 minutes at 50°C. Residual Q5 polymerase activity was subsequently assessed in a
PCR reaction (I1.2.9.1.1). C. Inactivation of proteinase K before restriction cloning. Reaction mix
containing vector pTRAc_ 000006 (Supporting Table 2) and proteinase K (in polymerase buffer) was
subjected to a 90°C temperature treatment before adding restriction enzymes and CutSmart buffer to
investigate residual proteinase activity (I1.2.9.1.1). ProK — proteinase K, REs — restriction enzymes.
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VIL.9.3 Prediction of ideal expression cassettes

Supporting Table 7: Model factors with a significant influence on the accumulation of native IgG3
antibodies and IgG3-IgG1 domain exchange variants in differentiated N. benthamiana and
N. tabacum plants as identified by analysis of variance (ANOVA). IgG3 accumulation levels were

investigated in a 122-run historical response surface design (Figure 8 A — D, Figure S5).

IgG3 accumulation
in V. benthamiana

IgG3 accumulation
in N. tabacum

Source F-value p-value Source F-value p-value
Model 27.13 <0.0001 Model 7.81 <0.0001
A (UTR) 5.44 0.0056 n.s. n.s. n.s.
B (cell 81.20 <0.0001 B (cell 10.04 <0.0001
compartment) compartment)
C (antibody C (antibody
scaffold) 22.05 <0.0001 scaffold) 20.95 <0.0001
BC 9.42 <0.0001 BC 4.03 0.0004
Lack of fit 1.56 0.0883 Lack of fit 1.57 0.0862
R? 0.8052 R? 0.5514
Coefficients Coefficients
of Adjusted R? 0.7755 of Adjusted R? 0.4808
determination determination
Predicted R? 0.7532 Predicted R? 0.4345

Factors with a non-significant influence on the response (p > 0.05) were removed from the models. The
values of R? and adjusted R? were in reasonable agreement (i.e. the differences were < 0.2). The low
coefficients of determination observed for the N. fabacum model compared to the N. benthamiana model
can be attributed to variation of the infiltrated leaf area (I11.2.3.4). n.s. — the effect of the factor was not
significant.
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Supporting Table 8: Regression coefficients of models predicting the accumulation of native IgG3
antibodies and IgG3-IgG1 domain exchange variants N. benthamiana and N. tabacum plants. The
regression coefficients describe the change of the response per unit change of an influence factor (Figure
8A — D, Figure S5, Supporting Table 7).

IgG3 accumulation
in N. benthamiana

IgG3 accumulation
in N. tabacum

Factor Term Co.e fficient Factor Term Cooe ficient
estimate estimate
Grand average s 5y Qrand average 10.82
(intercept) (intercept)
CHS (A1) -2.90 CHS (A1) n.s
5" UTR omega (A2) 3.31 5" UTR omega (A2) n.s
TL (A3) -0.41%* TL (A3) n.s
Apoplast (B1) 6.14 Apoplast (B1) 8.98
ER double LPH ER double LPH
signal (B2) 17.82 signal (B2) -2:50
Compartment ER single LPH 6.88 Compartment ER single LPH 546
signal (B3) ) signal (B3) )
Vacuole (B4) -13.42 Vacuole (B4) -2.34
Plastid (BS) -17.40% Plastid (BS) -9.60%*
Native IgG3 .
(1) -7.12 Native I1gG3 (C1)
1gG3 with IgGl .
Antibody CH3 domain  0.74 Antibody ggg; C‘l’(’)ﬁlﬁ%z) 6.93
scaffold (C2) scaffold
IgG3 with IgG1 IgG3 with IgG1
CH3/2 domain  6.38%* CH3/2 domain -0.63
(C3) (C3)
B1Cl1 -11.81 B1 Cl1 -8.10
B2 C1 3.57 B2 Cl 5.49
B3 Cl1 1.21 B3 Cl1 -2.21
Interaction of B4 C1 5.14 Interaction of B4 C1 -0.97
scaffold and scaffold and
compartment BI C2 -6.98 compartment Bl C2 -5.34
B2 C2 -8.52 B2 C2 0.54
B3 C2 17.61 B3 C2 0.85
B4 C2 -0.22 B4 C2 3.02

Asterisks indicate coefficients that were calculated manually, i.e. as the grand average across all factor
levels (intercept) minus the difference between the grand average and the average at each level. The 5’
UTR did not have a significant influence on IgG3 accumulation in N. fabacum, hence no regression
coefficients are available for this expression system. n.s. — the effect of the factor was not significant.
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Figure S5: Models predicting the accumulation of IgG3 domain exchange variants in
differentiated plants depending on the 5' UTR and expression compartment. A. Accumulation
levels of IgG3 antibodies containing the CH2 and CH3 regions of the IgG1 antibody M12 (Figure S1)
in N. benthamiana (Supporting Table 7). B. Accumulation levels of the same antibodies as in (A) in
N. tabacum (Supporting Table 7). Whole plants were extracted 5 days after infiltration with
A. tumefaciens (11.4.2.2) using a 3 v m’! ratio of extraction buffer (VIL.6). The concentration of 1gG3
antibodies in plant extracts was quantified by SPR (11.6.3.2).
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Figure S6: Accumulation of I1L6, PPK-TA, LysK-L and DspB in BY-2 PCPs depending on the
target compartment and 5’ UTR. A. Accumulation of IL6 in BY-2 PCPs. B. Accumulation of PPK-
TA in BY-2 PCPs. C. Accumulation of LysK-L in BY-2 PCPs. D. Accumulation of DspB in BY-2
PCPs. BY-2 cells were harvested from shake flasks after 168 hours of cultivation using sucrose (30 g
L-!) as a carbon source. PCPs were incubated for 72 hours after infiltration with A. tumefaciens (11.4.1.4)
and extracted with a 3 v m™ ratio of extraction buffer (VIL.6). Target proteins were quantified with a dot
blot assay (I1.6.5). If available, error bars represent the standard deviation from n =3 PCPs. Conditions
that share the same letter were not significant different (p > 0.05).
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VI1.9.4 Effect of intrinsic protein properties on accumulation

Supporting Table 9: Correlation between the protein instability index and recombinant
accumulation levels in BY-2 PCPs. Data correspond to error weighted (Equation 18) linear fits (Figure

S7A, C).
Protein subset Sample n Pearson’s r Adjusted R?
IgG expression in the ER
(single LPH) 4 0943 083
IgG expression in the ER
(double LPH) 4 098 hoee
IgG expression in the 4 0611 0.373
apoplast
IgG expression in the 4 -0.949 0.852
vacuole
1IL6/8 e:cpressmn in the ) 1.0 n.a.
cytosol
1IL6/8 exg)ressmn in the 2 1.0 n.a.
apoplast
IL6/$ e>:press10n in 2 1.0 n.a.
plastids
IL6/8 expression in the
g 2 -1.0 n.a.
PPK-RO/TA expression
in the cytosol? 2 10 e
PPK-RO/TA expression 2 1.0 n.a.
in the apoplast®
PPK-RQ/TA expression 2 -1.0 n.a
in plastids®
PPK-RO/TA expression c
in the ER? 2 Ho -
All target proteins®
(p1 5.5 - 8.5) 6 0809 volt

b

All target proteins 4 -0.974 0.943

(pI <5.50r>8.5)

2 Only two interleukins (IL6 and IL8) and PPKs (PPK-RO, PPK-TA) were available for comparison.

® Combined data from all proteins expressed in this work, namely PPK-RO, PPK-TA, IL6, IL8, DspB,
IgG1, IgG3 (native and IgG1 domain exchange variants) and LysK-L. ¢ PPK accumulation levels in the
ER were close to the detection limit. n.a. — not available.
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Supporting Table 10: Correlation between the protein aliphatic index and recombinant
accumulation levels in BY-2 PCPs. Data correspond to error weighted (Equation 18) linear fits (Figure
S7B, D).

Protein subset Sample n Pearson’s r Adjusted R*
IgG expression in the ER

(single LPH) 4 0948 0848
IgG expression in the ER

(double LPH) 4 0973 bz
IgG expression in the 4 0.807 0.477
apoplast

IgG expression in the 4 0.970 0.911
vacuole

IL6/8 ezipresswn in the > 1.0 n.a.
cytosol

IL6/8 exFresswn in the 2 1.0 n.a.
apoplast

IL6/8 expression in 2 1.0 n.a.
plastids®

IL6/8 expression in the

R 2 1.0 n.a.
PPK—RO/TA expression 1.0 n.a.
in the cytosol?

PPK-RO/TA expression 2 1.0 n.a.
in the apoplast®

PPK-RQ/TA expression o) 1.0 n.a.
in plastids®

PPK-RO/TA expression > -1.0° n.a.

in the ER?

* Only two interleukins (IL6, IL8) and PPKs (PPK-RO, PPK-TA) were available for comparison.
b PPK accumulation levels in the ER were close to the detection limit. n.a. — not available.
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Figure S7: Correlation of transient protein accumulation levels with intrinsic protein properties.
A, C. The instability index was used as a measure for the in vivo half-life time of a protein. B, C. The
aliphatic index was used as a measure for the thermal stability and flexibility of a protein (both are
inversely related). Accumulation levels correspond to the optimal cell compartment for each model
protein produced in BY-2 PCPs. A lognormal model was used to describe the preliminary relationship
between the aliphatic index and recombinant protein accumulation levels (Equation 19).
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VII.9.5 Origin of variability in BY-2 PCPs

Supporting Table 11: Comparison of intra and inter-batch variability during transient expression
in BY-2 PCPs. Variability was calculated as the coefficient of variation of DsRed accumulation across
all targeted compartments (cytosol, apoplast, plastids, ER). PCPs were cast from BY-2 cells cultivated
in shake flasks (I1.4.1.1) and stirred tank bioreactors (I1.4.1.2) using sucrose or glucose as carbon source.

CvV Stirred-tank sucrose Shake flasks sucrose Shake flasks glucose

Compartment  Intra-batch  Inter-batch  Intra-batch Inter-batch Intra-batch Inter-batch

Average 21.6 85.1 14.4 54.2 9.9 31.4

SD 6.7 12.8 3.7 27.1 2.5 20.2

Data represent the average coefficient of variation calculated from n =3 — 7 PCPs within each of 11 — 15
BY-2 batches (intra-batch variation) or the coefficients of variation (inter-batch variation) across 11 — 15
separate BY-2 batches. CV — coefficient of variation, SD — standard deviation.

Supporting Table 12: Model factors with a significant influence on DsRed accumulation in BY-2
PCPs as identified by analysis of variance (ANOVA). DsRed accumulation levels were investigated
using a D-optimal response surface design with 92 runs, conducted in two blocks (Figure 11A).

Source F-value p-value
Model 424.73 <0.0001
A (PCP incubation time) 2604.47 <0.0001
B (BY-2 cell cultivation time) 54.03 <0.0001
C (targeted sub-cellular compartment) 1317.86 <0.0001
AB 19.26 <0.0001
AC 18.14 <0.0001
BC 157.02 <0.0001
A? 300.01 <0.0001
B? 130.14 <0.0001
A’B 32.55 <0.0001
B*C 8.57 <0.0001
R? 0.9907
Coefficients of determination Adjusted R? 0.9883
Predicted R? 0.9807

Factors with a non-significant influence on the responses (p > 0.05) were removed from the model. With
a difference < 0.2, the values of R?, the adjusted R? and the predicted R*> were in good agreement.
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Supporting Table 13: Effect of the medium osmolality on BY-2 productivity. A lognormal model
(Equation 19) used to describe the effect of the medium osmolality on BY-2 productivity (Figure 12B).

Sucrose pH 5.6 Sucrose pH 7.5 Glucose pH 5.6
Parameter Value Error Value Error Value Error
y0 3.71 3.10 0.33 0.90 9.63 16.30
xc 143.63 2.20 141.15 2.18 185.39 10.7
w 0.09 0.01 0.13 0.02 0.22 0.06
A 5726.00 1150.85 4379.83 709.23 23509.47 10247.17

Supporting Table 14: Model factors with a significant influence on the productivity and cell wet

mass of BY-

2 PCPs as identified by analysis of variance (ANOVA). BY-2 growth and productivity

were investigated in a D-optimal combined response surface-mixture design with 144 runs (Figure 13).

TSP-normalized DsRed BY-2 cell wet mass

accumulation
Source F-value p-value Source F-value p-value
Model 22.27 <0.0001 Model 78.59 < 0.0001
Linear Linear

. 30.26 <0.0001 i 142.37 < 0.0001

mixture mixture
AF 39.36 <0.0001 AF 43.53 < 0.0001
AG 7.99 < 0.0001 n.s. n.s. n.s.
BF 16.68 <0.0001 BF 57.92 < 0.0001
BG 22.54 < 0.0001 n.s. n.s. n.s.
CF 11.89 0.0008 CF 41.55 <0.0001
CG 20.44 < 0.0001 n.s. n.s. n.s.
DF 6.53 0.0119 DF 34.88 <0.0001
DG 21.2 < 0.0001 n.s. n.s. n.s.
EG 3.39 0.0203 EF 7.77 0.0061
BF? 18.11 <0.0001 CF? 20.81 < 0.0001
DF? 30.57 < 0.0001 n.s. n.s. n.s.

R? 0.8252 R? 0.8553
Coefficients Coefficients
of Adjusted R? 0.7881 of Adjusted R? 0.8444
determination determination

Predicted R? 0.7338 Predicted R2 0.8399

The sum of all light components in the mixture design corresponds to 100% (40 pmol m?s™). A — blue
light, B — green light, C — red light, D — far-red light, E — light intensity, F — incubation time, G — target
compartment, n.s. — not significant (p > 0.05).
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Figure S8: Productivity of BY-2 PCPs after infiltration with A. tumefaciens depending on the
carbon source used for BY-2 cultivation. A. Increase in the accumulation of GB1, human ferritin
(heavy chain), [gG1/3 antibodies, DsRed and SpA in BY-2 PCPs when replacing sucrose (30 g L™!) with
glucose (30 g L) as carbon source for BY-2 cultivation. B. Absolute accumulation levels of the same
target proteins in PCPs cast from BY-2s cultivated on sucrose or glucose. Accumulation levels of GB1,
ferritin and SpA were quantified by dot blot (11.6.5), DsRed was quantified by fluorescence spectroscopy
(I.6.2.1) and IgG1/3 antibodies were quantified by SPR (11.6.3.2). BY-2 cells were harvested after 168
hours and PCPs were incubated for 72 hours post infiltration. Error bars represent the standard deviation
from n = 3 — 7 PCPs. Abbreviations refer to different subcellular compartments and subscript letters
indicate the 5" UTR. C — cytosol, A — apoplast, P — plastids, E — endoplasmic reticulum, CHS —
Petroselinum hortense chalcone synthase, omega — tobacco mosaic virus omega prime sequence, TL —
tobacco etch virus leader sequence.
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Figure S9: Effect of different feed compositions on the productivity of BY-2 PCPs cultivated in 5
L stirred tanks. A. Fed-batch cultivation of BY-2 cells in a 5 L stirred tank (I1.4.1.2) using twofold
concentrated MS medium (VIL.7) with 40 g L' sucrose as feed. B. Fed-batch BY-2 cultivationina 5 L
stirred tank (I1.4.1.2) using regular MS medium (VI1.7) with 20 g L' sucrose as feed. In all cultivations
30 g L' sucrose was used as carbon source in the batch phase. A vertical black line denotes the end of
the batch phase. During the fed-batch phase the BY-2 cell concentration was maintained at ~100 g L"!
when feeding regular medium (B) and at ~150 g L' when feeding twofold concentrated medium (A)
using an RFIS probe (I1.4.1.2). RFIS measures the volume of cells with an intact membrane and has
been shown to correlate well with off-line parameters such as packed cell volume, wet cell mass and dry
cell mass [224]. PCPs were incubated for 72 hours after infiltration with A. tumefaciens and extracted
with 3 v m! extraction buffer (VIL.6). The concentration of DsRed in PCP extracts was quantified by
fluorescence spectroscopy (I1.6.2.1). The osmolality of the cultivation supernatant was measured by
freezing point osmometry (I11.4.1.3). Error bars denote the standard deviation from n =4 — 8 PCPs.
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Figure S10: BY-2 cell morphology depending on the medium osmolality during cultivation in 5 L
stirred tanks. A. Representative microscope picture of BY-2 cells after 7 days of batch cultivation in a
stirred tank (I1.4.1.2) with MS medium (VIL.7) containing 30 g L' sucrose, corresponding to a medium
osmolality of 56 mOsmol kg'. B. Detection of damaged cells in the same sample as in (A) using Evans
blue staining (I1.4.1.3). Cells with a damaged cell membrane appear blue (black arrows), while intact
cells exclude the dye. C. Representative microscope picture of BY-2 cells after 7 days fed-batch
cultivation using MS medium with 20 g L' sucrose as feed (VIL.7), corresponding to a medium
osmolality of 100 mOsmol kg'. D. Representative microscope picture of BY-2 cells after 14 days fed-
batch cultivation using twofold concentrated MS medium with 40 g L sucrose as feed (VIL7),
corresponding to a medium osmolality of 190 mOsmol kg'. BY-2 cells exhibited a bloated morphology
when the medium osmolality was <100 mOsmol kg™'. Pictures were recorded with a trinocular
microscope equipped with a 40 x objective and a 10 x eye piece (I11.4.1.3).
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Figure S11: Light spectra recorded during cultivation of BY-2 cells in a 5.0-L glass stirred tank
under two forms of illumination. A. Light spectrum measured under uncontrolled ambient conditions
next to a window. B. Light spectrum measured under controlled conditions in a windowless room
illuminated by artificial white light (Osram Lumilux Cool White, HO 49W/840). Light spectra were
recorded with an UPRtek MK350S handheld spectrometer. Both settings correspond to a total
photosynthetic photon flux density (PPFD) of ~11 umol m? ™.
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VII.9.6 Origin of variability in differentiated plants

Supporting Table 15: Effect of the plant morphology on the productivity during transient protein
expression in V. benthamiana. A lognormal model (Equation 19) was used to describe the relationship
of the plant biomass and the accumulation of IgG3 antibodies (Figure 15A).

Parameter Value Standard error
0 12.06 3.03

xc 90.27 12.03

w 0.46 0.11

A 2455.38 458.70

Supporting Table 16: Effect of the plant morphology on the productivity during transient protein
expression in N. fabacum. An allometric model (Equation 21) was used to describe the effect of the
plant morphology on the productivity during transient protein expression in N. tabacum (Figure 15B).

Parameter Value Standard error
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Figure S12: Comparison of TSP concentrations in extracts of V. benthamiana and N. tabacum
plants and correlation of TSP and productivity. A. Concentration of TSP in extracts of 7 weeks old
N. benthamiana and N. tabacum plants. The concentration of TSP in plant extracts was determined using
the Bradford method (I1.6.1). Error bars represent the standard deviation from n = 84 plants (*p < 0.05,
**p < 0.01, ***p <0.001). B. Correlation of TSP and productivity during transient expression of IgG3
antibodies in 7 weeks old N. benthamiana plants. IgG3 concentrations were determined by SPR
(I1.6.3.2). B. Error bars represent the standard deviation from n = 3 plants. All plants were harvested 5
dpi and entire plants (including the stem) were extracted, using a 3 v m™! ratio of extraction buffer
(VIL6).
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VII.9.7 Isotope labeling in BY-2 PCPs

Supporting Table 17: Production and purification of isotope labeled GB1 in BY-2 PCPs. BY-2
cells were cultivated in MS medium containing 30 g L' glucose and optionally 50% (v v') deuterium
oxide (medium D, VIIL.7), ®N-labelled ammonium nitrate (medium N, VIL.7) or both isotopes (medium
DN, VIL.7). MS medium without isotypes was used as control (medium H, VIL7).

BY-2 cultivation medium

Component Unit H D N DN

Cell count at [10° L] 2.38+£0.13 0.95+£0.26 2.05 1.12+£0.02
harvest

Cell viability at [-] 0.97 £0.01 0.82 £0.06 097+0.01 0.80+0.04
harvest®

BY-2 cell wet mass [g L] 244 £ 41 8311 28616 227 £ 60
at harvest®

BY-2 cell dry mass  [g L] 53 6 47 45

at harvest

GBI accumulation  [mgkg' wet 2.7+2.38 56.4+£39.7 8.8+ 6.6 23.8+15.3
in PCPs¢ cell biomass]

Theoretical [mg L] 0.66 + 0.68 4.67+3.29 251+£1.87 542+348
volumetric GB1

yield!

Volume of BY-2 [mL] 10 5 15 15

PCP extract used

for IMAC

GBI purity after [% peak area 69 95 87 80

IMAC of stained

(densiometric bands]

evaluation)®

GBI1 recovery after  [% initial] 101 81 91 41

IMAC'

@ cell vitality was assessed after adapting BY-2 cells to deuterium oxide (50% v v*!) for 30 days, using
a passaging time of 7 — 11 days. ° data correspond to n = 2 cultivations. ¢ quantification by dot blot
(I1.6.5) using authentic His-tagged GBI as standard. ¢ values represent the theoretical yield in a stirred
tank based on accumulation levels in PCPs. © GBI purity after IMAC was estimated based on the
densiometric evaluation of Coomassie-stained LDS gels (I1.6.4.1) using the software AIDA Image
Analyzer 5.0. " GBI recoveries were estimated based on the densitometric evaluation of dot blots using
standards with a known concentration and the software ImagelJ [232]. Data values with variance indicate
standard deviation. H — medium without isotopes, D — medium prepared with 50% (v v') deuterium
oxide, N — medium prepared with labeled ammonium nitrate, DN — medium prepared with 50% (v v'!)
deuterium oxide and labeled ammonium nitrate.
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Figure S13: Effect of deuterium oxide on the vitality of BY-2 cell and expression of the model
protein GB1 in BY-2 cells cultivated in the presence of isotopes. A. Correlation of the deuterium
oxide volume fraction and BY-2 cell vitality prior adaption to deuterium oxide. Data correspond to BY-2
cells that have not been adapted to deuterium oxide. When excluding a control without deuterium, the
BY-2 vitality correlated linearly with the deuterium oxide volume fraction. Error bars represent the
standard deviation from n = 2 — 3 cultivations. B. Accumulation of GB1 in PCPs cast from BY-2 cells
cultivated in media with isotopes (D, N, DN) and without (H) isotopes as estimated by dot blot (IL.6.5)
using His-tagged GB1 as a standard and a rabbit anti-Hiss and AP-labeled goat anti-rabbit antibodies.
The carbon source for BY-2 cultivation was glucose (30 g L™!) in all experiments. Error bars represent
the standard deviation fromn =12 — 14 PCPs (***p <0.0001; **p <0.01). H— medium without isotopes,
D — medium prepared with 50% (v v!) deuterium oxide, N — medium prepared with labeled ammonium
nitrate, DN — medium prepared with 50% (v v'!) deuterium oxide and labeled ammonium nitrate.
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VII.9.8 Target protein purification

Supporting Table 18: Overview of chromatography columns used target protein purification.

Column type Resin

Diameter [cm]

Bed height [cm]

Volume [mL]

OPUS Chelating
RoboColumn Sepharose FF
. Chelating
HiTrap Sepharose FF
HiTrap Protein G HP
Chelating
XK2620 Sepharose FF

0.5

0.7

0.7

2.6

1.0

2.5

2.5

9.4

0.2

1.0

1.0

50.0

Supporting Table 19: Overview of HCPs that co-purified during IMAC. HCPs that co-purified with
His-tagged PPKs during IMAC (Figure 18) were analyzed by mass spectrometry.

Protein Monomer size Oligomerization state
[-] [kDa] [-]

Serine

hydroxymethyltransferase 571 Tetramer
(Uniprot ID AOA1J6HU64)

Glutamine synthetase

(Uniprot ID Q69B32) 47.5 Homo-decamer
Xyloglucan

endotransglucosylase hydrolase 33.9 Monomer
(Uniprot ID 080431)

Major latex protein 16.5 na.

(no Uniprot ID available)

Bands corresponding to Nicotiana HCPs were cut out from Coomassie-stained LDS gels (Figure 18)
and analyzed by tandem mass spectrometry with an AmaZon ETD MS ion trap spectrometer (Bruker).
HCPs were identified by peptide mass fingerprinting using the software Mascot (Matrix Science,
Boston, USA) and the SwissProt and Sol Genomics Network databases. Mass spectrometry was
conducted by Michael Kupper (Fraunhofer IME, Aachen, Germany). The oligomerization state of HCPs
was predicted based on homology models build with SWISS-MODEL [406, 407]. n.a. — not available.
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Figure S14: High-throughput chromatography screening. A, B. Analysis of IMAC wash and elution
fractions from purification of PPK-RO on a liquid handling platform (Figure 18). C, D. Densitograms
of IMAC elution fractions from the same experiment (Figure 18). Chromatography was performed with
pre-packed Chelating Sepharose FF columns (0.2 mL column volume) on a Janus G3 liquid handling
station, using 2 mL clarified N. benthamiana extract (11.5.3) as feed and 500 pL buffer for washing (no
imidazole, VII.6), removal of HCPs (10 — 60 mM imidazole, VII.6) and elution (300 mM imidazole,
VIL6). The contact time was 2 minutes during all steps. The concentration of TSP in IMAC fractions
was determined using the Bradford assay (I1.6.1). PPK purities and recoveries were estimated by
densitometry analysis of Coomassie-stained LDS gels (Figure 18) using the software AIDA 5.0. Black
arrows in (C, D) denote the target protein peak. Error bars denote the standard deviation from n =3
technical replicates.
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VI.9.9 SPR quantification of His-tagged target proteins

Supporting Table 20: Assay specificity depending on the peptide design, buffer and flow rate.
Peptides featured a Hise-tag and different spacers to improve accessibility of the tag and minimize non-
specific binding [408]. Peptides were immobilized at similar molar concentrations (500 pM) using an
immobilization pH of 4.5 for peptide P1 and pH 4.0 for P2 and P3 (II1.4.1.1). Clarified extracts of
wildtype N. benthamiana plants (I1.5.3) were diluted 1:20 in the respective buffer to investigate non-
specific binding. The pH was 7.4 for all buffers. MonoRab anti-His antibody was used as ligand at a
concentration of 10 nM.

Ratio specific

Immobilized peptide Total binding  Unspecific binding  Specific binding / unspecific

[-] [RU] [RU] [RU]

binding
HBS-EP, flow rate 20 uL min!
P1 430.96 275.86 155.10 0.56
P2 273.47 252.45 21.02 0.08
P3 244.39 235.67 8.72 0.04
PBS-T, flow rate 20 uL min’!
Pl 334.08 143.07 191.01 1.34
P2 149.09 132.30 16.79 0.13
P3 155.20 144.59 10.61 0.07
PBS-T, flow rate 10 uL min’!
P1 339.57 133.04 206.53 1.55
P2 156.82 122.55 34.27 0.28
P3 147.17 127.42 19.75 0.15

P1 amino acid sequence — AlasHise (1.05 kDa), P2 amino acid sequence — (Leu-His-Asp).Hise (1.57
kDa), P3 amino acid sequence — (Leu-His-Asp)sHiss (2.30 kDa).

Supporting Table 21: Experimentally derived dissociation rates (kq) of commercial anti-His
antibodies tested for the binding inhibition SPR assay.

Antibody Experimental kq [s!] Literature kq[s]

THE His-tag antibody 8.74x103 £ 9.22x107 n.a.

(GenScript)

MonoRab anti-His antibody 1.22x10* £ 1.03x10°° n.a.

(GenScript)

Anti-Hise antibody (Dianova) 3.14x103 £ 7.07x107° 9.70x10 £ 7.03x1073 [409]

The dissociation rate k¢ was derived from three measurements with each antibody (Figure 21B). The
normalized change in the response signal over time (Figure S15C) showed that the dissociation rate was
independent of the amount of antibody captured on the chip surface. The signal decrease was > 5%
compared to the initial response in all measurements, thus allowing a reliable estimation of the
dissociation rate [390]. Data were recorded on a Sierra SPR4. n.a. — not available.
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Supporting Table 22: Fitting of experimental binding inhibition data to different stoichiometries.
Experimental binding inhibition data measured with 20 nM MonoRab anti-His antibody (Supporting
Table 21) and 0.4 — 100.0 nM peptide P1 (Supporting Table 20) were fit to a 1:1 interaction model
(Equation 23) or a 2:1 interaction model (Equation 24).

1:1 interaction model 2:1 interaction model
Parameter Value Standard error Value Standard error
P 20 (constant) n.a. 20 (constant) n.a.
Kp 1.76 1.00x10° 1.30 7.57x10*
Adj. R? 0.998 0.883

Data were fitted with OriginPro, using the total concentration of tagged peptide as independent variable,
the concentration of free antibody as dependent variable and Kp and the total concentration of antibody,
Ao (constant, 20 nM), as fitting parameters. n.a. — not available.

Supporting Table 23: Fitting of binding inhibition SPR assays. A Boltzmann fit (Equation 4) was
used to describe binding inhibition SPR assays (Figure 21C).

Parameter Value Standard error
A -35.57 13.12

A 97.86 0.12

x0 (ICs0) 10.34 2.73

dx 9.90 0.98
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Figure S15: Assessment of binding stability, regeneration, capacity loss and accuracy in a binding
inhibition SPR assay for detection of His-tagged target proteins. A. Sensor regeneration. A 30 s
injection of regeneration buffer (VIL.6) was used to remove captured antibody from the peptide-coated
sensor. B. Sensor capacity loss after multiple cycles of injection and regeneration. A capacity loss of
~6% was observed after 40 injections. Antibody concentrations of 30 nM (MonoRab anti-His) were
used to assess regeneration and capacity loss. C. Stability of the interaction between antibody and
antigen. MonoRab anti-His antibody was captured on sensors coated with peptide P1 (Supporting Table
20) followed by a 30 min dissociation phase. Data are normalized (% initial) values calculated as the
average from three injections. D. Quantification of DspB in N. tabacum extracts with a dot blot assay
(I1.6.5) and with a binding inhibition SPR assay (II.6.3.1). MonoRab anti-His antibody was used to
detect DspB via a C-terminal Hise-tag in both assays. Error bars represent the standard deviation
calculated from the 95% confidence interval of the DspB concentration measured in both assays (the
95% confidence interval is 3.92 standard errors wide). Sata were recorded on a Sierra SPR2/4. OriginPro
was used to plot and fit data. P1— peptide P1 (Supporting Table 20), ETA — ethanolamine.
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Figure S16: Simulated and experimental inhibition of anti-His antibody with His-tagged peptide
in the binding inhibition SPR assay. A. Simulated binding inhibition of anti-His antibody depending
on the binding stoichiometry, concentration of tagged peptide and the equilibrium dissociation constant,
Kbp. Equation 23 and Equation 24 were used to simulate a 2:1 or 1:1 binding stoichiometry, using a fix
concentration of 20.0 nM anti-His antibody and 0.4 —100.0 nM His-tagged peptide. B. Fitting of
experimental binding inhibition data (Figure 21C) to different models. Data were measured with 20 nM
MonoRab anti-His antibody (Supporting Table 21) and 0.4 —100.0 nM peptide P1 (Supporting Table
20) and fitted to Equation 23 and Equation 24 with OriginPro, using the total concentration of tagged
peptide as independent variable, the concentration of free antibody as dependent variable and Kp and
the total concentration of antibody, 4w (constant, 20 nM), as fitting parameters (Supporting Table 22).

Calculation of the free antibody concentration in a mixture of antigen (His-tagged peptide) and antibody
(anti-His), assuming a 1:1 binding stoichiometry (Figure S16):

— Avotar=Protal=Kp \/(Ptotal'l'Atotal"'KD)z _pA

Afree = - " Equation 23 [378]

Where Aj-.. is the concentration of free antibody, 4. is the total concentration of antibody, Py is the
total concentration of tagged peptide and Kp is the equilibrium dissociation constant.

Calculation of the free antibody concentration in a mixture of antigen (His-tagged peptide) and antibody
(anti-His), assuming a 2:1 binding stoichiometry (Figure S16):

A _ —(Kp+Protai—2Atotal) +V (KD +Protai—2Atota) >+ 8KpAtotal
free — 4

Equation 24 [410]

Where Aj-.. is the concentration of free antibody, 4. 1s the total concentration of antibody, Py is the
total concentration of tagged peptide and Kp is the equilibrium dissociation constant.
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VII.9.10 Target protein functionality

Supporting Table 24: Comparison of empirical Kinetic parameters determined for plant-derived
IgG3 antibodies directed against S. aureus alpha toxin with literature antibodies featuring the
same CDRs. Kinetic parameters were calculated using the Biacore T200 evaluation software. Kp =
equilibrium dissociation constant (Equation 6), k., = association rate constant, k4 = dissociation rate
constant.

ER-derived Apoplast-derived Anti-alpha toxin
IgG3 IgG3 2A3.1 [44, 387]
Kp [nM] 3.09 343 0.60
ka [M's] 2.11x10° 1.97x10° 13.7x10°
ka[s] 6.51x10* 6.78x10* 8.21x10*

CDR — complementary determining region.

Supporting Table 25: Model factors with a significant influence on the integrity of IgG1 and IgG3
antibodies expressed in different plant cell compartments. The antibody integrity was investigated
in an [-optimal split-plot design with 216 runs (Figure 23B).

Source F-value p-value
Whole plot 1.21 0.2733
A (PCP incubation time) 1.21 0.2733
Subplot 27.48 <0.0001
B (BY-2 cultivation time) 12.19 0.0006
C (compartment) 126.00 <0.0001
D (IgG scaffold) 21.96 <0.0001
AC 3.36 0.0111
CD 4.76 <0.0001
R? 0.7765

Coefficients of

1 2
determination Adjusted R 0.7444

Predicted R? n.a.

Factors with a non-significant influence on the response (p > 0.05) were removed from the model unless
required to maintain the model hierarchy. A predicted R? is not available for split-plot designs, because
this metric cannot be calculated. With a difference > 0.2, the values of R? and adjusted R? were in
reasonable agreement.
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Supporting Table 26: Treatment of experimental MRSA biofilms with recombinant DspB
produced in BY-2 PCPs, N. benthamiana and E. coli (control). The relative ICso (i.e the enzyme
concentration required to reduce the biofilm to half the value between the top and bottom plateaus) was
derived from dose response functions fitted to biofilm degradation data with DspB concentrations in the
range of 0.0004 to 0.4 g L' (Figure 23D, Equation 8).

Fitting parameter Dispersin B Dispersin B Dispersin B
gp BY-2 PCPs N. benthamiana E. coli
A 65+1 64 +2 640
A> 100 100 100
P -1691 + 567 -338 + 130 -569 + 53
Span 35+£2 36+£2 36+0
logxy (ICsp) 5.0x10%+ 1.0x10* 3.2x10° £ 6.0x10* 3.1x10° £+ 1.0x10*
A B
0.050 1.0
0.045 -
0.040 - . — 0.8
1
=7 0035 —
2 i 4
& 00304 i 0.6
2 0.025 £
) 1 hwk _
S 0.020 — & 044
£ ] s
< 0015
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Figure S17: Effect of a heat treatment step on the activity of plant HCPs in the PPK activity assay.
A, B. Wildtype N. benthamiana plants were extracted with a 3 v m™' ratio of extraction buffer (VIL6),
clarified by depth filtration (I1.5.3) and optionally subjected to heat treatment at 45 —70°C in a 1 mL
scale using a Zetasizer Nano [129]. Heat treatment consisted of a 1.5 min equilibration phase to reach
the desired temperature and ensure temperature equilibrium [129], followed by incubation for additional
5 minutes. The supernatant with all HCPs that remained soluble after the heat treatment was tested for
activity in the PPK activity assay (Figure 22B). Error bars represent the standard deviation from n =3
reactions (*p < 0.05, **p <0.01, ***p < 0.001).
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