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PREFACE

This thesis has been prepared for submission as a thesis by compilation, therefore the thesis
contains a combination of submitted and publishable work. Consequently, there is a degree of
repetition across different chapters, especially within the introductions and the materials and
methods sections of Chapter 1, 2, 3, and 4. Chapter 1 was written for publication as a literature
review. While in the final part of this Chapter the concept of glyco-engineering is introduced
and extensively described, this was mainly a perspective and not the focus of this PhD thesis.
Therefore, in my thesis, no data for glyco-engineering in microalgae was generated. Submitted
works have been incorporated in this thesis and appear as they were presented to the journal
with the following modifications: 1) the font and format was changed to maintain consistency
throughout the whole thesis, ii) figures and tables were re-numbered to reflect the chapter

numbering, and iii) supplementary figures have been re-numbered.
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THESIS ABSTRACT

Chlamydomonas reinhardtii is a eukaryotic unicellular green microalga historically used as a model
organism to describe and analyse fundamental biological processes including photosynthesis. Recently,
this species has been utilised as a biofactory to successfully produce recombinant therapeutic proteins.
C. reinhardtii has many advantages over traditional biofactories, such as E. coli (bacteria) and Chinese
Hamster Ovary cells (CHO, mammalian). It has high growth rates at low production costs, it cannot be
contaminated by human pathogens, it can effectively secrete recombinant proteins, and it possess a
eukaryotic post-translational modification (PTM) machinery. Unfortunately, C. reinhardtii also
displays two major disadvantages: recombinant protein yields can be low and glycosylation (a
fundamental PTM) can be incorrect. Low yields and potential low quality of products are the only
drawbacks that kept C. reinhardtii out of the recombinant biopharmaceutical market, now worth 140
billion USS.

The low recombinant protein yield issue was partially overcome in 2009 with the generation of a UV
mutated strain called UVM4. This strain is now well-established and broadly-used for secreted
recombinant protein production in C. reinhardtii, and is capable of yields up to 15 mg/L (3-fold higher
than the non-mutated strain 137c). However, these yields are still far from the extensive ones obtained
with CHO cells (up to 5 g/L). Interestingly, as frequently happens for strains generated by mutagenesis,
the pathways altered by the mutation were not investigated. Therefore, the reasons for these higher
recombinant protein yields produced by strain UVM4 are still unknown. Characterising the modified
protein pathways in this strain might help to understand the causes for the general lower yields in C.
reinhardtii, to subsequently optimise and finally completely overcome the issue. In addition, to fully
validate strain UVM4 as a cell biofactory, it is also necessary to analyse recombinant protein quality,
namely glycosylation. Incorrect glycosylation can lead to immunogenic biopharmaceuticals, therefore
a complete glycosylation profiling of strain UVM4 is also required.

With the results obtained in my thesis, I provide a detailed analysis of the two major drawbacks in
recombinant protein production in C. reinhardtii, unravel possible causes, provide potential solutions,

and overall I corroborate this species as a future industrial cell biofactory.
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1. ABSTRACT

Microalgae exhibit great potential for recombinant therapeutic protein production, due to lower
production costs, immunity to human pathogens, and advanced genetic toolkits. However, a
fundamental aspect to consider for recombinant biopharmaceutical production is the presence of correct
post-translational modifications. Multiple recent studies focusing on glycosylation in microalgae have
revealed unique species-specific patterns absent in humans. Glycosylation is particularly important for
protein function and is directly responsible for recombinant biopharmaceutical immunogenicity.
Therefore, it is necessary to fully characterise this key feature in microalgae before these organisms can
be established as industrially relevant microbial biofactories. Here, I review the work done to date on
production of recombinant biopharmaceuticals in microalgae, experimental and computational
evidence for N- and O-glycosylation in diverse microalgal groups, established approaches for glyco-
engineering, and perspectives for their application in microalgal systems. The insights from this
introduction may be applied to future glyco-engineering attempts to humanize recombinant therapeutic

proteins and to obtain potentially cheaper, fully functional biopharmaceuticals from microalgae.



2. INTRODUCTION

Biopharmaceuticals are biological macromolecules that exhibit therapeutic actions in humans. This
group of compounds includes essential molecules such as antibodies, hormones, and vaccines [1]. More
than 60% of commercialized biopharmaceuticals are recombinant proteins [2], which are produced in
genetically engineered host cells defined as biofactories [3]. Biofactories can include a broad spectrum
of host organisms, spanning from prokaryotic to eukaryotic cells, and support a US$140 billion

biopharmaceuticals market [4].

Currently, the host cell systems Escherichia coli (bacteria), Saccharomyces cerevisiae and Pichia
pastoris (yeast), and Chinese hamster ovary (CHO) cells (mammalian) dominate the production of
biopharmaceuticals, with the mammalian CHO cells covering >50% of the market [5]. However, these
four cell systems have several disadvantages, including species-specific issues related to the nature of
each biofactory. E. coli often incurs translational errors, accumulates inclusion bodies, and completely
lacks the eukaryotic organelles and machinery necessary to produce fundamental post-translational
modifications (PTMs) [6]. Challenges with using yeasts include inadequate protein secretion and
incorrect protein PTMs [7,8]. Biopharmaceutical production with CHO cells is expensive because of
the complex culturing requirements associated, difficult to scale, and susceptible to contamination with
human viruses and prions [9,10]. These complications have prompted efforts to optimize these systems
as well as identify more suitable host cell lines. In this context, microalgae have emerged as attractive

novel expression systems for biopharmaceutical production.

Chlamydomonas reinhardtii (Chlorophyceae) has historically been the model microalgal species for
biotechnological innovations [11], due to its tractability in the laboratory [12]. However, other species
are increasingly being evaluated for their capacity to produce recombinant proteins. Microalgae
including Chlorella sp. (Trebouxiophyceae) [13,14], Dunaliella salina (Chlorophyceae) [15],
Nannochloropsis oculata (Eustigmatophyceae) [16,17] and the diatom Phaeodactylum tricornutum

(Bacillariophyceae) [18] have been reported to successfully express biopharmaceuticals.



A major challenge with producing biopharmaceuticals in non-human cells is obtaining correct PTMs of
the recombinant protein. Since each host cell system possesses its own unique protein processing
machinery at a translational and post-translational level, the same recombinant protein produced in
different cell systems can display different and unique PTMs [19,20,21,22,23]. PTMs such as
phosphorylation, acetylation, methionine oxidation, asparagine and glutamine deamination, disulphide
bond formation, and glycosylation all play a significant role in stability, functionality, and activity of
proteins [24]. Among these, glycosylation is a major PTM that is found on more than 50% of human
proteins [25]. In biopharmaceutical production, over 40% of approved therapeutic proteins are
glycosylated, highlighting the importance of understanding and controlling the glycosylation

mechanism of non-human expression systems [26,27].

The cellular mechanisms that determine protein glycosylation patterns are complex and vary among
different eukaryotic species [28]. Given the significant influence of glycosylation on yield, efficacy,
pharmacokinetics, and immunogenicity of recombinant therapeutic proteins, it is essential to choose the
right host expression system to successfully produce a functional biopharmaceutical [29]. Additionally,
sub-optimal glycosylation of recombinant proteins can be overcome using glyco-engineering strategies
[30]. Glyco-engineered biopharmaceuticals will present ‘“humanized” glycans that will not be

immunogenic to humans [4].

In this introduction, I provide a brief overview of various host systems, with a focus on the advantages
and disadvantages of microalgae as biofactories for the production of recombinant therapeutic proteins.
I also discuss strategies to overcome the challenges, with a focus on microalgae glycosylation status
and its comparison to human glycosylation. Lastly, I assess the prospect of applying glyco-engineering

techniques to optimize recombinant biopharmaceutical production in microalgal host systems.



3. PRODUCTION OF BIOPHARMACEUTICALS IN ALTERNATIVE HOSTS

Due to improvements in genetic engineering technologies and recombinant protein expression, the
repertoire of biopharmaceuticals produced in biofactories is expanding. Increased capability to replicate
the functional characteristics of larger, more complex proteins [31] has broadened the range of potential
biopharmaceutical applications, including treatments for cancer and autoimmune diseases [32]. This is
particularly evident for antibodies [31], which have been replicated in various forms including single-
chain fragment variables (scFvs) [33] and antigen-binding fragments (Fabs) [34], amongst others. The
choice of biofactory is primarily based on the type of biopharmaceutical (e.g. functional multi-domain
mammalian proteins cannot be produced in bacteria as they require specific PTMs), but other factors
such as production costs, yields, time to market, and the safety of the patient are also considered when
selecting an expression host. The recent production of a biopharmaceutical used as a treatment for the
Ebola virus in the Democratic Republic of the Congo has proven that plants (in this case Nicotiana
benthamiana) can be a powerful alternative to common expression systems, especially for rapid and
low-cost production of antibodies using technologies that are relatively simple to implement in
developing countries [35]. Among the multitude of alternative expression hosts, photosynthetic systems
have emerged with high potential to offer a rapid and cost-effective alternative to traditional hosts. The
previously described traditional biofactories are all heterotrophic systems and rely on the addition of
organic carbon sources to the culture media, whilst photosynthetic organisms can generate biomass
using CO; and light, lowering not only carbon footprint but also media complexity and costs associated
with recombinant protein production. In recent decades, plant cells and microalgal organisms have been
analysed for their promising role as photosynthetic host systems, with the latter being the focus of this

introduction and this thesis overall.

4. MICROALGAL BIOFACTORIES
Microalgae are unicellular photosynthetic organisms found in both terrestrial and aquatic environments
[36]. The potential of microalgae to produce natural products with commercial value, ranging from food

additives and health supplements to biofuels and cosmetics, has currently become widely recognized



[37]. Recent advances in genetic engineering have enabled expression of many recombinant

biopharmaceuticals in microalgal hosts (Table 1.1).

Microalgal biofactories possess many unique advantages. Like plants, microalgae can be cultivated in
large areas and require a lower up-front investment compared to bacterial or mammalian cell systems
[38]. Additionally, microalgae do not harbor human pathogens and some species are generally
recognized as safe (GRAS) [12]. They are easy to cultivate in bioreactors, and thus are less prone to
airborne contamination issues [12]. Moreover, microalgae have higher growth rates and less complex
media requirements compared to plants, and therefore potentially lower production costs [10,11,12].
Furthermore, microalgae are unicellular organisms that lack functional parts such as roots and leaves,
making recombinant biopharmaceuticals production more uniform within the same batch and

diminishing the energy and resources needed to generate additional biomass [12].

One of the better characterized and widely exploited microalgae for recombinant protein production is
the biflagellate Chlorophyta C. reinhardtii [39]. This species has become the model algae to explore
and understand the biological processes occurring within the green microalgal lineage due to an
advanced genetic toolkit and the availability of fully sequenced nuclear and organellar genomes [12].
C. reinhardtii is now the most comprehensive microalgal platform for expression of recombinant
proteins with promising industry applications in the bioenergy, biopharmaceutical, biomaterial, and
nutraceutical sectors [11,40]. A recent toxicology study demonstrated that C. reinhardtii biomass is safe
for human consumption [41], and although C. reinhardtii-derived products are not yet commercially

available, extensive research on large-scale cultivation is bringing it closer to reality [42].

Recombinant protein production in C. reinhardtii has been achieved by engineering both the chloroplast
and nuclear genomes. In the chloroplast, the level of transgenic expression can reach 20% of total
soluble protein (TSP) [10]. However, recombinant proteins expressed in the chloroplast are retained
inside the plastid and cannot be secreted [43]. Therefore, recombinant proteins expressed in the
chloroplast are unable to pass through the secretion route via the endoplasmic reticulum and the Golgi

8



apparatus, and cannot be subjected to fundamental PTMs such as glycosylation [12,43]. Hence,
chloroplast expression is only suitable for non-glycosylated proteins. Recombinant proteins expressed
from the nucleus, on the other hand, can be targeted to the secretion route by adding specific signal
peptides to the recombinant amino acid sequence, resulting in secretion and glycosylation of the
recombinant protein [10]. Unfortunately, nuclear expression results in very low yields, due to random

integration, low transformation efficiency, and gene silencing mechanisms [43,44].

As increasing knowledge and genetic tools become available, other microalgae species have been
exploited for recombinant protein production, including monoclonal antibodies, hormones, and
enzymes. Several species, including Chlorella vulgaris, Chlorella sorokiniana, Chlorella ellipsoidea,
D. salina, N. oculata, and the diatom P. tricornutum have been successfully used to express
biopharmaceuticals (Table 1.1). In particular, P. tricornutum has gained noticeable importance due to

the ability to secrete fully functional IgG antibodies [18]. An overview of the recombinant

biopharmaceuticals produced in microalgae over the last two decades is presented in Table 1.1.

Table 1.1. Twenty years of recombinant biopharmaceutical production in microalgae.

Organism Organelle Protein Reference
C. reinhardtii Chloroplast E7 of HPV-16 Demurtas et al 2013[45]
D2-CTB Dreesen et al 2010[46]

a-galactosidase

Georgianna et al 2013[47]

Phytase Georgianna et al 2013[47]
Xylanase Georgianna et al 2013[47]
Pfs25 Gregory et al 2012[48]
Pfs28 Gregory et al 2012[48]
Pfs25-CTB Gregory et al 2013[49]
E2 He et al 2007[50]
Pfs48/45 Jones et al 2013[51]
M-SAA Manuell et al 2007[52]
Anti-HSV glycoprotein D Isc Mayfield et al 2003[53]

12FN3 Rasala et al 2010[54]
Erythropoietin Rasala et al 2010[54]
HMGBI Rasala et al 2010[54]



Interferon 3
Proinsulin
SAA-10FN3

VEGF
Allophycocyanin
VP1-CTB

V28

Anti-PA 83 anthrax IgG1
Anti-CD22-gelonin sc
Anti-CD22-ETA sc
GADG65

TRAIL

Phytase (AppA)

Metallothionein-2

Rasala et al 2010[54]
Rasala et al 2010[54]
Rasala et al 2010[54]
Rasala et al 2010[54]
Su et al 2005[55]
Sun et al 2003[56]
Surzycky et al 2009[57]
Tran et al 2009[58]
Tran et al 2013a[59]
Tran et al 2013b[60]
Wang et al 2008[61]
Yang et al 2006[62]
Yoon et al 2011[63]
Zhang et al 2006[64]

C. reinhardtii Nucleus Human Epidermal Growth Factor  Baier et al. 2018[65]
VEGF-165 Chavez et al 2016[66]
GBSS-AMAL1 Dauvillee et al 2010[67]
GBSS-MSP1 Dauvillee et al 2010[67]
Erythropoietin Eichler-Stahlberg et al

2009[39]

Sep-15 Hou et al 2013[68]
Lolium Perenne IBP Lauersen et al 2013[69]
B-1,4-endoxylanase Rasala et al 2012[70]

C. vulgaris Nucleus Human growth hormone Hawkins and Nakamura

C. sorokiniana 1999[13]

C. ellipsoidea Nucleus mNP-1 Bai et al 2013[14]
NP-1 Chen et al 2001[71]
Flounder growth hormone Kim et al 2002[72]

D. salina Chloroplast a-galactosidase Georgianna et al 2013[47]
Phytase Georgianna et al 2013[47]
Xylanase Georgianna et al 2013[47]

D. salina Nucleus V28 Feng et al 2014[73]
HBsAg Geng et al 2003[15]

P. tricornutum Nucleus Anti-Hepatitis B IgG Hempel and Maier 2012[18]
Anti-MARV NP IgG Hempel et al. 2017[74]

N. oculata Nucleus Bovine lactoferricin (LFB) Li et al. 2009[17]

Nucleus Flounder growth hormone

Chen et al. 2008[16]
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5. POST-TRANSLATIONAL MODIFICATIONS AND GLYCOSYLATION

Post-translational modifications (PTMs) are chemical modifications of a protein during or after its
synthesis within the cell. Amino acids, the building blocks that define the physico-chemical structure
and functionality of a protein, can be altered by more than 250 different PTMs [75]. The repertoire of
PTMs is very complex, considering that 15 out of the 20 common amino acids can be modified [76].
More than 5% of the total human genome encodes for enzymes involved in PTMs, including those
involved in phosphorylation (kinases and phosphatases), acetylation (acetylases and deacetylases), and
glycosylation (glycosyltransferases) [26]. Protein PTMs, together with alternative RNA splicing and
translation, enhance molecular diversification of gene products and participate in a complex system to

regulate the physiology of eukaryotic cells [26,77].

PTMs such as phosphorylation, glycosylation, and nitration are involved in important cellular processes
[78]. For example, phosphorylation can operate as a switch to modulate specific catalytic activities of
proteins [79]. Another function of PTMs is to mark proteins for degradation by ubiquitination [79].
PTMs can also act in response to external stimuli, for example, when a cell is subjected to biological
stress it can activate proteins with specific PTMs to counteract the stress [80]. Of the many PTMs
relevant to biopharmaceutical production, glycosylation plays a major role. In fact, glycosylation is
found on more than 50% of human proteins [25], and on more than 40% of approved recombinant
biopharmaceuticals, highlighting the importance to understand and control the glycosylation

mechanism of non-human expression systems [26,27].

Glycosylation refers to a covalent bond between a polysaccharide chain and an amino acid, formed
during translation of the protein. The two most frequent types of glycosylation are N-linked and O-
linked glycosylation. N-linked glycosylation is characterized by the formation of a covalent bond
between the glycan and the amidic group of an asparagine (Asn) residue. O-linked glycosylated proteins
have the glycan linked to the hydroxyl component of a serine (Ser) or a threonine (Thr) residue.

Glycosylated proteins and glycan structures strongly regulate fundamental biological processes within
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the cell, such as cell adhesion, self/nonself recognition, molecular trafficking and clearance, receptor

activation, and endocytosis [81].

In addition, glycosylation significantly enhances yield, efficacy, and pharmacokinetics of recombinant
biopharmaceuticals [29]. During recombinant protein production, non-human host organisms can attach
glycan residues (monosaccharides) that would be absent on the human endogenous protein, potentially
resulting in lower yields and efficacy [10]. Recombinant therapeutics presenting incorrect or no
glycosylation can trigger an immune response in the patient resulting in accelerating clearance during
therapy or, in some rare cases, life threatening complications [82]. Glycans can trigger an immunogenic
reaction either by direct recognition of the glycan sequence by the patient immune system [83] or by
affecting the therapeutic protein folding, solubility (e.g., formation of aggregates) and structural
stability [84], breaking the immune tolerance of the patient. At least four non-human residues have been
identified as being able to induce an immune response in humans. These residues are: N-
glycolylneuraminic acid (Neu5Gc), galactose-o(1,3)-galactose (a-Gal), B(1,2)-xylose, and o(1,3)-
fucose [84]. The a-Gal and Neu5Gc residues are present in therapeutics produced in mammalian cells
such as CHO cells, while B(1,2)-xylose and a(1,3)-fucose are present in plant and microalgal-produced
glycoproteins [84]. Therefore, it is essential to understand the glycosylation capabilities of a chosen

biofactory to produce safe and effective recombinant therapeutics.

5.1. N-glycosylation
N-glycosylation requires a strict consensus sequence, where the amino acid sequence must be Asn-Xxx-
Ser/Thr [85], where Xxx can be any amino acid other than Proline (Pro). Further studies expanded this
sequence to a less frequent, but still relevant, Asn-Xxx-Cysteine (Cys), Asn-Xxx-Valine (Val), and

Asn-Glycine (Gly) [86].

N-glycosylation begins in the endoplasmic reticulum (ER), where a biosynthetic precursor, a dolichol-
P-P-linked oligosaccharide (comprised of 3 glucose (Glu), 9 mannose (Man) and 2 N-acetylglucosamine

(GIecNAc) residues) is transferred to Asn residues in nascent polypeptide chains (Figure 1.1). The glycan
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is then subjected to further enzymatic maturation as part of a quality control by chaperones (calnexin
and calreticulin). The newly formed glycoprotein is then transferred to the Golgi apparatus and further
modified by many different glycosyltransferases, until reaching final maturation. N-glycans across
different eukaryotic organisms present a common structure called the “pentasaccharide core” (2 N-
acetylglucosamine (GlcNAc) and 3 mannose (Man) residues) [10,87] (Figure 1.1). The rest of the
residues will attach onto the final two Man of the pentasaccharide core, thus creating two polysaccharide
antennae. However, unlike the well conserved pentasaccharide core, the rest of the N-glycan structure
vastly varies amongst eukaryotes. In fact, the final maturation of the glycan in the Golgi apparatus by
different glycosyltransferases is a species-specific mechanism and is the source of different

glycosylation patterns among eukaryotic organisms [88,89] (Figure 1.1).

In humans, depending on how the two terminal Man residues are elongated, three different specific V-
glycans structures are possible: i) “oligo-mannose” glycans containing only mannose residues, ii)
“hybrid” glycans with mannose residues on one antenna and mixed monosaccharides on the second
antenna, and iii) “complex” glycans with mixed monosaccharides on both antennae [90]. As a
glycoprotein enters the Golgi, it is N-linked to 8/9 Man and 2 GlcNAc. This chain is reduced to 5 Man
and 2 GIcNAc by an enzyme called a-mannosidase I (a-Man I) (Figure 1.1). Then, the N-
acetylglucosaminyltransferase I (GnT 1) plays a key role by transferring one N-acetylglucosamine
residue on the o(1,3)-mannose arm of the 5 Man and 2 GlcNAc N-linked protein. This structure (1
GlcNAc, 5 Man and 2 GIcNAc) is the starting point for both “hybrid” and “complex” structures (Figure
1.1). From that point on, many different glycosyltransferases will build the complete pattern of the N-

glycoprotein [91].
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Figure 1.1. The different N-glycosylation representative patterns among (A) humans, (B) established biofactories
including yeasts, plants, CHO cells, and (C) specific N-glycosylation patterns in microalgae. Differences in
specificity of yeast, CHO, plant, and microalgal Golgi glycosyltransferases and glycosidases lead to
variations in the final glycosylation profiles compared to humans. Consequently, glycans N-linked to
recombinant proteins produced in these biofactories differ from native human proteins, necessitating glycan
engineering to produce efficient and safe biopharmaceuticals in these alternative host systems. Green circle
= Mannose. Blue circle = Glucose. Yellow circle = Galactose. Blue square = GlcNAc. White diamond =
NeuS5Gce. Me = Methylated residue. Fuchsia diamond = Sialic acid. Purple star = Xylose. Red triangle =
Fucose. a-Man I = a-mannosidase I. GnT I = N-acetylglucosaminyltransferase 1. a-Man II = a-mannosidase

II. GnT II = N-acetylglucosaminyltransferase I1.

Bacteria, yeast, CHO, and plant glycoproteins possess species-specific N-glycans that differ from
human N-glycans (Figure 1.1B). Glycosylation and PTMs in general are challenging issues for E. coli,

as most prokaryotes lack the eukaryotic PTM machinery to perform glycosylation [6]. It is possible to
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transfer the basic prokaryotic glycosylation machinery of another bacteria (Campylobacter jejuni) into
E. coli to obtain glycosylated recombinant biopharmaceuticals [92]. However, prokaryotic glycans do
not show similarities with human glycosylation patterns, resulting in immunogenic biopharmaceuticals
[92,93]. Yeast glycans present an excess of mannose residues assembled together in “hyper-mannosidic”
structures [94], which greatly differ from the human patterns [4,95]. Although CHO cells possess human-
like glycosylation machinery, some discrepancies still persist [4]. For example, the absence of
fundamental human residues like o(2,6)-sialic acid and a(1,4)-fucose, and the production of undesired
non-human residues such as Neu5Gc and a-Gal, can result in the production of potentially immunogenic
recombinant biopharmaceuticals [4,32]. Similarly, plant cells produce glycans containing immunogenic

residues such as B(1,2)-xylose and core o(1,3)-fucose [96].

Compared to other systems, very little is known about N-glycosylation in microalgae. The combination
of genomic annotation and experimental evidence has revealed some details about N-glycans in some
species; however, more information is needed. Analysis of five different microalgal species
[83,97,98,99,100,101] showed two different glycosylation pathways based on presence or absence of the
GnT 1 enzyme. The green microalgae C. reinhardtii and C. vulgaris, and the red microalga
Porphyridium purpureum lack GnT I, which has been validated experimentally [83,97,98,101]. Thus,
the N-glycosylation pathway in these species is defined as GnT I-independent. In this pathway, the 5
Man and 2 GIcNAc N-linked protein is subjected to the action of xylosyltransferases (XyT) and
methyltransferases (MeT), leading to unique N-linked structures containing methylated mannoses
linked to one or two xyloses (Figure 1.1). The structures vary slightly among these microalgae, with
different possible locations of the xylose residues [83,97,98,101]. On the other hand, Baiet and colleagues
[99] demonstrated that GnT I is present and active in the diatom P. tricornutum. In this case, GnT I
transfers an N-acetylglucosamine residue to the 5 Man and 2 GlcNAc N-linked protein in the Golgi
apparatus. The structure is then subjected to a-mannosidase Il (a-Man II) and fucosyltransferase (FuT),
resulting in paucimannosidic (Mans_4GlcNAc») fucosylated N-glycans [99] (Figure 1.1C). The GnT I-

dependent pathway is also present in the green microalga Botryococcus braunii [100]. N-linked glycans
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in B. braunii present methylation of mannose residues (absent in P. tricornutum) and the terminal

GlcNAc (linked to the a(1,3)-mannose arm) can be attached to an additional hexose [100] (Figure 1.1C).

Due to the presence of a eukaryotic PTM machinery and several different glycosidases, both GnT I-
independent and GnT I-dependent microalgal species show N-glycosylation patterns more similar to
humans than E. coli (glycosylation absent) and yeasts (“hyper-mannosidic” N-glycans). Nevertheless,
discrepancies between human and microalgal N-glycans are still relevant. The absence of GnT I enzyme
in GnT I-independent species is a significant issue. GnT I activity serves as starting point to produce
“complex” and “hybrid” glycans, and its absence prohibits the construction of two out of three possible
human N-glycan structures. Moreover, both GnT I-independent species listed here present abundant
methylation of residues (absent in humans) and C. reinhardtii also presents attachment of Xyl residues,
which is another immunogenic trait. Unsurprisingly, GnT I-dependent microalgae resemble human
glycosylation more than GnT I-independent species. B. braunii shows native N-glycans similar to
human “hybrid” structures, and P. tricornutum presents paucimannosidic glycans, an important pattern
found in a specific class of biopharmaceuticals (as explained in Chapter 1, section 6.7.2) [102,103].
Nonetheless, a(1,3)-fucose residues in P. tricornutum [104] and methylation of mannoses in B. braunii

[100] are both N-glycan characteristics absent in humans.

5.2. O-glycosylation
O-glycosylation involves an oxygen-carbon bond between the hydroxyl group of a Ser or Thr residue
of the protein and the polysaccharide chain (Figure 1.2). There are 7 subclasses of O-glycans, based on
which monosaccharide is directly attached to the protein [105]. In humans, the most frequently observed
O-glycoproteins are mucins and proteoglycans [96,105] (Figure 1.2). The first monosaccharide attached
to a mucin protein is an N-acetylgalactosamine (GalNAc), usually followed by galactose (Gal) or a
GlcNACc [96]. On the other hand, xylose is the first monosaccharide attached to a proteoglycan, followed
by Gal [106]. Other important O-linked monosaccharides that can initiate the polysaccharide chain are
Fuc and Man; O-fucosylation plays a fundamental role in transmembrane signalling [107,108] and O-

mannosylation is involved in muscle and brain development [109]. While the O-GalNAcylation starts
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directly in the Golgi apparatus, all the other structures begin in the ER and the whole polysaccharide is

later synthesized in the Golgi, like for N-glycans synthesis [105].

In most organisms including humans, O-glycosylation does not present a common structure or a
consensus sequence, and many different structures are possible. Nevertheless, unique species-specific
O-glycans are still recognisable in some organisms. E. coli lacks the eukaryotic organelles and PTM
machinery to perform O-glycosylation [6]. O-glycans in yeasts present a core structure composed of a
Man residue attached to a Ser or a Thr [110]. This structure presents a core Man with multiple mannoses
attached, resulting in yeast-specific hyper-mannose O-glycans [110] (Figure 1.2). The majority of O-
glycans in CHO cells present a core structure with a GalNAc residue attached to a Ser or a Thr, the
same core structure as human mucins [111]. The GalNAc residue can be further linked to a Gal or a
GlcNAc residue [111,112] (Figure 1.2). O-glycosylation core structures in plants can present a Gal
residue attached to a Ser or a unique arabinose (Ara) residue attached to a hydroxyproline (Hyp) amino
acid [113]. Recombinant interferon (IFN) alpha 2b expressed in tobacco cells showed a unique O-glycan

pattern with a Hyp-O-Gal core and several Ara and Gal residues [114].

To date, there is only one study reporting O-glycosylation analysis of proteins produced in microalgae.
Bollig and colleagues [115] analysed linear hydroxyproline-bound O-glycans native proteins of the
green alga C. reinhardtii, showing similarities and differences with higher plant O-glycans. They found
the same O-glycoprotein core as in plants (Hyp-O-Ara-Ara), suggesting conservation within the green
lineage. However, they also found a higher heterogeneity of glycans in C. reinhardtii, with the presence
of galactofuran residues and methylated residues (absent in plants) [115]. Based on the structures
experimentally characterized, they speculated about the O-glycosylation pathways in C. reinhardtii.
They proposed that two arabinosyltransferases add the first two Ara residues to Hyp, and that a
galactofuranosyltransferase and two methyltransferases specific to C. reinhardtii perform the final

modifications [115].
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While there is minimal experimental information available on O-glycosylation in microalgae, existing
data suggests key differences with human glycosylation patterns. C. reinhardtii native O-glycoproteins
present methylated residues on O-glycans, a trait also found in microalgal N-glycans but completely
absent in humans. Moreover, the Hyp-O-Ara core has not been found in humans, suggesting the
possibility of immunogenic activity for these type of O-glycans. However, further investigation of
microalgal O-glycosylation is unquestionably needed; for example, it is not known to what extent the
C. reinhardtii O-glycan core structure is immunogenic, if other species present similar O-glycan core
structures, and whether these glycosylation patterns will also be found on recombinant proteins. In

conclusion, more research must be conducted to unravel the O-glycosylation patterns in microalgae.

CHO CELLS PLANTS
A PROTEOGLYCANS
® Mannose
T O Galactose
@ Arabinose
W N-acetylglucosamine (GlcNAc)
iMel— Possibly methylated residue
OTHERS * Xylose
T T 4 Fucose
HUMANS YEASTS C. reinhardtii

Figure 1.2. A comparison of the different O-glycosylation patterns among humans, CHO cells, yeasts, plants, and
microalgae. Experimental evidence for O-glycosylation in microalgae is limited to C. reinhardtii [115].
Native C. reinhardtii proteins possess a (Hyp-O-Ara-Ara) core and methylated residues, characteristics that
differ significantly from human O-glycosylation patterns. Ser/Thr = serine or threonine. Hyp =
hydroxyproline. Green circle = Mannose. Yellow circle = Galactose. Orange pentagon = Arabinose. Blue

square = GlcNAc. Me = Methylated residue. Purple star = Xylose. Red triangle = Fucose.
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5.3. Computationally predicted distribution of microalgal N- and O- glycosylation

enzymes

Experimental evidence from a limited number of microalgal species hints at a wide diversity of N-

glycosylation patterns among different microalgal taxa. For example, the major glycosylation

differences in two species (C. reinhardtii and B. braunii) belonging to the same phylum (Chlorophyta)

suggest an extensive level of variation. On the other hand, it is difficult to assess the diversity of O-

glycoproteins in microalgae, as O-glycosylation has not been adequately investigated across multiple

groups. Although information from experimental characterization remains limited, computational

analysis of available algal genomes permits the hypothetical reconstruction of protein N- and O-

glycosylation pathways (Figure 1.3).

Protein EC number Enzyme full name Organism
AMANI 321113 Mannosyl-cligosaccharide 1 2-alpha-mannosidase TA Jfrom H. sapiens
MGAT/GNT I 241101 Alpha-1_3-mannosyl-glycoprotemn 2-beta-N-acetylglicosaminyliransferase Jrom H. sapiens
ANMANTI 32.1.114 Alpha-mannosidase 2 Sfrom H. sapiens
MGAT2/GNTII | 241143 Alpha-16-mammosyl-glycoprotemn 2-beta-N-acetylglucosaminyliransferase Jfrom H. sapiens
MGAT3/GNTIII | 2.4.1.144 Beta-1.4-mannosyl-glycoprotein 4-beta-N-acetylghicosaminyltransferase Sfrom H. sapiens
é MGAT4A/GNTIV| 2.4.1.145 Alpha-1.3-mannosyl-glvcoprotein 4-beta-N-acetylglucosaminylransferase A | from H. sapiens
? MGATS/GNTV | 2.4.1.155 Alpha-1.6-mannosylglycoprotein 6-beta-N-acetylglhicosaminyltransferase A | from H. sapiens
;—::T FUTS3 2.4.1.68 Alpha-(1.6)-fucosyltransferase Sfrom H. sapiens
B4GALT1 24138 [B-1.4-galactosyltransferase 1 from H. sapiens
ST3GAL3 24996 CMP-N-acetylneuraminate-beta-1.4-galactoside alpha-2.3-sialyltransferase Sfrom H. sapiens
ST6GALL 24991 Beta-galactoside alpha-2 6-sialyltransferase 1 from H. sapiens
FUTI1L 241214 Glycoprotein 3-alpha-L-fucosyltransferase A from A thaliana --
XYLT 24238 Beta-1.2-xvlosyltransferase from A thaliana -
POMT1 24.1.109 Protein O-mannosyl-transferase 1 from H. sapiens
POMT2 24.1.109 Protein O-mannosyl-transferase 2 Jrom H. sapiens
GALNTI 24141 Polypeptide N-acetylgalactosaminyltransferase 1 from H. sapiens
: POFUT1 241221 GDP-fucose protein O-fucosyltransferase 1 Jrom H. sapiens
% XYLT1 24226 Xylosyltransferase 1 Jrom H. sapiens --
% HPATI 24258 Hydroxyproline O-arabinosyltransferase 1 from A thaliana
o HPAT3 24258 Hydroxyproline O-arabmosyliransferase 3 Srom A thaliana
GALT? 241, Hydroxyproline O-galactosyltransferase GALTZ Srom A thaliana
SERGT1 241 Peptidyl serine alpha-galactosyltransferase Srom A thaliana -
RRA1 242 Arabmosyltransferase RRA1 Srom A thaliana
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Figure 1.3. Hypothetical presence of protein N-glycosylation and O-glycosylation enzymes in the representative
microalgal species, P. purpureum (PP), P. tricornutum (PT), Nannochloropsis gaditana (NG), C. reinhardtii
(CR), B. braunii (BB), and C. vulgaris (CV), compared with glycosylation enzymes from H. sapiens and A.
thaliana. Enzymes are classified as present (dark blue), potentially present (light blue) or missing (grey). The
genome assemblies of genomes C. reinhardtii (GCA_000002595), P. purpureum (GCA_000397085), P.
tricornutum (GCF_000150955), B. braunii (GCA_002005505), C. vulgaris (GCA_001021125), and N.
gaditana (GCA_000569095; GCF_000240725; GCA_001614215), were downloaded from the National
Center for Biotechnology Information (NCBI). Potential Open Reading Frames (ORF) sequences were
predicted on all assemblies using EMBOSS’ geforf command [116]. Gene candidates were identified using
the Basic Local Alignment Tool (BLAST) [117] searching all predicted ORFs for a list of candidate genes.
Additionally, template genes were searched for functional domains using PFAM [118] and HMMER v3 [119].
Hit-domain motifs were downloaded and search for in the predicted ORFs. All candidate ORFs determined
with BLAST and Pfam domain searches were finally searched and aligned on the NCBI BLASTp webpage.
Sequences were classified as present if the candidate ORFs returned good hits (e-value <1-%) to proteins of
the same or closely related organism annotated with the exact function searched for. Sequences were
classified as potentially present if: (1) only closely related proteins were identified using BLAST, but specific
PFAM domains were present in the genome; (2) BLASTp returned good hits (e-value <1-%°) to closely related
functional proteins in any other organism. All other genes were classified as missing. The glycoprofiles were

hierarchically clustered using seaborn cluster map with Euclidean method on Python.

The computational analysis shown in Figure 1.3 supports the observation that glycosylation pathways
differ significantly among diverse algal taxa, as all species investigated were predicted to have a unique
combination of glycosylation enzymes. However, computational analysis only shows anticipated
presence or absence of homologous enzymes and should always be supported by experimental analysis.
For example, experimental analysis of glycosylation patterns of P. purpureum did not show activity of
GnT I enzyme (Figure 1.1). However, GnT 1 is classified as present in the computational analysis.
Similarly, all O-arabinosyltransferases from 4. thaliana (HPAT1 and HPAT?3) are classified as absent

in C. reinhardtii (Figure 1.3), but core arabinose O-glycans have been detected in this microalga [115]
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(Figure 1.2). Nevertheless, computational analysis can give fundamental insight on microalgal species

to be subsequently selected for further experimental analysis.

C. reinhardtii shows a very different enzyme population relative to humans and to A4. thaliana, except
for possible presence of an O-fucosyltransferase (POFUT1) that could result in core fucose O-glycans
for this species. Another interesting result is the possible presence of a plant-like N-linked B(1,2)-
xylosyltransferase (XYLT). C. reinhardtii is known to have xylose residues linked to the core GlcNAc
and the antennas, and a previous study has demonstrated the presence of two xylosyltransferases, named
XTA and XTB [120]. The absence of HPAT1 and HPATS3 in this microalga was unexpected, given that
this microalga was shown to produce O-arabinose structures [115]. This suggests the potential presence

of alternative enzymes in C. reinhardtii capable of linking core O-arabinoses.

Unlike C. reinhardtii, the green algae B. braunii and C. vulgaris show the potential presence of GnT I,
which is supported by experimental analysis in B. braunii. Both species contain candidate genes for
core a(1,3)-fucosyltransferase (FUT11), which is immunogenic in humans, and its presence strongly
influences the efficacy of biopharmaceuticals [84]. B. braunii is the only species to show possible
presence of a(2,6)-sialyltransferase (ST6GALT1), which is an important modification found in human
proteins. The O-glycosylation pathway in B. braunii and C. vulgaris presents some similarities: the
enzymes O-fucosyltransferase (POFUT1), and O-arabinosyltransferases from A. thaliana HPAT1 and
HPATS3 are classified as possibly present in both species. However, the two species also show some
differences. In fact, only B. braunii possibly presents homologues to the O-GalNAc transferase
(GALNTI), whilst homologous enzymes of plant arabinosyltransferase (RRA1) are possibly present

only in C. vulgaris.

P. purpureum shows the presence of GnT I, in contradiction with experimental data [98]. It also contains
putative homologues to human a(1,6)-fucosyltransferase (FUT8) and FUTI11, which can affect
biopharmaceutical efficacy [4] and immunogenicity [84], respectively. P. purpureum is predicted to
have a homologue to human [-1,4-galactosyltransferase 1 (B4GALT1), which is involved in the
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attachment of the fundamental human residue sialic acid. However, other enzymes involved in this
pathway including a(2,3)-sialyltransferase, a(2,6)-sialyltransferase, GnT I, GnT IV, and GnT V were
not detected. For O-glycans, P. purpureum shows the potential presence of human-like O-mannose and
O-GalNAc cores, and homologous enzymes of plant arabinosyltransferase (RRA1). This enzyme,
however, is not involved in core O-arabinose linkage; core (O-arabinose enzymes are reported as

missing.

Although both species belong to the stramenopile lineage, P. tricornutum and N. gaditana vary with
respect to the presence of GnT I, which has been predicted in P. tricornutum but is not detected in N.
gaditana. However, both species have putative homologues for human a(1,6)-fucosyltransferase and
plant a(1,3)-fucosyltransferase, two enzymes linked to decreased efficacy of biopharmaceuticals.
Additionally, P. tricornutum is also predicted to harbour a homologue to plant B(1,2)-xylosyltransferase
(XYLT) that may add immunogenic residues, although the presence of this enzyme was not detected
experimentally [99]. Regarding O-glycosylation, both species show possible presence of enzymes
involved in the attachment of O-xylose and O-fucose cores. In addition, P. tricornutum may also
produce O-GalNAc cores; however, experimental analysis of O-glycans produced in these species is

still needed.

Although the computational analysis suggests that several model algal species possess promising
characteristics for biopharmaceutical production, including the presence of GnT I, several potentially
problematic enzymes are also present. Given the diversity of microalgal glycans and the predicted
differences with human glycosylation profiles, “humanization” of microalgae glycans via glyco-
engineering is likely needed to avoid immunogenicity in recombinant biopharmaceuticals produced in

microalgae [4].

6. STRATEGIES FOR MANIPULATING PROTEIN GLYCOSYLATION
In biofactories such as E. coli, yeasts, CHO cells, and plants, different glyco-engineering techniques

have been successfully used to manipulate and “humanize” glycans to produce safe biopharmaceuticals
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for patients (E. coli: [121,122]. Yeasts: [123,124]. CHO cells: [125,126]. Plants: [103,127]). However,
none of these techniques have yet been applied to microalgae. Glyco-engineering strategies can be
divided in two main categories: protein engineering and cell engineering [87] (Figure 1.4). Protein
glyco-engineering strategies target the recombinant glycoprotein before its translation (by modifying
its DNA sequence), during its translation (by modifying its subcellular location), or after its translation
(by modifying its glycosylation pattern) [87,128]. Cell glyco-engineering approaches introduce or

modify the expression and the activity of target enzymes involved in the glycosylation pathways [87].
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B. CELL GLYCO-ENGINEERING
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Figure 1.4. A schematic of different glyco-engineering strategies; (A) protein engineering and (B) cell
engineering. Protein glyco-engineering approaches (A) can target (1) the recombinant DNA sequence
(rDNA), (2) the sub-cellular location of the biopharmaceutical, and (3) the glycosylation pattern of the
translated protein. Cell glyco-engineering strategies (B) can modify the activity of glycosylation enzymes by
(1) random genetic insertion, (2) targeted gene knock-in or knock-out, and (3) inhibitor interference. Green
circle = Mannose. Blue circle = Glucose. Yellow circle = Galactose. Blue square = GlcNAc. Fuchsia diamond

= Sialic acid. Yellow star = Xylose. Red triangle = Fucose.

6.1. Protein engineering

6.1.1. Glycoprotein sequence engineering
This strategy is based on changing the amino acid sequence of a recombinant protein without changing
its structure or activity, to either i) increase the number of glycans present or ii) remove glycan
attachment sites. The first strategy is used in the case of non-immunogenic recombinant glycoproteins
in order to enhance their activity, while the second strategy prevents a protein from being glycosylated

and therefore reduces its immunogenicity [129]. This approach could be applied to microalgae,
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considering the advanced status of microalgal genetic manipulation in many different species [12].
However, these strategies present many limitations, as altering a protein natural glycosylation is likely
to cause diminished activity and stability, as demonstrated for IFN- [130] and for IgG-like antibody-

based therapeutics [131].

6.1.2. Subcellular location engineering
Although major protein modification occurs during ER and Golgi processing, glycans can be
additionally modified during transport or within other organelles [102]. Targeting and transporting a
recombinant protein to a specific organelle can result in a specific glycan pattern. For example, in plants,
glycoproteins targeted and transported to vacuoles present characteristic paucimannosidic N-glycans
[102]. Recombinant glucocerebrosidase (GCD), a biopharmaceutical used for Gaucher’s disease
treatment, was found not to be effective unless it presented paucimannosidic N-glycans [103]. In vivo
protein glyco-engineering has been achieved by expressing a recombinant GCD with a C-terminal
vacuole-targeting signal in transgenic carrot cells, leading to the successful production of a
paucimannosidic biopharmaceutical (ELELYSO®) [103], approved for Gaucher’s disease treatment by
FDA in 2012 [2]. Microalgae, like plants, possess a vacuole, therefore it might be possible to target
proteins to this organelle and obtain paucimannosidic N-glycans. Moreover, the microalga P.
tricornutum naturally expresses paucimannosidic fucosylated N-glycans [99]. Although the function of
microalgal vacuole is still under-characterized compared to higher plants [132], subcellular localization
engineering might result in successful production of paucimannosidic biopharmaceuticals in
microalgae. Interestingly, microalgal vacuole signal peptides for P. tricornutum have been identified
[133]. However, subcellular location engineering presents a major downside: it is not possible to
add/remove a targeted residue from the glycan. Therefore, this approach is strictly related to the
organelle targeted for protein transportation and the resulting specific glycosylation pattern. Vacuole-
targeting glyco-engineering, for example, is specific to proteins like GCD which require a
paucimannosidic glycosylation pattern to be active. To remove a selected immunogenic residue, or to

add a necessary residue, it is necessary to apply a different glyco-engineering approach.
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6.1.3. Glycosylation pattern engineering
Glycosylation pattern engineering targets the glycan after its synthesis by trimming it to its first residue
and then reconstructing a new pattern in vitro. This post-translational remodelling of the glycan can be
achieved either enzymatically or chemically. These two strategies are briefly described below, but for
detailed insight I refer the reader to reviews by Wang and Lomino [134] and Chalker and colleagues

[135].

Chemoenzymatic glycan remodelling uses enzymes to both trim the pre-existing glycan and to construct
the in vitro desired pattern [87]. Studies focusing on the enzymatic single step transfer of a pre-
assembled glycan have shown successful results in E. coli [121,122], P. pastoris [136] and CHO cells

[137].

During chemoselective and site-specific glycosylation, a tag is inserted on glycosylation sites on the
amino acid backbone by site-directed mutagenesis. A glycan is then added to these tags by bio-
orthogonal chemoselective ligation with a modified glycan carrying a compatible functional group. The
tag on the protein and the functional group on the glycan are complementary and will selectively
recognize each other, enabling a targeted insertion of glycans onto the amino acid backbone [136,137]
(Figure 1.4A). Glycosylation pattern engineering is independent of the expression host and therefore

could be used in microalgae.

6.2. Cell glyco-engineering
To produce desired human-like glycans or add crucial human residues to existing glycans, it is possible
to target the species-specific glycosylation enzymes responsible for the attachment of immunogenic
glycans [19,20,21,22,23] using cell glyco-engineering approaches. Cell glyco-engineering can be
achieved by using inhibitors or genetic engineering to introduce or modify the expression of enzymes

involved in glycosylation pathways [87,136] (Figure 1.4B).
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6.2.1. Glyco-engineering by inhibitor interference
An inhibitor interference approach uses small molecules that specifically inhibit or interfere with the
activity of specific enzymes in the glycosylation pathway [134] (Figure 1.4B). Small molecules such as
N-butyl deoxynojirimycin, kifunensine, and swainsonine inhibit the activity of glycosylation enzymes
such as the ER a-glucosidases I and II, the ER a-mannosidase-I and the Golgi a-mannosidase 1. These
molecules are conventionally added to the cell culture before harvesting. Inhibitor interference mostly
targets enzymes involved with the formation of the glycan precursor in the ER to block their activity
and produce simplified glycans [134]. This technique could be applied to microalgae assuming that non-
toxic inhibitors specific to microalgal glycosylation enzymes (such as fucosyltransferase and
xylosyltransferase) can be identified. However, successful inhibitors might be difficult to find for these
organisms, considering the evolutionary and metabolic biodiversity of microalgae. One example is the
insensitivity of the diatom P. tricornutum to the activity of terbinafine (well-known inhibitor of the
ubiquitous enzyme squalene epoxidase) [138,139]. Moreover, inhibitor interference strategies can only
prevent the attachment of specific residues, they cannot enhance or introduce expression of human
glycosylation enzymes absent in microalgae (such as the enzyme GnT I in C. reinhardtii and P.
purpureum). To obtain “hybrid” or “complex” glycans it is necessary to genetically engineer the

glycosylation machinery of the host organism.

6.2.2. Genetic glyco-engineering
Genetic glyco-engineering can be achieved by either introduction of heterologous glycosylation
machinery or inactivation of endogenous enzymes. The integration of one or more genes coding glyco-
enzymes can be achieved by random insertion or targeted knock-in (KI) of recombinant DNA into the
host genome. The inserted DNA encodes for specific enzymes absent in the wild-type organism that
will add the desired residues to the recombinant glycoprotein. One successful example of this strategy
is the overexpression of the enzyme GnT III in CHO cells, which is responsible for bisecting GIcNAc
containing glycoforms [140]. These bisected glycans are less prone to attach core-linked fucose,
resulting in increased efficacy of the recombinant therapeutic glycoprotein [141,142]. Obinutuzumab

(GA101 or GAZYVA®) is the example of an FDA approved non-fucosylated drug obtained through
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enzyme overexpression in CHO cells [143,144]. Although expression of exogenous enzymes has been
proven as an effective strategy, expression must be carefully regulated. Overexpression of glycosylation
enzymes can lead to the attachment of extra residues on the glycan, possibly affecting the stability and

activity of the recombinant protein.

A major technology advancement across all host systems including microalgae has been the
development of targeted genome engineering aided by DNA nucleases, including zinc finger nucleases
(ZFNs) [145], transcription activator—like effector nucleases (TALENSs) [146], and clustered regularly
interspaced short palindromic repeat/targeted Cas9 endonuclease (CRISPR-Cas9) [147,148,149] (Figure
1.4B). DNA nucleases are able to generate double stranded DNA breaks at precise genomic locations
of interest, increasing the likelihood of exogenous DNA integration at a desired location, instead of at
a random location. Random integration, while much easier to achieve following conventional DNA
transformation strategies, is prone to position effect regarding transgene expression and uncharacterised
genomic disruptions. Targeted gene integration can improve transgene expression levels when
appropriate integration locations are selected; namely, regions that permit insertion of exogenous genes
without disrupting the host natural gene expression whilst simultaneously lowering the risk of silencing
of the exogenous DNA. Such regions, known as “safe harbours” have been frequently used in human
and mouse cell lines [150,151,152]. Identified safe harbour loci knowledge, coupled with efficient
endonuclease-mediated targeted integration transformation protocols, can revolutionise genetic
engineering strategies to produce recombinant biopharmaceuticals by circumventing reproducibility

and stability issues associated with random chromosomal integration [153].

Similar to exogenous enzyme insertion, endogenous enzyme removal strategies can be random or
targeted. Gene(s) knock-down (KD) strategies result in reduced activity of the glycosylation enzymes
and can be achieved by gene(s) silencing techniques, such as RNA interference [154] or CRISPR
interference (CRISPRi) [155]. However, gene(s) KD does not completely inactivate enzyme expression,
often resulting in still high levels of the targeted undesired enzyme activity and consequently in the
attachment of the unwanted immunogenic residues. Gene(s) knock-out (KO), on the other hand, disrupts
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a gene that encodes for a specific enzyme in the glycosylation pathway in order to permanently suppress
its function [134]. Gene KO can be obtained by targeted genome editing strategies and/or random
insertional mutagenesis [156,157]. This strategy results in loss-of-function mutant cell lines that do not
produce the target enzyme, and consequently, lack the undesired residues [87]. Targeted gene(s) KO
strategies (ZFNs and CRISPR-Cas9) were successfully used in CHO cells to inactivate the gene
responsible for core-linked fucose residues (FUTS) and generate non-fucosylated glycans [125,126].
Non-fucosylated biopharmaceuticals expressed in FUTS-KO cell lines showed increased efficacy [4].
Mogamulizumab (POTELIGEO®) and Benralizumab (MEDI-563, Fasenra™) are two examples of
FDA approved non-fucosylated biopharmaceuticals expressed in FUTS-KO CHO cell lines [158].
However, inactivating gene(s) might have secondary detrimental effects on native proteins and

consequently on the host organism.

In non-mammalian hosts, integrating human glycosylation enzymes is not sufficient to avoid the
presence of immunogenic residues. Exogenous gene integration needs to be coupled with KD or KO of
endogenous gene(s) coding for species-specific enzymes [87,134]. A combined approach of exogenous
gene insertion and inactivation of endogenous genes was successfully used in yeasts [123,124,159] and

plants species such as Lemna minor [160], A. thaliana [127,161] and N. benthamiana [162,163,164].

7. FUTURE PERSPECTIVE FOR GLYCO-ENGINEERING IN MICROALGAE

The effectiveness of glyco-engineering approaches has been demonstrated in many different organisms,
both mammalian and non-mammalian, setting the stage for glyco-engineering in microalgae. However,
to progress glyco-engineering strategies in microalgae, it is still necessary to improve our knowledge
of microalgal glycosylation status (by genomic and experimental evidence) and thus generate a
comprehensive and detailed overview of the glycosylation pathways. Unlike in common expression
systems, the N- and O-glycosylation pathways in microalgae have yet to be fully characterized. In this
introduction, I provided an in silico analysis of glycosylation enzymes in five microalgal species, based
on homology with higher organisms (Figure 1.3). These reconstructed pathways, combined with

previous glycosylation analysis in other microalgal species (both empirical and putative), support the
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presence of a vast diversity of glycosylation patterns and can be used to identify future targets for glyco-

engineering in microalgae.

An important consideration for recombinant biopharmaceutical production in microalgae is the choice
of host species, as glycosylation status among microalgae has been shown to be very diverse (Chapter
1, section 5.7 and 5.2). For N-glycans, a first selection criteria might be the presence or absence of the
GnT I enzyme. GnT I-independent species show complete absence of “hybrid” and “complex” human-
like glycans, whereas they still present undesired enzymes and their products (namely Xyl, Fuc, and
methylation of residues). However, performing a KI of the GnT I enzyme in a GnT I-independent
species lacking FuT, XyT, and MeT (based on computational analysis) might result in non-
immunogenic “hybrid” and “complex” glycans. A recent study pursued this strategy in C. vulgaris and
characterised “hybrid” N-glycans lacking fucose or xylose residues after overexpression of recombinant
GnT I [101]. Alternatively, GnT I-dependent species already present “hybrid” and “complex” glycans.
However, FuT, XyT, and MeT enzymes may still be present and active. Selection of a species that does
not possess FuT, XyT, and MeT, or targeted KD or KO of these enzymes would prevent the attachment
of the immunogenic residues. Species such as B. braunii and P. tricornutum are GnT I-dependent
species lacking FuT, XyT, and MeT that also have a putative a-mannosidase II (computational
analysis). These are particularly interesting candidates to produce paucimannosidic non-immunogenic
glycans. However, this strategy is limited by native methylation of residues in B. braunii, a possibly
immunogenic trait [100]. P. tricornutum, on the other hand, does not present methylated residues, but
has a core a(1,3)-fucosyltransferase. It might be effective to KD or KO the fucosyltransferase in P.
tricornutum and obtain paucimannosidic non-immunogenic glycans in an already well-known and well-

characterised microalgal species.

Both GnT I-independent and GnT I-dependent species are missing a very important residue present in
humans: sialic acid. Enzymes such as o(2,3)-sialyltransferase (ST3GAL3), a(2,6)-sialyltransferase
(ST6GAL1), B(1,4)-galactosyltransferase (B4GALT1), GnT I, GnT IV, and GnT V are all involved in
the sialic acid pathway, and completely (or almost completely) absent in microalgae. It has been shown
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how overexpression of this pathway in CHO cells resulted in improved recombinant biopharmaceuticals
production [165,165,167]. Figure 1.3 shows putative presence of some of these enzymes in some
microalgal species. However, the complete pathway is absent in all the species that were
computationally analysed. Furthermore, sialic acid has never been reported in any of the species
experimentally analysed. Therefore, an extensive amount of glyco-engineering might be required to

obtain this residue in any of these species.

The absence of a consensus sequence, a common core, and recurring patterns has made a comprehensive
O-glycosylation immunogenicity analysis more challenging. The only glycosylation analysis available
in microalgae (for C. reinhardtii) showed similarity with higher plants, with the addition of methylated
residues. Immunogenicity of recombinant O-glycoproteins from plants has not been tested, however the
absence of a similar O-glycan core in humans inspires little confidence. The computational analysis
shown in Figure 1.3 offers interesting insight. Human O-xylose and O-fucose cores might be present in
more than one microalgal species. Interestingly, microalgae and plants show limited homology (Figure
1.3). However, this should be considered only as a starting point for further experimental analysis of

microalgal O-glycosylation.

In conclusion, there are still major hurdles limiting glyco-engineering in microalgae. Obtaining
experimental information for a single species is challenging and may very well expose immunogenic
traits in the selected microalgal glycans. Some immunogenic traits may be compatible with protein or
cell engineering, while others may be too complex or widespread to warrant further investigation. There
is also no clear evidence to guide which microalgal species might be more appropriate in this regard
over others. Moreover, considering the diversity of glycosylation among microalgae, the information
obtained cannot be extended to other species, and each microalga must be experimentally investigated.
However, glycosylation status of microalgae is still closer to human patterns when compared to
glycosylation in bacteria and yeasts. Given the recent advancements in various model microalgal
genetic toolkits, glyco-engineering approaches hold great potential to produce non-immunogenic
biopharmaceuticals in microalgae.
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1. ABSTRACT

The green microalga Chlamydomonas reinhardtii has recently emerged as a promising cell biofactory
for recombinant protein production. However, major disadvantages such as low nuclear transgene
expression still have to be overcome to establish C. reinhardtii as a commercially viable platform. One
of the reasons for low expression levels is the defence mechanisms activated by the alga to counteract
the genetic modifications. To better understand these mechanisms, I compared the proteomes of the
wild type strain 137¢ and the broadly used cell wall-deficient UV mutated strain UVM4 known for its
higher nuclear transgene expression efficiency. When grown under the same conditions, strain UVM4
showed different intracellular and extracellular proteomic profiles than the wild type, with particularly
higher abundance of proteins involved in chromatin remodelling and translation pathways, while
proteolysis proteins showed lower abundance. These results offer important new insights about the
modified pathways in strain UVM4 and possible reasons for its higher secreted recombinant protein
production. This study also identifies potential protein targets for future genetic engineering to generate
new highly expressing strains or to improve the existing ones, and to consequently increase the yields

of recombinant biopharmaceuticals in Chlamydomonas reinhardtii.
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2. INTRODUCTION

Over the past twenty years, the chlorophyte Chlamydomonas reinhardtii has emerged as a promising
alternative biofactory for the production of recombinant proteins (RPs) (Table 1.1, Chapter 1) [1,2]. C.
reinhardtii possesses economically interesting features, such as high growth rates and minimal culture
media requirements [3]. Unlike mammalian cells, C. reinhardtii cannot be contaminated by human
pathogens and is generally recognized as safe (GRAS) [4]. C. reinhardtii also shares a similar post-
translational machinery with higher eukaryotes, facilitating production of complex RPs that require
post-translational processing and modification to enhance their stability and functional activity [3,5,6,7].
These advantages, combined with the availability of its fully sequenced nuclear and organellar genomes
as well as an advanced genetic toolkit [4], make C. reinhardtii the most comprehensive microalgal

platform for expression of RPs.

RP production in C. reinhardtii can be achieved in both the chloroplast and the nucleus. The level of
chloroplastic transgene expression can reach 20% of total soluble protein [3], however the chloroplast
lacks the required machinery to perform a fundamental post-translational modification (PTM) such as
glycosylation [4,7]. Nuclear-encoded proteins, on the other hand, can be glycosylated through the
secretory pathway. By adding a secretion signal peptide, the nuclear translated protein can be directed
to the endoplasmic reticulum (ER) and subsequently to the Golgi apparatus [8]. During the transition
through the secretory pathway, the recombinant protein is modified to reach its final stable and active
form, although the glycosylation pattern may not resemble the original one from the source organism

(Figure 1.1 and 1.2, Chapter 1) [9].

Unfortunately, low nuclear transgene expression in C. reinhardtii still represents a major issue for
industrial RP production [10]. Many different strategies have been examined over time to achieve
efficient nuclear expression in C. reinhardtii, from the development of new promoters to the addition
of functional peptides to improve expression and allow secretion [8,11,12]. A major advance was the

generation by Neupert and colleagues [10] of the UVM4 strain, a cell wall-deficient UV mutated C.
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reinhardtii cell line with improved RP yields. The work from Neupert and colleagues was based on the
hypothesis that low nuclear expression levels in C. reinhardtii is caused by epigenetic transgene
suppression mechanisms or by unconventionally tight chromatin structure. Therefore, the authors aimed
at knocking-out the gene(s) allegedly responsible for low nuclear transgenic expression through UV
mutagenesis [10]. To select the higher expressive cell lines, an arginine-auxotrophic cell wall-deficient
C. reinhardtii strain (cw15-302 cwd mt+ arg7) was genetically modified by nuclear co-transformation
of the ARG?7 gene (to restore arginine prototrophy) with the CRY -1 gene (to allow transgene expression
measurement). A positive strain (arginine-prototrophic strain showing overexpression of the CRY1-1
gene) was subjected to UV mutagenesis. Two of these mutant strains (UMV4 and UVM11) were found
to have increased expression of recombinant GFP and YFP [10]. UM V4 has since been widely exploited
for RP production, achieving remarkable yields of secreted RP (12 — 15 mg/L) [13,14]. However, despite
this significant advance towards more efficient nuclear transgene expression in C. reinhardtii, little is
known about the mechanism(s) that convey the high RP phenotype in UVM4.

Ten years after the publication by Neupert and colleagues [10], the gene(s) and pathway(s) that might
be associated with the enhance RPs expression in UVM4, such as enhanced transgene expression,
diminished recombinant protein degradation, or others, remain unexplored [10,15]. Moreover, random
UV mutagenesis could have mutated other pathways unrelated to transgene expression but still relevant
for altered RP yield. For example, a mutant with faster energy metabolism might result in a higher
growth rate and consequently higher biomass, contributing to higher RP yields. Another important
consideration is glycosylation of the RP. In fact, glycosylation directly and indirectly influences yield,

efficacy, pharmacokinetics, and immunogenicity of RPs (as described in Chapter 1).

Here, I conduct the first proteome analysis and comparison of both intracellular and extracellular
fractions of the cell wall-deficient UV mutated C. reinhardtii strain UVM4, compared to the basic wild
type strain cc-125 mt+ (also named strain 137c¢), to investigate abundance of the products of Open
Reading Frames to infer changes in gene expression. This study provides the first proteomic insights
into this biotechnologically useful and widespread strain with the ultimate goal to better understand the
cellular and molecular mechanisms possibly driving higher RP production in strain UVM4.
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3. MATERIALS AND METHODS

C. reinhardtii cultivation conditions and harvesting

C. reinhardtii wild type strain cc-125 mt+ (also named strain 137c) was purchased from Invitrogen
(GeneArt® Chlamydomonas Protein Expression Kit). C. reinhardtii strain UVM4 was graciously
provided by Prof. Ralph Bock. Strain UVM4 was obtained after genetic engineering and UV
mutagenesis of strain CC-4350. Strain CC-4350 was isolated by Matagne et al. from a cross between a
cell wall-deficient strain obtained from Davies and Plaskitt [28] (from the cw15 family) and an arg7-8
nit-1 nit-2 strain from the laboratory of Prof. Matagne. Both strain cw15 and arg7-8 nit-1 nit-2 were
derived from strain CC-125 mt¢+ (also named strain 137c¢) [28] [Prof. Matagne dir. comm.]. C. reinhardtii
strains 137¢ and UVM4 were up-scaled from a single colony and grown under mixotrophic conditions
at 25°C and 100 rpm in 4 mL Tris Acetate Phosphate (TAP) medium [17] with ~50 umol photons m
s ! of continuous light until mid-exponential phase (~1.5 OD at 750 nm). The cells were then transferred
(1:250 inoculum ratio) to 500 mL of TAP medium and grown under the same conditions. Samples (cells
and medium) were harvested when the optical density of the cultures reached ~1.5 OD at 750 nm (mid-
exponential phase; 72 hours). C. reinhardtii cells and medium were separated by tangential flow
microfiltration with a 0.2 um polyethersulfone (PES) membrane (Vivaflow 200, Sartorius). The filtrate
(growth medium) was subsequently concentrated 250-fold by crossflow ultrafiltration with a 3 kDa cut-
off (3,000 MWCO PES membrane, Vivaflow 200 and Vivaspin Turbo 15, Sartorius). Samples were
stored at -80°C degrees. The experiment was performed with three independent biological replicates
for each strain. To validate the harvesting method, and to prove that the tangential flow microfiltration
was not disrupting living cells (consequently altering the intracellular and extracellular proteomes),
dead cells were monitored before and after the filtration, using the LIVE/DEAD® Fixable Violet Dead
Cell Stain (ThermoFisher Scientific) and analysed by flow cytometry. The results showed no significant
difference in dead cell amount before and after the filtration (data not shown), demonstrating that the

ultrafiltration did not damage the cells.

Cell morphology and motility
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Cell pellets of strains 137c and UVM4 were obtained by centrifugation at 1000 g for 5 minutes and
placed in a chemical fixative solution containing 1% formaldehyde and 2.5% glutaraldehyde in
phosphate buffered-saline (PBS: 0.1M phosphate, 0.6M sucrose, pH 7.5) for 24h at 4°C. Samples were
then stored in 1x PBS at 4°C before being transported to the Australian Centre for Microscopy and
Microanalysis at the University of Sydney for embedding in SPURR resin. Briefly, cell pellets were
dehydrated in an increasing gradient of ethanol (50%, 70%, 90%, 100%) followed by 100% acetone.
Infiltration with SPURR resin was achieved via an increasing gradient of SPURR resin (25%, 50%,
75%, 90% and 100%) mixed with acetone, including an overnight infiltration session with fresh 100%
SPURR resin. The samples were then placed in a 65°C oven for 24h to allow for polymerisation. Semi-
thin sections (500nm thick) were obtained using a glass blade on an ultramicrotome (Leica EM UC6,
Leica Microsystems, Wetzlar Germany) and stained using a 5% toluidine blue solution (5% toluidine
blue, 10% Na;B4O7, ultrapure water). Imaging was performed to identify regions of interest. Image
analysis was carried out using the Eclipse Ci-L microscope (Nikon) and the images were captured and

calibrated of scale bar using the Infinity Analyse software.

Protein extraction and sample preparation

The harvested cells were resuspended (1:5 cell pellet to buffer ratio) in cell lysing buffer (Tris-HCI 50
mM, NaCl 0.4 M, Tween20 0.5%, pH 8.0) and sonicated on ice for 5 minutes (30 seconds on / 30
seconds off) at 30% amplitude (Sonicator Q500, QSonica). The cell debris were separated from the

lysate by centrifugation at 10,000 g for 10 minutes at 4°C.

To remove non-protein contaminants, the proteins in both intracellular and extracellular fractions were
precipitated using a chloroform/methanol precipitation protocol adapted from Wessel and Flugge [18]
and subsequently resuspended in 100 mM of triethylammonium bicarbonate buffer (TEAB) with
different concentrations of urea (i.e. 8M for intracellular samples, 1M for extracellular samples). The
concentration of proteins in each fraction was quantified with a bicinchoninic (BCA) protein assay
(Pierce™ BCA Protein Assay Kit, ThermoFisher Scientific). To remove any possibility of further
contamination, 40 pg of total protein from both intracellular and extracellular fractions were subjected
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to a single-pot, solid-phase-enhanced sample preparation (SP3) as described in Hughes et al. [19]. The
protein preparation step (reduction and alkylation) was performed using 5 mM of tris(2-
carboxyethyl)phosphine (TCEP), 20 mM of acrylamide monomers (AM), and 20 mM of dithiothreitol
(DTT). After SP3 preparation, samples were resuspended in 100 uL. of 200 mM ammonium bicarbonate
(AMBIC), obtaining a final concentration of protein of 0.4 pg/uL. Finally, protein digestion was
performed overnight with proteomic grade trypsin (Trypsin Gold, Promega) in a 1:50 w/w ratio at 37°C.
The peptides obtained from digestion were quantified using Pierce™ Quantitative Colorimetric Peptide
Assay (ThermoFisher Scientific). 2 pg of peptides were concentrated and resuspended in 5 pL of mass
spectrometry loading buffer (2% acetonitrile (ACN), 0.2% trifluoroacetic acid (TFA) and analysed by

mass spectrometry.

Mass spectrometry proteome analysis

Using an Acquity M-class nanoLC system (Waters, USA), 5 pL of the sample was loaded at 15uL/min
for 2 minutes onto a nanoEase Symmetry C18 trapping column (180 pm x 20 mm) before being washed
onto a PicoFrit column (75 um ID x 300 mm; New Objective, Woburn, MA) packed with Magic C18AQ
resin (3 um, Michrom Bioresources). Peptides were eluted from the column and into the source of a Q
Exactive Plus mass spectrometer (Thermo Scientific) using the following program: 5-30% MS buffer
B (98% Acetonitrile + 0.2% Formic Acid) over 90 minutes, 30 — 80% MS buffer B over 3 minutes,
80% MS buffer B for 2 minutes, 80 — 5% for 3 min. The eluting peptides were ionised at 2400V. A
Data Dependant MS/MS (dd-MS2) experiment was performed, with a survey scan of 350 — 1,500 Da
performed at 70,000 resolution for peptides of charge state 2+ or higher with an AGC target of 3e® and
maximum Injection Time of 50 ms. The Top 12 peptides were selected fragmented in the HCD cell
using an isolation window of 1.4 m/z, an AGC target of le’ and maximum injection time of 100ms.
Fragments were scanned in the Orbitrap analyser at 17,500 resolution and the product ion fragment
masses measured over a mass range of 50 — 2,000 Da. The mass of the precursor peptide was then

excluded for 30 seconds.
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Data Analysis

The MS/MS data files were searched using Peaks Studio X against the UniProt Chlamydomonas
reinhardtii proteome (UP000006906, protein count: 18,829) and a database of common contaminants
with the following parameter settings: Fixed modifications: none; Variable modifications: oxidised
methionine, deamidated asparagine; Enzyme: semi-trypsin; Number of allowed missed cleavages: 3;
Peptide mass tolerance: 10 ppm; MS/MS mass tolerance: 0.05 Da. The results of the search were then
filtered to include peptides with a —logio(Pvaiee) score that was determined by the False Discovery Rate
(FDR) of <1%, the score being that where decoy database search matches were <1% of the total

matches.

Protein annotation

Intracellular and extracellular proteins were quantified using PEAKS label-free quantification. This
quantification method does not use isotope labelling. Instead, label-free quantification is based on the
m/z (mass-to-charge ratio), LC retention time, and signal intensities (peak area in MSI1 scan).
Significant difference was measured by PEAKS Q label-free quantification algorithm [20].
Differentially expressed proteins were selected based on fold change (> 2), significance (> 20), and
unique peptides (= 3). The significance parameter is based on the —logio(Pvae) and it is generated by
the PEAKS Q algorithm. All the different datasets were exported as .csv files and uploaded onto the
UniProt website to obtain a more complete annotation of the proteins. PEAKS identification includes
the protein accession number, which matches the UniProt database number. However, redundancies in
the database present a significant issue, as the same amino acidic sequence can often be found under
two, three, or even four different accession numbers and/or protein names. These redundant annotations
were removed manually to simplify the proteomic analysis; however, we suggest that removing
redundancy from the UniProt C. reinhardtii database should be done to prevent complications in similar
analyses. Annotations from the PEAKS software identification and the UniProt database annotation
were combined to manually categorize the significant proteins based on Gene Ontology (GO) biological

process, molecular function and cellular component [21].
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Statistical analysis

Statistical analysis of the cell density and the acetate uptake data were done in GraphPad Prism 5.0.
Kolmogorov-Smirnov and Levene's test were first used to confirm normality and homoscedasticity of
the data, respectively. A parametric test (two-way ANOVA) was applied accordingly. Significant
effects were then analysed using post-hoc Fisher’s LSD test. These analyses tested the null hypothesis
that there was no difference in growth and acetate uptake between the 137c and UVM4 strains. The
results were considered significant at p-value < 0.05. Throughout the Chapter, values given are mean +

SEM (n=3 biological replicates).
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4. RESULTS AND DISCUSSION

4.1. Cell biology

Besides the absence of a cell wall and higher secreted RP yields in strain UVM4, the physiological
differences between the UV mutated strain and the wild type strain 137c have not yet been fully
investigated. Therefore, I analysed and compared cell morphology, motility, growth rates, and acetate

uptake of the two strains.

4.1.1. Cell morphology and motility
Notable morphological differences were detected between strain 137c and UVM4 by optical
microscopy after 5% toluidine blue staining. Strain UVM4 cells were much smaller (around 5 pm for

UVM4 instead of 10 pum for strain 137c), lacking the usual round shape and cell wall (Figure 2.1).

137c UVM4

Figure 2.1. Optical microscope observations (magnification 100X) of strain 137c and strain UVM4. Scale bar:

10 pm.

Additionally, unlike strain 137c, strain UVM4 cells were non-motile (data not shown).
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4.1.2. Growth and acetate uptake

Considering the differences in size between strains 137¢ and UVM4, cell density (cells mL") and optical

density (at 750 nm) were simultaneously measured to assess differences in growth (Figure 2.2A and
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Figure 2.2. Comparison of 137c and UVMA4 strains growth (cell density (A) and optical density (B)), and acetate
consumption (C). Acetate intake was assessed by measuring the concentration of acetate in spent media over

time. Data are mean + SEM (n=3). *Significant differences between the two strains (Fisher’s LSD, p < 0.05).

As shown in Figure 2.2A and 2.2B, although the cell density values for strains 137c and UVM4 cells
were significantly different, the optical density values were similar. This discrepancy between cell
density and optical density measurement is likely to be related to the size difference observed between
strain UVM4 and 137c¢ cells. Indeed, the optical density reflects the volume occupied by cells in the

culture medium. Solutions of culture medium containing cells of different size will display different
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optical densities when grown to the same cell density, and therefore will experience significantly
different light and nutrient availability. Mid-exponential phase was reached at ~72 hours (Figure 2.2A
and 2.2B) for both strain UVM4 and strain 137c¢, therefore I selected this time point (72 hours) to harvest
both cultures for proteomic analysis. During the following day (96 hours), the two strains showed a
slight, although not significant, difference in growth with strain 137c entering stationary phase 24 hours
before UVM4 strain (Figure 2.2B).

The two strains showed significant differences in acetate consumption as soon as 24 hours after
inoculation, with strain 137¢ consuming acetate more quickly than strain UVM4 when grown under the
same conditions. The concentration of acetate in strain 137c growth media started decreasing right after
inoculation, to reach a negligible concentration at 72 hours. On the other hand, acetate concentration in
strain UVM4 spent medium showed almost no decrease in the first 48 hours of growth, to reach
negligible concentration at 96 hours. In each case, the depletion of acetate from the medium was
consistent with the growth curve, as both strains entered stationary phase once the acetate was depleted.
The reason for delayed acetate consumption in strain UVM4 is unknown, but it could be related to the
strain smaller size and/or to the fact that strain UVM4 could rely more on photosynthesis than organic

carbon uptake at the beginning of its growth phase.

4.2. Proteomic analysis

4.2.1. Protein selection and annotation
The cells and media were harvested at 72 hours for proteomic analysis. Even so the cell densities
showed differences, the extracted total protein was quantified and the same amount of peptides were
loaded into the mass spectrometer. The proteins detected in all three biological replicates were identified
and the complete proteome profiles of strains 137c and UVM4 were compared, obtaining common
proteins (i.e. detected and identified in both strains) and unique proteins (i.e. detected and identified
only in one strain). The common intracellular proteins detected were 1115 (Figure 2.3A). These proteins
were analysed using label-free quantification to obtain relative abundance of the proteins detected in

strain UVM4 (using strain 137c as a control) (Figure 2.3A). Of these, only the significant proteins
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(significance value > 20 and -1 > log fold change > 1, parameters generated by the PEAKS Q algorithm
[20]) were investigated further. The extracellular proteomes were analysed in the same way (Figure
2.3B). For the unique proteins, it was not possible to obtain relative abundance using label-free
quantification; however, these unique proteomic profiles were examined to validate and support the

results obtained from the label-free quantification of the common proteins.
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Figure 2.3. Venn diagrams and volcano plots of the common proteins in intracellular (A) and extracellular (B)
proteomes comparison. The number of proteins in each category is given in brackets. Out of the common
proteins, 227 and 297 proteins were found to be significantly different in the intracellular and extracellular
proteomes, respectively. Differentially produced proteins were selected based on significance value > 20 and

fold change of -1 > log> > 1.

The proteins were manually annotated based on the Gene Ontology project categories: biological
process, molecular function, and cellular component [21], and organised into subgroups based on
predicted functional annotation (Supplementary figure 1). Amongst the different groups identified, I
chose to focus this study on specific groups directly or indirectly related to higher recombinant protein

yields (i.e. growth, cell wall assembly, transcription, translation and proteolysis).

4.2.2. CRYI-1 and ARGY7 gene expression

Strain UVM4 was originally obtained by genetic engineering and UV mutation; arginine-auxotrophic
cell wall-deficient C. reinhardtii cells (from strain cw15-302 cwd mt+ arg7) were first subjected to

transformation with the CRYI-1 and the ARG7 genes, and subsequently subjected to UV mutagenesis
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[10]. The CRYI-I gene codes for the cytosolic ribosomal protein S14 (UniProt accession number:
P46295), which neutralises the action of the translational inhibitor emetine [22]. Therefore, the
expression level of CRYI-1 is directly proportional to the level of emetine resistance [10]. The cells
were co-transformed with the ARG7 gene to restore arginine prototrophy. The ARG7 codes for the
argininosuccinate lyase (UniProt accession number: P22675), which restored the arginine prototrophy
of this strain. A positive strain (arginine-prototrophic strain showing resistance to emetine) was
subjected to UV mutagenesis and became strain UVM4. Therefore, these two proteins were selected
for a preliminary analysis to validate the method used. Unfortunately, the ribosomal protein S14 was
below the detection limit, and could not be analysed. On the other hand, the protein argininosuccinate
lyase was detected in both strains, showing higher abundance in strain UVM4 (fold change = 4.14
(2%%)) compared to strain 137¢ (set as control), in congruence with initial genetic transformation by

Neupert and colleagues [10].

4.2.3. Growth and photosynthesis
As shown in Figure 2.2, strain UVM4 grows to a higher cell density than strain 137c and reaches
stationary phase 24 hours later, when grown in the same conditions and inoculated at non-significantly
different cell density. To elucidate the reasons for these differences, the abundance of proteins involved
in photosynthesis and growth mechanisms of strain UVM4 and strain 137c (set as control) were

compared (Figure 2.4).
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Figure 2.4. Relative abundance of strain UVM4 intracellular proteins involved in: A) chloroplast membrane
regulation and transmembrane transport; B) photosystem I & II regulation; C) chlorophyll-binding proteins
and cytochromes, using strain 137c¢ protein abundance as reference. Proteins with a relative abundance > 1
are considered more abundant in strain UVM4 than in strain 137c (red) and vice-versa for relative abundances

<-1 (blue),n=3.

All the differentially abundant proteins involved in photosynthetic processes, except one, were more
abundant in strain UVM4 compared to strain 137c (Figure 2.4A, 2.4B, and 2.4C). Most proteins
showing higher relative abundance are involved in the activity and regulation of the reaction centre of
photosystem I & II (PSI and PSII) (Figure 2.4B), and chlorophyll-binding proteins and cytochromes
(Figure 2.4C). The higher abundance of these proteins in strain UVM4 may relate to their different
growth stage at time of sampling (Figure 2.2B). Even though there was not a significant difference in
optical density at time of harvest, strain UVM4 was in exponential phase, while 137c was entering
stationary phase. Therefore, it is possible that the photosynthetic system was more active in strain
UVM4 or that these proteins were being produced because strain UVM4 cells were still dividing.
Extended growth rates and consequent higher biomass is directly related to higher yield of RPs, and
thus can be listed as one of the possible reasons for higher production of secreted RPs in strain UVM4

(reported in [13,14]).

The single less abundant protein in strain UVM4 was the protein translocase subunit SecA (UniProt
accession number: A8J682) (Figure 2.4A). SecA is an ATPase-coupled protein with a transmembrane
transporter activity. This protein is predicted to be involved in many processes, such as chloroplast
organization, protein import, protein targeting, and regulation of photosynthesis. In Arabidopsis
thaliana, the protein translocase subunit SecA (UniProt accession number: Q9SYI0) is involved in
photosynthesis acclimation and chloroplast biogenesis [23,24]. Subunit SecA is one of the components
of the chloroplast Sec pathway, which transport proteins synthesised in the nucleus to the thylakoid
membrane and lumen during photosynthesis [23,25]. In particular, SecA hydrolyses ATP to generate

energy to activate and regulate the transfer of proteins across the thylakoid membrane [24]. Considering
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the higher abundance of all other proteins involved in photosynthesis in strain UVM4, including two
membrane AAA-metalloproteases involved in thylakoid membrane organisation (UniProt accession
numbers: A8IL08 and A8J6C7) (Fig. 2.4A), it seems counter-intuitive to find SecA in lower abundance
at the time of harvesting. However, positive and negative regulation of nuclear gene expression via
retrograde signalling from damaged or modified chloroplasts has been reported in C. reinhardtii [26].
Chlorophyll biosynthetic precursors located in the chloroplast (such as magnesium-protoporphyrin IX)
directly regulate the nuclear expression of chlorophyll-binding proteins, which will subsequently
coordinate the biosynthesis of chlorophyll [26]. Future studies are therefore needed to investigate
retrograde signalling in UVM4 cells and potentially demonstrate similar behaviour for the expression

of the protein translocase subunit SecA.

4.2.4. Cell wall
The absence of a cell wall facilitates the transformation process of C. reinhardtii to produce genetically
modified strains [27], explaining in part the wide use of strain UVM4 for RP production. In cell wall-
deficient strains, previous studies have reported that cell wall proteins are still successfully produced;
however, they do not assemble in the multi-layered cell wall and they are subsequently released into

the extracellular space [28,29,30]. Therefore, cell wall proteins present in the extracellular proteome of

strain UVM4 were analysed (Fig. 2.5).
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Figure 2.5. Relative abundance of cell wall proteins in strain UVM4 using protein abundance in strain 137¢ as
reference. The proteins showing higher abundance in strain UVM4 than in 137c are in red, while the less

abundant proteins are in blue, n = 3.

In congruence with the literature, many of the differentially produced cell wall proteins were found to
be more abundant in the UVM4 extracellular fraction. Of these, half were 16 — 64 (i.e. 2* — 2°) times
more abundant in strain UVM4 than the same proteins produced in strain 137c, representing a
substantial increase in cell wall proteins being secreted into the media of strain UVM4. All the cell wall
proteins showing higher abundance in strain UMV4 were either hydroxyproline-rich proteins or

pherophorins. Hydroxyproline-rich proteins are fundamental cell wall glycoproteins involved in
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structural roles [31], whilst pherophorins are cell wall glycoproteins structurally related to a sex-

inducing pheromone [32].

The extracellular cell wall proteins that were less abundant in UVM4 included a UDP-Glucose:protein
transglucosylase (UniProt accession number: A2PZC2), which has been characterised in Solanum
tuberosum [33]. It is involved in the biogenesis of cell wall polysaccharides. The lower abundance of
this protein in UVM4 may be due to the absence of a cell wall to anchor the generated polysaccharides.
The two other proteins with lower abundance are both metalloproteinases. These proteins (A8IZV1 and
A8JI12) are involved in metalloendopeptidase activity, specifically targeting proline- and
hydroxyproline-rich cell wall proteins of C. reinhardtii. The lower abundance of metalloproteinases in
strain UVM4 secretome may be contributing to the observed accumulation of hydroxyproline-rich cell

wall proteins in the extracellular fraction through reduced degradation of these types of proteins.

When hydroxyproline-rich cell wall proteins accumulate in the extracellular space (Fig. 2.5), they can
form aggregates that negatively affect RP downstream purification processes and final yield [9].
Therefore, albeit cell wall deficiency is beneficial for increased transformation efficiency, it can be
linked to impaired RP purification and low final yields [9]. Baier and colleagues circumvented this issue
by fusing an amphiphilic hydrophobin protein tag to their secreted RP and using a detergent-based
aqueous two-phase protein extraction system as the first step of purification prior to affinity

chromatography. However, the final yield of purified RP was still low (15 pg L) [9].

Impaired RP purification due to hydroxyproline-rich cell wall proteins populating the extracellular
space is a well-known issue for cell wall deficient strains [9]. However, in this study I identified possible
targets for molecular biology approaches that could facilitate RP purification and enhance yields.
Possible strategies are knock-down/knock-out of the insoluble hydroxyproline-rich glycoproteins that
form aggregates, or knock-in of the metalloproteinases responsible for hydroxyproline-rich proteins

degradation.
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4.2.5. Nucleic acid processing, transcription, translation, and protein degradation
Strain UVM4 is capable of remarkably high yields of secreted RP produced by nuclear transgenes
[10,13,14]. Since RP production and accumulation depend on many different factors, such as DNA
accessibility, gene silencing mechanisms, DNA transcription, mRNA translation, and protein
degradation, the intracellular and extracellular proteomes were analysed searching for differentially

abundant proteins involved in these pathways.
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(D) Protein degradation
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Figure 2.6. Relative abundance of strain UVM4 intracellular (A, B, C) and extracellular (D) proteins in
comparison with strain 137c¢ proteins (used as reference) involved in: (A) DNA accessibility, binding, and
replication; (B) RNA binding, processing, and modification; (C) DNA transcription; (D) protein degradation.
The proteins showing higher abundance in strain UVM4 than in strain 137c are in red, while the less abundant

proteins are in blue, n = 3.

4.2.5.1. DNA processing
All the intracellular proteins involved in DNA processing showed higher abundance in strain UVM4
(Figure 2.6A). Histones H2A, H2B, H3, and H4 were among the more abundant proteins in the
intracellular proteome of strain UVM4, with a fold change > 3.03 (2!°) (Fig. 2.6A). In the nucleus, core
histones H2A, H2B, H3 and H4 are bound together to form an octamer that binds DNA and wraps it
into a complex called the nucleosome [34,35,36]. Histones and their linkage to DNA play a major role
in transcription regulation by condensing or extending the chromatin structure and making DNA more
or less accessible [37,38]. Finding all the four core histones more abundant in strain UVM4 is consistent

with the literature, as these four proteins are typically present in the nucleus in stoichiometric amounts
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[39,40,41]. It is also coherent to find the high mobility group protein (HMGB) (UniProt accession
number: A8J3F0) among the more abundant intracellular proteins in strain UVM4. In fact, in
mammalian cells, the role of this protein is to bend DNA and facilitate the insertion of histones during
formation of the nucleosome, and the absence of HMGB is directly related to a lower content of core
histones [42]. By any means, a higher amount of core histones and consequent tightness of chromatin
in a strain renowned for its high secreted RP yields might seem counterintuitive. However, having more
nucleosomes does not necessarily translate to lower transcription rates. In fact, it has been proven that
nucleosomes are also involved in positive regulation of transcription. Wyrick and colleagues [43]
analysed the effect of histone depletion on gene expression in yeast, to find that only 15% of genes
showed higher expression rates. Surprisingly, 75% of genes were not significantly altered, whilst 10%
of genes even showed lower expression [43]. Wyrick and colleagues hypothesise that nucleosomes
probably have a minimal role in transcription, and that its regulation lays upon transcriptional repressors
and activators (such as HMGB protein). Multiple studies reinforced these results, showing that
nucleosomes can regulate the activity and synergy of transcription factors based on their position on the
DNA strand [44,45,46]. Therefore, the absence of the nucleosome can negatively affect the synergism
of the multiple transcription co-factors and enzymes, reducing gene expression rates. It is now clear that
higher histone amounts do not directly correlate to lower expression of genes, therefore the higher

production of secreted RP proteins in UVM4 could still, in part, arise from higher transcription capacity.

The condensation and the distension of the chromatin structure (and the consequent enhancement or
diminishment of transcription) is regulated by PTMs of the histones [47]. Reported PTMs of core
histones linked to gene regulation are methylation (lysine, arginine, and glutamine), acetylation (lysine),
and phosphorylation (serine, threonine, and tyrosine) [47,48,49]. More specifically, some modifications
are related to gene silencing, whilst other are involved in gene expression. The thorough review by
Schroda [50] has reported modifications of the N-termini of H3 and H4 involved in gene expression
and/or silencing in C. reinhardtii. Monomethylation of H3 lysine 4 and 9, mono and dimethylation of
H3 lysine 27, and phosphorylation of H3 threonine 3, are all histone PTMs related to gene silencing.
Trimethylation of H3 lysine 4 and acetylation of H3 and H4 multiple lysine, on the other hand, are
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PTMs involved in gene expression enhancement [50]. None of the enzymes involved in these listed
histone modifications were found to be significantly different in strain UVM4. Another study
hypothesized that in yeasts and humans, methylation of H2A glutamine is directly related to enhanced
transcription [48,49]. Interestingly, the enzyme responsible for the methylation of yeast H2A glutamine
105 is called NOP1, which is reported here in this study as more abundant in strain UVM4 (C/D box
snoRNP, NOP1, UniProt accession number: A8IA86) (Fig. 2.6A). A higher abundance of the NOP1
protein might modify the structure of chromatin to help a cell cope with high demands for transcription
of ribosomal components. Hence, considering that core histones H2A, H2B, H3, and H4 and their PTMs
are well preserved in eukaryotes [51], it is possible that a higher abundance of this protein in strain
UVM4 is related to enhanced transcription rates. However, core histones have been characterised in
plants (A. thaliana, [52]; Saccharum sp., [47]) and in C. reinhardtii [53,54], and interestingly, none of
these studies found any methylated glutamine on histone H2A. Nonetheless, considering that the
annotation of NOPI1 protein in C. reinhardtii is based on homology [21,55], and that histone
modifications in C. reinhardtii show unique variants [54], further analysis is needed to fully comprehend

the role of the NOP1 protein in C. reinhardtii.

Before drawing any conclusion on more abundant core histones and their role in strain UVM4, two
more factors need to be considered. Firstly, the linker histone H1 did not show higher abundance in
strain UVM4. To form the final chromatin structure, multiple nucleosomes need to bind together to
form a 30 nm fibre. This DNA-condensation step is catalysed by the linker histone H1 [52]. The ratio
of the histone H1 and the other four is not stoichiometric, nevertheless a huge disproportion between
linker and octamer could still cause modification in the chromatin structure, possibly leading to more
accessible DNA and higher transcription. The linker histone H1 was detected only in the intracellular
proteomic profile of strain 137c (unique intracellular protein of strain 137c, Figure 2.3), therefore it was
not possible to obtain a relative abundance of this protein. Nonetheless, the absence of the linker histone
HI in the proteomic profile of strain UVM4 (especially considering the higher abundance of the core
histones) is noteworthy. However, further analysis is needed to fully understand the role of histone H1
in strain UVMA4. Secondly, it is possible that the differences in growth rates of the two strains favoured
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the higher abundance of core histones in strain UVMA4. In fact, histone production is strongly related to
cell growth and widely varies during the cell cycle. Many studies have linked cell senescence and
histone depletion [56,57,58]. Considering that strain UVM4 was still in mid-exponential phase while
137¢ was entering stationary phase, it is possible that the difference in histone amount was related to
the strain growth stage. The data obtained in this study do not allow me to draw unambiguous
conclusions on higher DNA accessibility and possible up-regulation of transcription in UVM4;
however, RP yield depends on a combination of multiple factors and DNA availability is only one of
them. The reason for higher yields of secreted recombinant protein reported in strain UVM4 might be

a reliance on lower gene silencing, higher translation, and/or lower proteolysis.

4.2.5.2. RNA processing
Figure 2.6B shows 5 more abundant and 3 less abundant intracellular proteins, all involved in RNA
processing in strain UVM4. The first less abundant protein is a messenger RNA processing protein
(UniProt accession number: A8IBRO). Information regarding this protein is limited. Its predicted
biological process is to bind mRNA, however it is unknown if this protein is involved in positive or
negative regulation of transcription or translation. The other two less abundant proteins are both
involved in small nucleolar ribonucleoprotein (snoRNP) complexes. A snoRNP is a complex formed of
small nucleolar RNAs (snoRNAs) and four or more proteins that form part of the spliceosome. The
spliceosome is located in the nucleus and it is responsible for the splicing (removal of introns) of
precursor mRNAs, generating mRNAs that are subsequently translated into proteins [59]. The snoRNP
complex is essential to the removal of introns from pre-mRNA, and is present in two configurations:
box C/D and box H/ACA. Box C/D snoRNPs are involved in methylation mechanisms, while box
H/ACA snoRNPs are involved in pseudouridylation [60]. The precise effect of methylation and
pseudouridylation on the function of the mature RNAs is not yet elucidated, but these modifications
appear to reduce RNA hydrolysis, subtly enhancing the RNA folding and interaction with ribosomal
proteins [61]. One of the snoRNP detected (NOP58, UniProt accession number: A8IIDO) is a nucleolar
protein component of C/D snoRNPs, while the second one (NHP2, UniProt accession number: A8JB67)
is a constituent of the small subunit of H/ACA snoRNPs. The lower abundance of proteins involved in
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mRNA processing in strain UVM4 is counterintuitive, as mRNA are essential for protein synthesis and
strain UVM4 has been reported to produced higher amount of secreted recombinant proteins than wild
type [13,14]. However, one protein involved in the assembly of the spliceosome complex (SPL2,
UniProt accession number: ASHYG6) and all the other proteins involved in RNA processing were

found to be more abundant in strain UVM4 (Fig 2.6B).

4.2.5.3. Translation
Except for one protein, all the intracellular proteins showing significant different abundance were
ribosomal and all showed higher abundance in strain UVM4 (Fig. 2.6C). Interestingly, the only protein
showing lower abundance was a plastid-specific ribosomal protein (accession number: A8J8B2), and
its role is to down-regulate translation in the chloroplast. Translation of chloroplast proteins is strictly
related to photosynthesis [62], therefore a lower abundance of a negative regulator of chloroplast
translation in strain UVM4 is consistent with the results shown in section 4.2.3, with higher abundance
of proteins involved in photosynthesis. Moreover, chloroplastic proteins involved in translation were
all more abundant in strain UVM4 than strain 137¢ (Fig. 2.6C), again following the trend of section
4.2.3 (Fig 2.4). The other proteins more abundant in strain UVM4 are cytoplasmic ribosomal proteins
(Fig. 2.6C), suggesting that a possible reason for higher secreted RP yields reported in strain UVM4

might be a general increase in translation activity [63].

4.2.54. Proteolysis
Along with protein translation, another major cellular mechanism that affects RP yields is protein
degradation. RPs are produced by the host system and accumulate in the intracellular or the extracellular
space, where they can be degraded by proteases. The intracellular proteome did not show differentially
produced proteins involved in degradation, whereas the extracellular proteome showed interesting
results with nine proteins involved in proteolysis mechanisms, all showing significantly lower
abundance in strain UVM4 (Fig. 2.6D). Among these proteins, two serine-type carboxypeptidases
(accession numbers: ASHP98 and A8I2MS) involved in hydrolysis of C-terminal peptide bond in
polypeptide chains were detected (Fig. 2.6D). In addition, some of the cysteine proteases (UniProt
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accession numbers: A8IOL7 and A8JGQ3) predicted to be present in the lysosome and/or in the
extracellular space of C. reinhardtii based on bioinformatics analysis [21] were detected in this study.
Lastly, the protein Oligoendopeptidase (UniProt accession number: A8HPZS), the protein
Oligopeptidase A (UniProt accession number: ASHSSO0), and predicted protein (UniProt accession
number: A8IA37), are all metalloproteinases. The metalloproteinases shown in Figure 2.5 (section
4.2.4) were targeting proline- and hydroxyproline-rich cell wall proteins. The metalloproteinases shown
in Figure 2.6D, on the other hand, are involved in proteolysis of any class of protein. Irrespective of
target, it is important to highlight that all the proteins involved in proteolysis were less abundant in
UVM4. Thus, these results suggest that the lower abundance of proteins involved in degradation
mechanisms might be linked to the higher yields of secreted RP reported in strain UVM4 transgenic

cell lines.

4.2.6. Post-translational modifications (PTMs)

As mentioned above, PTMs play a significant role in stability, functionality, and activity of proteins
[64]. Phosphorylation, acetylation, nitration, disulphide bonds, and glycosylation are some examples of
PTMs involved in fundamental cellular processes [65]. Therefore, the intracellular and extracellular
proteomes were analysed searching for significant differentially produced PTM enzymes, to investigate
the PTM machinery status of strain UMV4. Both intracellular and extracellular proteomes did not show
any significant differences in PTM enzyme abundance. However, this result does not necessarily
indicate an absence of PTM differences between the two strains. In fact, PTMs enzyme activity is also
strictly dependent on chemical and biological modifications (e.g. pH, temperature, hormonal regulation
of enzyme activity) [66,67]. Therefore, further PTM analyses are still needed to postulate about

differences in PTMs between strains UVM4 and 137¢ (performed in Chapter 4).
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5. CONCLUSIONS

This study provides the first proteomic analysis of C. reinhardtii strain UVM4 and its comparison to
the wild type strain 137c, giving further insight into the molecular reprogramming occurring in the cell
wall-deficient strain UVM4 (summarized in Figure 2.7). Strain UVM4 is a smaller non-motile strain
that reaches stationary phase 24 hours after the wild type strain 137c. Cell wall deficiency results in
production and subsequent secretion of a substantial amount of cell wall proteins into the extracellular
space. However, the most interesting findings were related to proteins involved in nucleic acid
processing, transcription, translation, and protein degradation. All four core histones were surprisingly
more abundant in strain UVM4. Moreover, the majority of proteins involved in nucleic acid processing
were also found in higher abundance in UVM4. Of the 23 detected proteins involved in transcription,
22 were more abundant in strain UVM4, and the single less abundant protein was involved in negative
regulation of transcription, supporting the hypothesis that higher secreted RP yields reported in strain
UVM4 might be related to a general increase in translation activity. And lastly, all the extracellular
proteins involved in proteolysis were less abundant in strain UVM4 suggesting that the higher yields of

secreted RP obtained in this strain could be linked to the prevention or inhibition of proteolysis.
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RED: higher abundance in strain UVM4
BLUE: lower abundance in strain UVM4
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Figure 2.7. Schematic diagram summarizing key regulations observed by comparative proteomics in this study,
indicating molecular mechanisms potentially driving phenotypic differences and improved recombinant

protein production in strain UVM4.

C. reinhardtii strain UMV4 combines the advantages of photosynthetic cell hosts with remarkable RP
yields [13,14], and over the past decade it has shown to be a powerful biotechnological tool. Until now,
the molecular pathways altered in strain UVM4 remained unexplored. Here I report the first evidence
of higher abundance of ribosomal proteins and lower abundance of proteases, two processes involved
in RP production and possibly related to the higher yields reported in strain UVM4 [13,14]. The proteins
involved in these pathways could be the target for knock-in, knock-down, or knock-out approaches in
future studies aimed at further enhancing RP yields in other C. reinhardtii strains or even other
microalgal species. Strain UVM4 is a derivative of strain 137c, however this is not the direct parental
strain. The best strain to compare the intracellular proteome of the mutant to would be strain Elow47,

derivative of CC-4350 and immediate predecessor of strain UVM4. Future studies should perform a
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three-way comparison between 137c, Elow47, and UMV4, to fully comprehend the effect of the UV
mutation on strain UVMA4. In this study, I also report extensive presence of cell wall proteins in the
extracellular space, a well-known issue for RP purification in cell wall deficient strains. These
extracellular proteins could be the targets for knock-down or knock-out approaches to improve
downstream purification processes. However, it is possible that only a portion of these proteins form
the aggregates responsible for RP purification complications. Therefore, to facilitate genetic
engineering work, future studies should investigate exactly which cell wall proteins are involved in the
formation of the extracellular aggregates. Lastly, the analysis shown in this Chapter involves only wild
type strain 137c and UV mutated strain UVM4. In Chapter 3, I performed the same proteomic analysis
on genetically modified strains of 137c and UVMA4, to investigate pathways activated or deactivated by

the transformation process.
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Supplementary Figure 2.1: Common proteins present in intracellular and extracellular fractions categorised
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1. ABSTRACT

Gene silencing mechanisms, position effect, and low nuclear transgene expression are major drawbacks
for recombinant protein production in Chlamydomonas reinhardtii. While the generation of the highly
expressive and cell wall-deficient strain UVM4 intended to overcome these issues, its performances as
a biofactory remain not suitable for industrial application so far. To unveil the mechanisms
counteracting transgene insertion and expression in this species, I performed genetic engineering on
two C. reinhardtii strains, wild type strain 137¢ and the broadly used cell wall-deficient strain UVMA4,
and subsequently analysed their intracellular proteomes. The obtained transgenic cell lines of both
strains showed major differences in protein abundance and multiple altered pathways after
transformation, with principally lower abundance of proteins involved in chromatin remodelling,
translation initiation and elongation, and protein quality control and transport. These results provide
new insights into the response of C. reinhardtii to transgene insertion and expression, highlighting
possible pathways involved in gene silencing and position effect mechanisms. Moreover, this study
identifies multiple protein targets for future genetic engineering approaches, to improve C. reinhardtii

performances as cell biofactory and consequently validate this species for industrial applications.
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2. INTRODUCTION

Chlamydomonas reinhardtii (Chlorophyta) is a unicellular green microalga that has historically been
used as a model system to investigate fundamental aspects of algal biology, including photosynthesis,
cell wall biogenesis, and nuclear/chloroplast interactions [1]. C. reinhardtii biomass is also currently
produced for use in various industries, such as aquaculture, cosmetics, and nutraceuticals [2]. In
addition, recent studies demonstrated the ability of C. reinhardtii to produce valuable secondary

metabolites [3,4] and recombinant biopharmaceuticals (RBs) [5,6,Commault et al. 2020 submitted].

C. reinhardtii presents many unique features suitable for industrial applications: i) it can be cultivated
in large volumes and requires a lower up-front investment compared to bacterial or mammalian cell
systems [7]; ii) it does not produce endotoxins, does not harbor human pathogens, and is generally
recognized as safe (GRAS) [8]; and iii) high growth rates can be achieved in inexpensive media,
resulting in potentially lower production costs when compared to other organisms [8,9]. In addition, the
chloroplast, nuclear, and mitochondrial genomes have been fully sequenced [10], and transformation
protocols for chloroplast and nuclear DNA are well established [1,11,12]. Chloroplast transgene
expression can reach up to 20% of total soluble protein in C. reinhardtii; however, the plastid lacks the
machinery to perform post-translational modifications (PTMs) [13,14]. Given the importance of PTMs
for recombinant biopharmaceutical production, stability, and efficacy (as described in Chapter 1),
chloroplast expression is not suitable for valuable complex glycoproteins (such as antibodies). RBs
produced in the nucleus, on the other hand, can be targeted to the secretion route and can be subjected

to PTMs [6].

Given that targeted nuclear transformation is still imprecise [15], nuclear transgene expression in C.
reinhardtii is currently largely accomplished via random transgene insertion. Unfortunately, this
approach is hindered by low transformation efficiency and extensive variability in transgene expression
among transgenic cell lines [16,17,18]. These downsides are mainly due to position effects and gene

silencing mechanisms [19,20]. It has been reported that the chromosomal integration site plays a major
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role in transgene expression [21,22]. This phenomenon, called position effect, is possibly related to the
position of the nucleosome on the DNA strand and its interaction with transcription repressors and
activators [23,24,25]. Strong position effects result in high variation of transgene expression among
transgenic cell lines generated with the same recombinant DNA. Unfortunately, these mechanisms are
still not fully described nor understood [20]. Transgene silencing is mainly regulated by histone
modification [18,20,22,26,27]. At the transgene insertion locus, enzymes will add PTMs to the histones
to prompt a rearrangement of chromatin, condensing its structure [18,22,27,28]. Condensation of the
chromatin structure at the site of insertion results in reduced transcription of the transgene [29,30,31].
Another mechanism affecting negatively transgene expression is methylation of recombinant DNA. In
C. reinhardtii, it has been reported that methylation of transgene cytosine residues actively impede
recombinant DNA transcription [26,31]. Transgene silencing is responsible for the reduction over time

of cells expressing the transgene in the transgenic culture.

Many different strategies have arisen over time to achieve efficient nuclear expression in C. reinhardtii
through optimisation of either the transgene design or the microalgal host. Transgene optimisation
focused on a new generation of promoters [19], on the insertion of native introns in the exogenous DNA
sequence [32,33,34], and on the addition of functional peptides to enhance expression and permit
secretion [35,36]. Optimisation of the microalgal host system concentrated on testing different growth
conditions [Commault et al. 2020 submitted], and on the generation of modified and/or mutated C.
reinhardtii strains showing enhanced transgene expression [18,37]. UV mutated strains such as strain
UVM4 [18] reported high yields of secreted recombinant protein (12 — 15 mg/L), which are 1.5 to 3-
fold higher than C. reinhardtii wild type strains [38,39]. In Chapter 2, I performed the first comparative
proteomic analysis between strain 137c and strain UVM4, revealing multiple altered pathways
including particularly higher abundance of proteins involved in chromatin remodelling and ribosomal
proteins. However, in Chapter 2, I did not analyse the potential effect of genetic engineering on the
proteomes of strains 137 and UVM4 and further analysis is therefore required to unveil mechanisms

counteracting transgene insertion and/or expression in C. reinhardtii.
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This chapter reports the first proteomic analysis and comparison between transgenic cell lines and wild
type of two Chlamydomonas reinhardtii strains, strain cc-125 mt+ (also named strain 137c) and cell
wall-deficient strain UVMA4, to analyse the alteration in abundance of Open Reading Frame products to
infer changes in gene expression caused by transgene insertion and expression. This study provides
fundamental information on the pathways activated or deactivated by the organism to hinder the
transformation process in both strains, with the final aim of developing strategies to improve C.

reinhardtii for industrial applications.
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3. MATERIALS AND METHODS

C. reinhardtii cultivation, harvesting, and transformation

C. reinhardtii strain 137c was purchased from Invitrogen (GeneArt® Chlamydomonas Protein
Expression Kit). C. reinhardtii strain UVM4 was graciously provided by Prof. Ralph Bock. The plasmid
pOptimized (pOpt) pOpt_ mVenus_Paro (NCBI: KM061060, Fig S1) containing the mVenus and the
paromomycin selection marker expression cassettes [32] was purchased from the Chlamydomonas

Resource Center (https://www.chlamycollection.org/).

C. reinhardtii strains 137c and UVM4 were grown mixotrophically in Tris Acetate Phosphate (TAP)
medium [40] under 50 pmol photons m s ™! of continuous light in a 25°C shaking incubator (100 rpm).
Cells were collected at early exponential phase (2-4x10° cells mL!; Fig. S2) by centrifugation at 1,500
g for 5 minutes, washed twice with 10 mL of MAX Efficiency " Transformation Reagent for Algae
(Invitrogen™), and resuspended in MAX Efficiency™ buffer to a final concentration of 2-3x108 cells
mL!. To prepare for electroporation, the concentrated cells (250 pL) and the linearized plasmid (2 — 4
ug, linearized with Psil restriction enzyme) were transferred and mixed into an ice-cold electroporation
cuvette (0.4 cm). The following settings on the Gene Pulser Xcell™ Electroporation System (Bio-Rad)
were used: 500 V, 50 pF, and 800 Q (for strain 137¢) and 750 V, 25 pF and 0 Q (for strain UVM4).
Electroporation is needed to increase the permeability of the cell membranes, to permit insertion and
incorporation of recombinant DNA. The absence of a cell wall in strain UVM4 required different
electroporation settings, to allow survival of the cultures [41]. Electroporated cells were left to rest for
10 minutes at room temperature and then transferred into 10 mL of TAP-sucrose (40 mM) for overnight
recovery. After recovery, the cells were centrifuged for 5 minutes at 1,000 g. The supernatant was
discarded and the cells were resuspended in 200 puL. of TAP medium. The resuspended cells were
transferred on solid TAP-paromomycin (10 ng mL™") 1.5% agar plates. After one week, the colonies
growing on plates were all transferred to 5 mL of liquid TAP-paromomycin (10 ug mL™") prior selection

by cell sorting.
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Selection and screening of positive C. reinhardtii transformants

After one week of growth in selective liquid medium, the cultures were subjected to fluorescence-
activated cell sorting (FACS) on BD Influx. At first, C. reinhardtii cells were detected by their
chlorophyll signals, excited by 488nm laser and detected in 692+40nm channel, and followed by
single cell gating, area versus pulse width signals on trigger channel, to gate out cell aggregates. C.
reinhardtii single cells were then displayed in FACS plot as chlorophyll signal versus mVenus signal,
excited by 488nm laser and detected in 530+40nm channel. Untransformed wild type C. reinhardtii
cells were used as negative control to set mVenus positive gate at ~0%. C. reinhardtii cells in the
transformed samples that fell into the mVenus positive gate were selected and sorted one cell per well
at single cell sort mode into in a 96 well plate containing 200 puL of TAP-paromomycin (10 ug mL™)
medium per well. The selected cells were grown mixotrophically in TAP medium under 50 umol
photons ms™! of continuous light in a 25°C shaking incubator (100 rpm) for one week. The surviving
cultures were transferred to 4 mL TAP-paromomycin (10 pg mL™') medium and grown for three days
in triplicates. On the third day, C. reinhardtii transgenic cell lines and wild types were analysed on
Beckman Coulter CytoFLEX S flow cytometer to measure their chlorophyll signals, excited by
488nm laser and detected in 690+50nm channel, and mVenus signals, excited by 488nm laser and
detected in 525+40nm channel, to identify the best candidates based on the percentage of positive

cells using the same gating strategy used for FACS.

Cultivation and harvesting of C. reinhardtii transformants for proteomic analysis

The best five transgenic lines for strain 137¢ and strain UVM4 were transferred (1:250 inoculum ratio)
to 500 mL of TAP medium and grown under mixotrophic conditions at 25°C and 100 rpm with ~50
umol photons m2 s™! of light. Three replicates of each transgenic cell line were used to analyse growth
and fluorescence over time. Fluorescence of the transgenic cell lines was analysed by flow cytometry
each day for one week (using the same method as described above). Normalised fluorescence of the

samples was measured as described in the equation (Eq3.1) below.
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%positive cells X MeanF
Mean$S

Norm F = X 1000 (Eq3.1)

With Norm F referring to the normalised fluorescence, MeanF corresponding to the mean fluorescence
of positive cells and MeanS to the mean size (determined by the FSC-A) of positive cells.

A forth replicate was harvested for proteomic analysis when cell density reached ~1.5 OD750 nm (mid-
exponential phase, 72 hours of growth). Fluorescence of the samples was measured before harvesting,
to confirm the presence of mVenus-positive cells in the culture. Cells and medium were separated by
tangential flow microfiltration with a 0.2 um polyethersulfone (PES) membrane (Vivaflow 200,
Sartorius) to limit cell lysis as described in Chapter 2. Samples were stored at -80°C prior proteomics

analysis.

Protein extraction and sample preparation

The harvested cells were sonicated to obtain the intracellular proteomes as described in Chapter 2. The
intracellular proteomes were precipitated to remove non-protein contaminants, resuspended in 100 mM
of triethylammonium bicarbonate buffer (TEAB) with 8M urea, and quantified using the Pierce™ BCA
Protein Assay Kit (ThermoFisher Scientific) protein assay as reported in Chapter 2. 40 pg of total
protein were purified by single-pot, solid-phase-enhanced sample preparation (SP3) and digested with
proteomic grade trypsin (Trypsin Gold, Promega) as shown in Chapter 2. The obtained peptides were
quantified using Pierce™ Quantitative Colorimetric Peptide Assay (ThermoFisher Scientific), 2 ug of
peptides were concentrated, resuspended in 5 uLL of mass spectrometry loading buffer (2% acetonitrile

(ACN), 0.2% trifluoroacetic acid (TFA) and analysed by mass spectrometry as described in Chapter 2.

Mass spectrometry proteome analysis
Mass spectrometry proteome analysis was performed using a Q Exactive Plus mass spectrometer

(Thermo Scientific) as described in Chapter 2.

Data Analysis
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The MS/MS data files were searched using Peaks Studio X against the UniProt Chlamydomonas

reinhardtii proteome (UP000006906, protein count: 18,829) as described in Chapter 2.

Protein annotation
Intracellular proteins for transgenic cell lines and wild type were quantified using PEAKS label-free
quantification as described in Chapter 2. Differentially expressed proteins were selected based on fold

change (> 2) and identification significance (> 20).

Statistical analysis

Statistical analysis was performed as described in Chapter 2.
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4. RESULTS AND DISCUSSION

4.1. Low transformation success rates and gene silencing mechanisms still impair
genetic engineering in C. reinhardtii strain UVM4

Given the limited amount of cells expressing the transgene in C. reinhardtii due to the low

transformation efficiency repeatedly reported in this species, and the importance of high abundance to

report a proteomic profile representative of transgenic cell behaviour, the positive fluorescing single

cells were sorted by flow cytometry to obtain single transgenic cell lines.

10‘_2 104_2
10% < 10% <
E E mVenus
> mVenus ] 20.6
= 0.17 =
. B 2
Strain o 1% o %=
137 2 2
N = = 7
c o o
101_
10° 10°
ey oy ey ; rreny Yre—v—rrrrey :
10 10 10 103 10 10 101 102 103 10
mVenus mVenus
10 10
mVenus " mVenus
. E. 0.16 E‘ 6.96
Strain = =
o o
e e E
UvM4 8 3 8 13
= 3 = 3
o o
ol 1ol =
10° 10°
e e e— e rre——rrr
10 10! 10? 10} 10* 10° 10! 10? 10} 10t
mVenus mVenus
Wild type Transformant

Figure 3.1. Dot plots of fluorescence-activated cell sorting (FACS) for transgenic cells of strains 137c and UVM4.
The positive cells showing expression of the transgene were gated in green based on wild type cells

fluorescence. Cells included in the “mVenus” yellow gate were selected for single cell sorting.
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As expected, the transformation efficiencies for both strains were low; however, surprisingly strain
UVM4 showed a lower success rate than strain 137c, with less than 10% of the cells in this strain being

considered positive for mVenus fluorescence (based on the selected gate cut-off) (Figure 3.1).

After 7 days, the viability of the cultures derived from individual positive cells was assessed. For both
strains, only ~50% of the 96 sorted cells survived. To select the best five candidates for the proteomic
analysis, the surviving single cell cultures were split into triplicates and grown under selective pressure
for additional screening by flow cytometry. Survival of the scaling-up process from 200 pL to 4 mL
was also ~50%; therefore, a total of 11 cultures for strain 137¢ and 18 cultures for strain UVM4 were

subjected to flow cytometry analysis (Figure 3.2).
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Figure 3.2. Percentage of mVenus positive cells in 11 transgenic lines of strain 137¢ (A) and 18 transgenic lines
of strain UVM4 (B), gated based on their respective wild type behaviour. The data was obtained by flow

cytometry analysis after 72 hours of growth under antibiotic selective pressure. n = 3.

Overall, both strains showed high fluctuation of percentage of positive cells among transgenic cell lines,
spanning from 82% to 10% for strain 137c and from 25% to 1% for strain UVM4 (Figure 3.2A and
3.2B), possibly due to gene silencing mechanisms. However, strain 137¢ showed higher percentages of
positive cells. In fact, the five best candidates for strain 137c all exhibited percentages between 40 —

80% of fluorescing cells (Figure 3.2A), whilst the top five cultures of strain UVM4 showed values
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ranging between 20 — 25% (Figure 3.2B). Based on percentage of positive cells, strain 137c transgenic
lines mV1, mV5, mV6, mV9, and mV10 were selected for proteomic analysis. For strain UVM4,
transgenic lines mV1, mV7, mV9, mV10, and mV17 were selected. The selection criteria was based on
percentage of positive cells to maximise the portion of the cell population expressing the transgene,

thus obtaining a proteomic profile representative of the positive cells.

An interesting result for both strains is the complete absence of any culture showing >90% of positive
cells, suggesting heterogeneity of transgene expression within genetically identical clonal populations.
Since the cells were selected and sorted based on fluorescence, and kept under selective antibiotic
pressure during the whole growth process, this result suggests gene silencing mechanisms [18,22,26] are
extensively active and heavily neutralizing the expression of transgenes in C. reinhardtii, especially in

strain UVM4.

4.2. Strain UMV4 is more affected by position effect than strain 137¢

To elucidate the effects of transgene insertion and expression on C. reinhardtii strains 137¢ and UVM4

fitness, growth of the transgenic cell lines was analysed and compared to the wild types.
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Figure 3.3. Comparison of growth profiles for wild type and transformant lines expressing mVenus for strains A)

137¢c and B) UVM4. Cells were grown in 500 mL of antibiotic-free media.

The growth curves of strain 137c wild type and transformants showed comparable trends and similar
growth rates and all cultures reached stationary phase after 72 hours (Figure 3.3A). Strain UVM4 wild
type and transformants, on the other hand, showed two different trends (Figure 3.3B). The wild type
reached stationary phase after 92 hours as previously observed (Chapter 2, Figure 2.2); however, four
out of five transgenic cell lines reached stationary phase after 72 hours, 24 hours earlier than the wild
type. Transgene insertion and expression might have caused early entrance into stationary phase for
these transgenic cell lines. It is possible that i) random integration of recombinant DNA disrupted
endogenous genes fundamental for cell growth and survival, or ii) the over-production of a recombinant
protein consumed an extensive amount of energy and resources, causing early stationary phase.

To analyse transgene expression over time, and to evaluate expression differences among transgenic
cell lines, the normalised fluorescence of both strain transgenic cell lines was measured by flow
cytometry and graphed (Figure 3.4). The mean fluorescence of gated positive cells (obtained by flow

cytometry analysis) was normalised to cell size to be able to compare the expression of transgenes
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between strains, considering the differences in cell size between strain 137c and strain UVM4 reported

in Chapter 2. The wild type of both strains reported a normalised fluorescence always lower than 1.
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Figure 3.4. Normalised fluorescence in transgenic cell lines of strain 137c (A) and strain UVM4 (B) over time.
Cells were grown in 500 mL of antibiotic-free media. Positive cells were detected based on wild type

background fluorescence. Normalised fluorescence was calculated using equation (Eq3.1).

Strains 137c and UVM4 showed different patterns of normalised fluorescence over time. Interestingly,
expression of mVenus was maintained in strains 137c and UVM4 transformants even when grown in
media without selective pressure (Figure 3.4). The mVenus expression cassette was not fused with the
antibiotic resistance cassette, therefore, selective pressure and fluorescence are not necessarily linked.
However, if mVenus expression causes a disadvantage, the removal of selection may allow a higher
number of negative cells to proliferate. The fact that both strains showed fluorescence higher than the
wild type in antibiotic-free media, suggests that recombinant protein production can maintain

consistency of transgene expression without antibiotics for at least 7 days.

For strain 137c, all transformants showed high values of normalised fluorescence (40 — 110) around 48
— 72 hours. After 168 hours, in stationary phase, these values dropped (< 26) (Figure 3.4A).
Interestingly, all strain 137c transgenic cell lines behaved similarly, reaching peak of fluorescence in
mid-late exponential phase and showing lower fluorescence in stationary phase. Transgenes were
randomly integrated in the endogenous DNA, therefore major variations in transgene expression and
protein production were expected among different transgenic cell lines. Considering the similar
transgene expression observed among different transgenic cell lines of strain 137c, position effects seem
to be weakly effective in this strain. Moreover, peak of expression in mid exponential phase have been
previously reported for 137c transgenic lines, suggesting that it is independent of the recombinant
protein being produced [Commault et al. 2020 submitted]. In contrast, strain UVM4 transformants showed
low values of normalised fluorescence overall, with the exception of sample UVM4 mV10 and mV17,
which reached fluorescence values comparable or even higher than strain 137c at stationary phase
(Figure 3.4B). For strain UVMA4, the transformants behaved differently, and consistency among

different cell lines was not observed. Samples UVM4 mV 10 and mV17 showed peaks of normalised
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fluorescence at 24 hours, to drastically drop in mid-late exponential phase, to eventually rise again
(especially sample UVM4 mV 17) around 144 — 168 hours. None of the other transgenic cell lines
showed a similar behaviour. Sample UVM4 mV1, mV7, and mV9 showed consistent low values of
normalised fluorescence throughout the whole growth. Considering the differences among transgenic

cell lines in strain UVM4, position effect seems to have a higher impact in this strain.

Overall, strain UVM4 showed lower normalised fluorescence values than strain 137c. This seems
counterintuitive, considering that strain UVM4 is renowned for its higher production and yields of
secreted recombinant proteins [38,39]. However, there are few relevant factors to consider, which are
possibly responsible for the contrasting results reported in this study. Firstly, random integration and
position effects play a major role in C. reinhardtii recombinant protein production, especially in strain
UVM4 (Figure 3.4B). Possibly a higher number of transformants is necessary to find a transgenic cell
line showing higher normalised fluorescence values. Secondly, previous studies analysed yields of
secreted recombinant protein, whilst this study focused on an intracellular protein. It is possible that the
secretion route and the final location of the protein play a major role in accumulation of protein over
time. The secretory pathway might be more active in strain UVM4, resulting in higher abundance of
recombinant protein secreted and accumulated in the extracellular space. Moreover, protein degradation
mechanisms are less active in the secretome of strain UVM4. In fact, in Chapter 2, I reported a lower
abundance of proteins involved in lysosome activity in the secretome of strain UVM4, therefore it is
likely that a recombinant protein accumulated in the extracellular space is degraded at slower rates. And
finally, it is important to note that the proxy measured in this study (normalised fluorescence) might not
reflect accurately recombinant protein yield in the different transformants. Further studies comparing
the effect of transgene insertion and expression on strains 137c and UVM4 should therefore include

direct measurement of final recombinant protein yield.

4.3. Proteomic analysis

The cells were harvested at 72 hours (late exponential/early stationary phase, Figure 3.3) for proteomic

analysis. The intracellular proteomes of strains 137¢ and UVM4 (wild types and transgenic cell lines)
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were compared using label-free quantification to identify the common proteins present in both strains,
as reported in Chapter 2. The analysis was performed for two different proteomic datasets:

1. Strain 137c transgenic cell lines compared to strain 137¢ wild type (used as control);

2. Strain UVM4 transgenic cell lines compared to strain UVM4 wild type (used as control).
The analysis of transgenic cell lines compared to their respective wild types revealed several pathways
altered by transgene insertion and expression. The two strains showed multiple similarities in protein
relative abundance and pathways affected by the transformation. Overall, similar pathways were
affected by the transformation in the two strains. However, specific proteins showed significantly

different abundance.

4.3.1. Nuclear transformation negatively affects cytoskeleton and morphogenesis in
both strains

The two strains were transformed using electroporation. Electroporation consists in creating pores in
cell membranes using an electric field increasing membrane permeability. This technique has been
widely used to genetically engineer prokaryotic and eukaryotic organisms, including microalgae [1,35].
However, applying electrical pulses to an organism can cause many undesired side effects. Depending
on electroporation parameters and buffer used, the transformation process can disrupt the cytoskeleton
and impair motility [42]. Therefore, the abundance of proteins involved in cell structure development

was analysed and compared.

Table 3.1. Relative abundance of cytoskeleton proteins and proteins involved in morphogenesis after comparison

of the transgenic lines with their respective wild type strain (n = 5). ND = Not Detected.

Syan 137 rasgnc el st DYt irnene el [0
ABHYU2 V-type proton ATPase subunit C -1.556 -1.515 :ES.S
ABJIMS Flagellar outer dynein arm heavy chain beta _ ND -‘ -
ABJEKO Myosin heavy chain class XI ND -1.152

ABJAV1 Actin -1.943

P04690 Tubulin beta-1/beta-2 chain -1.737 ND

Q540H1 Tubulin alpha chain -2 -1
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All the cytoskeleton proteins and the proteins involved in morphogenesis detected showed lower
abundance in both strain transgenic lines compared to their respective wild types (Table 3.1). The V-
type proton ATPase (UniProt accession number: ASHYU2) is potentially involved in a biological
process called unidimensional cell growth (protein inferred from homology). Unidimensional growth
is the process that leads to morphogenesis. When a cell increases in size and one spatial dimension
(namely unidimensional cell growth), it starts to develop its morphological characteristics. A lower
abundance of this protein might result in differentially shaped or not fully formed cells. Lower
abundance of proteins involved in cell shape and growth might be related to the transformation process.
In fact, it has been reported that electroporation severely impairs the tubulin cytoskeleton and motility
of cells [42]. Flagellar outer dynein arm heavy chain beta (UniProt accession number: A8J1M5), actin
(UniProt accession numbers: A8JAV1), and tubulin alpha chain (UniProt accession number: Q540H1),
all reported a lower abundance in both strains after genetic engineering. These proteins are all essential
components of the cytoskeleton involved in cell shape, growth, and motility. In addition, strain 137¢
transgenic samples showed lower abundance of the protein tubulin beta-1/beta-2 chain (UniProt
accession number: P04690), whilst strain UVM4 transgenic cell lines showed lower abundance of the
protein myosin heavy chain, class XI (UniProt accession number: A8J8K0), both components of the
cytoskeleton. A lower abundance of cytoskeleton and morphogenesis proteins might result in not

completely formed cells, negatively affecting shape and growth of transformed cells.

4.3.2. Nuclear transgene insertion and expression induce chromatin remodelling
Insertion of recombinant DNA in the endogenous genome is an invasive procedure, therefore after

genetic engineering, multiple differences in proteins involved in DNA processing were expected.
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Table 3.2. Relative abundance of proteins involved in DNA binding and chromatin remodelling after comparison

of the transgenic lines with their respective wild type strain (n = 5). ND = Not Detected.

S 17c s el o | St UV angenc ot | e
ASHSA7 Histone H3 ND 1.820 :Elo 5
ABIARG Nucleolar protein component of C/D snoRNPs ND l h
ABI3FO High mobility group protein -1.152

‘ ABJT24 . Transcriptional coactivator-like protein -1.556 -1.556
ABIGIT Regulator of chromosome condensation ND
ABIGXS Protein arginine N-methyltransferase -1.218 ND

The transcriptional coactivator-like protein (7SN; UniProt accession number: A8J724) showed lower
abundance in both strains after genetic engineering. In A. thaliana, the TSN1 protein is involved in gene
silencing at the RNA level in response to stress [43]. The low abundance of TSN1 in transgenic lines

suggests a reduced influence of mechanisms that cause transcripts silencing.

Other proteins found in both proteomic profiles were: nucleolar protein, component of C/D snoRNPs
(UniProt accession number: A8IA86), high mobility group protein (UniProt accession number:
A8J3F0), and protein arginine N-methyltransferase (UniProt accession number: A8JGXS). In other
eukaryotic organisms, these proteins are all involved in histone modification and chromatin structure
regulation [44,45,46,47]. Histones and their interaction with DNA play a major role in transcription
regulation by condensing or extending the chromatin structure to affect DNA accessibility [29,30].
Distension or condensation of the chromatin structure results in enhancement or diminishment of
transcription and is regulated by histone PTMs [28]. After transformation and insertion of transgene in
the nucleus, specific enzymes can target the insertion loci and modify histones to induce a condensation
of the chromatin structure in those sites, consequently blocking access of the RNA polymerase to the
transgene and the DNA loci around it [18,22,27,28].

The nucleolar protein, component of C/D snoRNPs (gene NOPI) and the protein arginine N-
methyltransferase (gene PRMT?2), are both involved in histone modification. More specifically, in

yeasts, the activity of the NOP1 protein is directly related to enhanced transcription [44,45]. The gene
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PRMT?2 in Homo sapiens encodes for a protein related to both positive and negative regulation of
transcription [47]. The high mobility group protein does not directly modify histones, however it is
involved in bending DNA to ease the insertion of histones during formation of the nucleosome (the
octamer constituted of histones H2A, H2B, H3, and H4). A lower abundance of this protein enhance
transcription by making DNA more accessible.

Taken together, the differential production of these three proteins in the transgenic lines of both strains

implies possible DNA restructuring as response to the transformation (Table 3.2).

Strain UVM4 transgenic lines showed unique differentially produced proteins (i.e. not detected in strain
137c¢ transgenic lines) involved in chromatin regulation mechanisms. A lower abundance of the protein
called Regulator of chromosome condensation (UniProt accession number: A8JGJ7) might be related
to a distended DNA structure and possibly to enhanced transcription. The histone H3 (UniProt accession
number: AS8HSA7) was found in higher abundance, which was surprising considering the lower
abundance of multiple proteins involved in histone attachment and chromatin condensation. A higher
abundance of core histones was already reported for strain UVM4 wild type when compared to 137¢
wild type (Chapter 2). In this study, the other three core histones were not detected. These proteins
involved in chromatin remodelling showed altered abundance only in strain UVM4 transgenic cell lines,

suggesting that they might be responsible for the position effects affecting this strain.

4.3.3. Genetic engineering enhances production of ribosomal proteins but decreases
translation initiation and elongation

Considering that the transgene is driven by a constitutive promoter and thus constantly expressed, a

higher abundance of proteins involved in translation was expected.
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Table 3.3. Relative abundance of ribosomal proteins and proteins involved in translation initiation and elongation.

Protein relative abundance was determined by comparing the transgenic lines with their respective wild type

strain (n = 5). ND = Not Detected.

. . Strain 137c¢ transgenic cell | Strain UVM4 transgenic cell N
Accession Protein Name line relative abuﬁdauce line relative nbllngdaure ._ : g
ADA218NEIO 308 ribosomal protein S3 chloroplastic 1.189 ND -0.0
ASHMG7 Ribosomal protein L26 ND --15
ASHNS50 60S ribosomal protein L18a . -3.0
ASHP90 Ribosomal protein L6
ASHS59 Ribosomal protein L17
ASHVK4 Ribosomal protein $27a
ABHVQI1 408 ribosomal protein S8 1.339
ASI2TO Ribosomal protein L27a
ABISZ4 Ribosomal protein ND -1.644
ASIMP6 408 ribosomal protein S4 ND
ASIQE3 Ribosomal protein L14 1.546
ASIUV7 608 ribosomal protein L13
ABIVE2 Ribosomal protein L7 1.604
ASIVK1 Ribosomal protein L8
ABJOIO Ribosomal protein L4 1.536
ARJIGS 408 ribosomal protein S6
ABJ239 Ribosomal protein L23a ND
A8J493 Ribosomal protein S15
A8J567 Ribosomal protein L7a ND
A8J8M9 Ribosomal protein $20 -1.322 -1.836
ABJI951 Ribosomal proteinL21 1.632 ND
ABJEOT Ribosomal protein S15a 1.546 ND
A8JFO05 Ribosomal protein L28 ND 1.599
ASJHC3 Ribosomal protein S11 1.063
ASJHU2 608 ribosomal protein L36
E3SC57 60S ribosomal protein L3 (Fragment)
P46295 408 ribosomal protein S14 ND 1.063
P48267 308 ribosomal protein S7 chloroplastic ND
P49202 408 ribosomal protein S18 1.561 ND
ABHW92 Eukaryotic translation initiation factor (Fragment) ND -1.251
ABHX38 Eukaryotic translation elongation factor 1 alpha 1 -1.152 -1.184
ASBIA39 Elongation factor G chloroplastic ND -1.120
ASIP17 Eukaryotic initiation factor 4A-like protein ND
ABISZ1 Elongation factor EF-3 -1.836
A8J280 Elongation factor-like protein (Fragment) -1.670 ND
A8J9A9 Eukaryotic translation initiation factor 3 subunit F | -1.599 | ND
ASIBN7 Eukaryotic initiation factor ND
ABJHM2 Eukaryotic initiation factor (Fragment) -1.786 -1.644
ASTHX9 Elongation factor 2 -1.514 ~1.786
P17746 Elongation factor Tu chloroplastic _ -1.396

The transgenic cell lines for both strains showed a similar trend. Almost all the ribosomal proteins were
more abundant in transgenic lines than wild types, whilst proteins involved in initiation or elongation
of translation were less abundant. Ribosomal proteins are bound to the rRNA, maintain the structural
integrity of ribosomes, and are fundamental for translation processes, thus their higher abundance is
directly correlated to higher translation rates [48], probably generated by the continuous expression of
transgene. Strain UVM4 wild type (compared to strain 137¢ wild type, Chapter 2) also showed higher

abundance of ribosomal proteins. As described in Chapter 2, strain UVM4 was subjected to transgene
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insertion prior to UV mutagenesis, therefore the higher abundance of ribosomal proteins reported in

strain UVM4 wild type (Chapter 2) is coherent with the results shown here in Table 3.3.

Interestingly, the proteomic profiles in Table 3.3 showed one common less abundant ribosomal protein,
Ribosomal protein S20 (UniProt accession number: A8J8M9). This protein seems to be an ordinary
ribosomal protein, similar to all the others shown in Table 3.3, therefore the reasons for its lower
abundance remain uncertain. Strain UVM4 transgenic cell lines showed another less abundant
ribosomal protein (UniProt accession number: A818Z4), not detected in strain 137c. It is possible that
the gene RPS20 (which encodes for the ribosomal protein S20) and the gene PRPLI (which encodes
for the ribosomal protein A8I8Z4) are both co-transcribed with another down-regulated gene, leading

to a lower abundance of these two ribosomal proteins.

Table 3.3 also shows proteins involved in initiation or elongation of translation. These ubiquitous
proteins can be found in the nucleus, the cytosol, or the chloroplast, and their role is to initiate the
translation of mRNA and to elongate the polypeptide chain during its synthesis in the ribosome.
Interestingly, these proteins all showed lower abundance in both strain transgenic lines. This behaviour
was not reported in strain UVM4 wild type (compared to strain 137c¢ wild type, Chapter 2), and is
possibly related to the expression of nuclear transgenes. The two proteomic profiles showed many
common proteins (five out of eight for both strains): Eukaryotic translation elongation factor 1 alpha
(UniProt accession number: ASHX38), Elongation factor EF-3 (UniProt accession number: A8ISZ1),
Eukaryotic initiation factor (Fragment) (UniProt accession number: AS8JHM?2), Elongation factor 2
(UniProt accession number: A8JHX9), and Elongation factor Tu, chloroplastic (UniProt accession
number: P17746). This reported general lower abundance might be a stress response of the cell to the
forced recombinant protein production. The initiation and elongation machinery might slow down to
avoid consuming cell resources to produce a protein not useful to the organism. It has been reported in
numerous eukaryotes that endoplasmic reticulum (ER) stress can be caused by misfolded proteins
accumulating in the ER during protein assembly [49,50], including C. reinhardtii [51]. The organism
response to ER stress is called unfolded protein response (UPR), a signalling cascade capable of
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restoring ER homeostasis. This stress response mechanism has multiple pathways, including
phosphorylation of translation initiation factor 2 (elF2a) [49,50,51]. This particular protein was not
detected in this study, however the lower abundance of other multiple initiation and elongation

translation factors might be related to transgene expression stress and needs to be investigated further.

4.3.4. Chaperones and transporters show general lower abundance, particularly in
strain UVM4

After translation, the newly formed proteins are subjected to a quality check and subsequently
transported to their final destination. As a consequence of transgene expression, this machinery might
be subjected to stress, due to the constant production of an unexpected and contextually function-less
protein. Therefore, relative abundance of proteins involved in quality control and transport after genetic
engineering was analysed, to detect possible altered pathways. The two strains reported a similar lower
abundance of these proteins, and interestingly, strain UVM4 transgenic cell lines showed a higher
number of less abundant proteins, including specific classes of proteins absent in strain 137c (Table

3.4).

Table 3.4. Relative abundance of proteins involved in protein folding and transport. Protein relative abundance
was determined by comparing the transgenic lines with their respective wild type strain (n = 5). ND = Not

Detected.
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Strain 137¢ transgenic cell line relative Strain UVM4 transgenic cell line -
Accession Protein Name & e . ; :

abundance relative abundance
[aoazzoEr | Heat shock protein 90B -1322 -1.786 o
ABHQT4 T-complex protein eta subunit ND -1.286 . =30
ABHRR9 Coatomer subunit alpha ND -1.474
ABI459 Clathrin heavy chain ND -1.689
ARIFO8 T-complex protein theta subunit ND -1.599
ABIFKO Plasma membrane ATPase ND -1.184
ABIL29 | Small ARF-related GTPase -1.358 ND
ASIM71 | Coatomer subunit ganuma -2 ND
ASIRVO [ HSP70-HSP20 organizing protein -1.251 -1.889
ABIRXS | GTP-binding nuclear protein -1.358 -1.251
ABIULS | Importin beta ND -1.152
ABIZUO | Heat shock protein 70C ND -1.434
ABJ146 [ Guanosine nucleotide diphosphate dissociation inhibitor ND -1.434
ABJ524 | T-complex protein 1 beta subunit ND -1.514
ARTES] | Chaperonin 60B1 -1.515 -1.434
ABIGSS Coatomer subunit beta -1.286 -1.889
ABIIBT | Chaperonin 60A ND -1.089
12FKQ9 | Mitochondrial chaperonin 60 -2 -1.836
048949 Protein disulfide-isomerase -1.358 -1.251
P42380 ATP-dependent Clp protease proteolytic subunit ND -1.120
Q39571 GTP-binding protein YPTC1 ND -1.689
Q39603 Heat shock protein TOB ND -1.217
Q66TET Heat shock protein 90C ND -1.251
QISTD3 Calreticulin -1.029 ND

Heat shock proteins and chaperonins (present in both proteomic profiles), together with calreticulin
(present in strain 137c transgenic proteomic profile), are two classes of proteins that bind unfolded
proteins (de novo or misfolded) and promote their correct folding. Their lower abundance might be
related to the stress the transformant cell lines are subjected to, considering the constant production of
a recombinant exogenous protein (Table 3.4). In fact, an inserted transgene including a constitutive
promoter is constantly transcribed by the cell machinery. Subsequently, the transcript is
modified/matured before passing through the nuclear envelope to the cytosol or rough ER. It is then
recognized by the ribosomes and translated to protein. At this stage, quality control and transport
mechanisms are activated. An overproduction of a recombinant protein might affect negatively the
machinery, overwhelmed by the extensive and abnormal amount of work. A possible response of the
cell could be to shut down quality control and transport machinery to save energy, subsequently used
to activate proteolysis pathways such as the ubiquitin—proteasome pathway (ERAD) and the lysosomal

pathway (autophagy) [49].

Another common trait between the two strains is the presence of multiple proteins involved in vesicle-

mediated intracellular protein transport (Table 3.4). Small ARF-related GTPase (UniProt accession

113



number: A8IL29) and Coatomer subunit gamma (UniProt accession number: A§IM71) (both present in
strain 137c¢ transgenic cell lines), Coatomer subunit beta (UniProt accession number: A8JGSS) (present
in both strains), GTP-binding protein YPTC1 (UniProt accession number: Q39571), Coatomer subunit
alpha (UniProt accession number: ASHRRY), Clathrin heavy chain (UniProt accession number:
A8I4S9), and Guanosine nucleotide diphosphate dissociation inhibitor (UniProt accession number:
A8J146) (all present in strain UVM4 transgenic lines), are all proteins involved in vesicular transport
of proteins between organelles. Vesicle-mediated intracellular transport of proteins can be anterograde
(ER-to-Golgi transport) or retrograde (Golgi-to-ER). The proteins listed here are involved in both.
Moreover, the proteomic profiles of both strains show another class of transport proteins, specifically
proteins involved in nucleocytoplasmic transport. GTP-binding nuclear protein (UniProt accession
number: A8IRXS) (present in both strains) and importin beta (UniProt accession number: ASIULS)
(present only in strain UVM4) are both involved in transport of proteins into the nucleus and of RNA
outside the nucleus into the cytosol. As well as the vesicle-mediated transporter, these proteins are less
abundant in both strains. A possible explanation might be a diminished interaction between organelles,
to save precious energy and to limit the expansion of unknown and undesired proteins throughout the
cell. The recombinant protein accumulated in the cytosol might subsequently be directed to the

proteolytic route [52].

Strain UVM4 transgenic cell lines also show some unique proteins (i.e. absent in 137c transgenic lines).
Three proteins belonging to the T-complex were found in lower abundance: subunit beta (UniProt
accession number: A8J524), subunit eta (UniProt accession number: A8HQ74), and subunit theta
(UniProt accession number: A8IF08). The T-complex is a cytosolic chaperon involved in positive
regulation of transport and protein folding. None of the T-complex subunits was found in the proteomic
analysis of strain UVM4 wild type (compared to strain 137c wild type, Chapter 2), and none was
detected in differential abundance in strain 137c transgenic lines (Table 3.4). The lower abundance of
the T-complex chaperon in strain UVM4 transgenic cell lines might be a unique response to insertion

and expression of transgenes. However, its role is still unclear and needs further analysis.
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5. CONCLUSIONS

This study proposes an innovative screening method of Chlamydomonas reinhardtii transformants
using fluorescence-activated cell sorting (FACS), to overcome the low transformation rates that affect

the microalga.

Low transformation rates have been hindering C. reinhardtii performances as a cell biofactory since its
first biotechnological use [16,17]. Moreover, the generation of strain UVM4 did not fully overcome the
issue. In fact, here, before screening transformants using FACS, I reported a low percentage of positive
cells after transformation for both strains 137¢ and UVM4 (with strain UVM4 showing success rate
lower than 10%). Separation of single transgenic cells by FACS, and subsequent growth of the cultures
as single transgenic cell lines, enhanced the percentage of positive cells showing fluorescence in the
analysed cultures. However, even after FACS, none of the transgenic cell lines of both strains showed
a total percentage of positive cells higher than 90%. These results suggest that transgene silencing

mechanisms are extensively active in C. reinhardtii strain 137¢ and possibly even more in strain UVM4,

In addition, flow cytometry analysis of normalised fluorescence over time for all transgenic cell lines
of both strains showed that position effects play a major role in transgene insertion and expression in
strain UVM4. Considering the high variation between transgenic cell lines of strain UVM4, a screening
of a high number of transformants seems necessary to find a highly expressing candidate. Strain 137¢
seems somehow to be less affected by position effects. In fact, the normalised fluorescence over time
showed less variation between transgenic cell lines of strain 137¢c. Moreover, while fluorescence might
not always reflect accurately recombinant protein final yield, it was interesting to note in this study that
strain 137c showed higher values of normalised fluorescence than strain UVM4, which could be related

to position effects.

This study also provides the first proteomic analysis and comparison of Chlamydomonas reinhardtii

strains 137c and UVM4 after genetic engineering, to investigate the effect of transgene insertion and
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expression on the organisms, to possibly reveal pathways activated or deactivated by the microalga to

counteract the transformation process.

lower abundance in both
. strains of cytoskeleton and
morphogenesis proteins

lower abundance in both
strains of chromatin
remodelling proteins

higher abundance in
strain UVM4 of histones

transgene expression

higher abundance in
both strains of ribosomal
proteins

lower abundance in both
strains of initiation and
elongation factors

lower abundance in both
strains of chaperones and
transporters

transgene insertion

Chlamydomonas reinhardtii
transgenic cell line

Figure 3.5. Schematic of altered pathways in C. reinhardtii strains 137¢c and UVM4 after transgene insertion and

expression.

Transgene insertion and expression had a strong impact on total protein production and altered multiple
pathways. Surprisingly, both strains reported lower abundance of proteins directly related to
recombinant protein production, such as proteins involved in nucleic acid processing, translation
initiation and elongation, protein quality control, and protein transport (Figure 3.5). The only proteins

that reported a higher abundance in both strains were ribosomal proteins. I hypothesise that the constant
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expression of a transgene causes a strong stress to the organism, which activates a stress response and

slows down multiple pathways involved in protein production.

Few differences between the two strains were also reported (Figure 3.5). Strain UVM4 showed an
increase in histone abundance and lower abundance of one specific protein involved in chromatin
condensation. It is possible that these differences are responsible for increased position effects.
Moreover, strain UVM4 shows a unique class of transporters, the T-complex chaperon, differentially
abundant after genetic engineering. The role of this complex is still relatively unknown, and so is its

involvement in transgene expression.

Future studies should focus their attention on chromatin structure and remodelling in C. reinhardtii, to
investigate their specific role in transgene insertion and expression and to improve recombinant protein
production in the microalga. Moreover, the role of the T-complex chaperon should be investigated
further, to fully comprehend its involvement in protein production and its different abundance in strain
UVMA4. Furthermore, lower abundance of translation initiation and elongation factors are likely related
to low recombinant protein yields in C. reinhardtii (and possibly in other microalgal species) (compared
to more established cell biofactories). Increasing the abundance of proteins involved in these pathways,
using knock-in approaches, might enhance recombinant protein production in microalgae. Finally,
given that strain UVM4 has been reported to produce higher yields of secreted recombinant proteins
[38,39], future studies comparing transgenic cell lines between C. reinhardtii strain UMV4 and strain

137¢ should also investigate secreted recombinant protein.
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6. SUPPLEMENTARY FIGURES
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Figure S3.1. Timing of cell sampling for transformation. Cells were harvested at 2 — 4 x10% cells/mL (early

exponential phase, 24 — 48 hours).
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Figure S3.2 Plasmid used for nuclear transformation in C. reinhardtii strain UMV4 and strain 137c. The plasmid

pOptimized (pOpt) pOpt mVenus Paro (NCBI: KMO061060) containing the mVenusand the

118



paromomycin selection marker expression cassettes [32] was purchased from the Chlamydomonas Resource

Center (https://www.chlamycollection.org/). Expression cassettes and restriction enzyme (Psil) site are shown.
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1. ABSTRACT

Validation of a cell biofactory for recombinant biopharmaceutical production relies on two major
aspects: transgene expression levels (product quantity) and protein post-translational modifications
(product quality). The green microalga Chlamydomonas reinhardtii has recently arisen as a promising
cell biofactory, especially after the generation of the UV mutated strain UVM4 capable of high
transgene expression. However, the post-translational modification machinery of this strain has not been
characterised yet. Unveiling the configuration of UVM4 glycosylation patterns is critical to assess the
quality of recombinant proteins produced in this host. In particular, the presence of non-human and
possibly-immunogenic glycans need to be investigated if strain UVM4 is to be considered as a future
cell biofactory. In this study, the first glycosylation analysis of the extracellular proteome of the broadly-
used strain UVM4 was performed, to unveil its glycosylation status and detect presence/absence of
immunogenic glycoforms. These results show that strain UVM4 and strain 137c exhibit very different
extracellular glycoprotein profiles. More importantly, I report the presence of immunogenic
glycosylation patterns in strain UVM4. I also detected the first “complex” glycoform ever reported in
C. reinhardtii, a glycan that has been considered completely absent in this species so far. These results
force a revaluation of the general glycosylation status and pathways of C. reinhardtii, and open the way
for further analyses on the immunogenicity of recombinant biopharmaceuticals produced in C.

reinhardtii strain UVM4.
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2. INTRODUCTION

Glycosylation involves the attachment of a polysaccharide chain to an amino acid and is one of the most
relevant post-translational modifications (PTMs) found on eukaryotic proteins. The two most frequent
types of glycosylation are N-linked glycosylation, characterized by the covalent linkage between a
glycan and the amidic group of an asparagine (Asn) residue, and O-linked glycosylation, presenting a
covalent bond between the glycan and the hydroxyl component of a serine (Ser) or a threonine (Thr)
residue. Glycosylation is found on more than 50% of native human proteins [1] and it strongly regulates
fundamental biological processes within the cell, such as cell adhesion, biological activity, folding,
solubility, molecular trafficking and clearance, and proteases resistance [2,3]. Glycosylation also plays
a major role in yield, stability, efficacy, and pharmacokinetics of secreted recombinant
biopharmaceuticals [4,5]. In eukaryotic cell-based production systems, glycosylation is introduced by
directing the recombinant protein to the secretion route with specific signal peptides [6]. The journey
through the secretory pathway (endoplasmic reticulum and Golgi apparatus) is necessary to initiate
protein glycosylation. Glycosylation is found on more than 40% of approved recombinant

biopharmaceuticals [7,8] and is generally responsible for enhanced protein quality and activity.

Glycosylated biopharmaceuticals produced in non-human cell biofactories have the potential to trigger
an immune response in patients. The cellular mechanisms that determine protein glycosylation patterns
are species-specific and vary among different eukaryotic organisms [9]. Therefore, during recombinant
protein production, non-human cell biofactories can attach glycan residues (monosaccharides) that
would be absent on the human endogenous protein, potentially resulting in an immunogenic
biopharmaceutical (as described in Chapter 1). An immunogenic reaction due to incorrect glycosylation
can result in accelerated clearance during therapy or, in some rare cases, life-threatening complications
[10]. Glycans trigger immunogenic reactions either by being directly recognised as an exogenous glycan
sequence by the patient immune system [11] or by affecting folding, solubility (e.g., formation of
aggregates) and structural stability of the recombinant protein, which triggers the immune system of the

patient [12].
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Considering the importance of glycosylation for the production of recombinant biopharmaceuticals, it
becomes fundamental to gather extensive information regarding the glycosylation status of a biofactory
to validate their suitability for the biopharmaceutical industry. Over the years, in fact, multiple studies
analysed the glycosylation machinery of different well-established biofactories. At least four non-
human glycans have been recognized as immunogenic in humans. These residues are galactose-o(1,3)-
galactose (a-Gal), N-glycolylneuraminic acid (Neu5Gc), B(1,2)-xylose, and a(1,3)-fucose [12]. The a-
Gal and Neu5Gc residues are present in recombinant biopharmaceuticals produced in mammalian cells
such as CHO cells, while (1,2)-xylose and a(1,3)-fucose are found on glycoproteins produced in plants

and microalgae [12].

Microalgae are alternative biofactories that have gained momentum over the past twenty years for
recombinant biopharmaceutical production. These organisms present multiple advantages over other
broadly-used cell hosts, such as a eukaryotic PTM machinery (unlike E. coli), adequate secretion of
recombinant biopharmaceuticals (unlike yeast species), higher growth rates at potential lower costs, and
immunity to human pathogens (unlike CHO cells). One of the most utilised microalgal biofactory is the
unicellular Chlorophyta Chlamydomonas reinhardtii [13,14]. Compared to other well-established
biofactories, little is known about the glycosylation status of C. reinhardtii. Four studies have profiled
glycosylation in multiple C. reinhardtii strains (cc-503 cw92, cc-1036 pfl18, cc-400 cw15, cc-4375, and
cc-4533) [11,15,16,17], and they reported possible absence of the N-acetylglucosaminyltransferase |
(GnT I) enzyme (responsible for the formation of “complex” and “hybrid” glycans), and presence of

both immunogenic B(1,2)-xylose and a(1,3)-fucose residues.

Unfortunately, immunogenic glycosylation is not the only issue that afflicts C. reinhardtii; another
major drawback in this species is the low recombinant protein yield. Low nuclear transgene expression
in C. reinhardtii is mainly due to random integration during transformation and gene silencing
mechanisms [18,19,20]. To improve recombinant protein yields, Neupert and colleagues [18] generated
a highly expressive UV mutated strain called UVM4 that is capable of high yields of secreted
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recombinant proteins (>12 mg/L) [21,22]. Today, strain UVM4 is widely used for recombinant protein
production in microalgae [21,22]. However, as described in Chapter 2, the altered molecular processes
in strain UVM4 are still unknown, including glycosylation. In fact, no study has analysed the

glycosylation pattern of strain UVM4 so far.

Here, I present the first analysis of the glycoprotein profile and glycosylation patterns of the cell wall-
deficient UV mutated C. reinhardtii strain UVM4, compared to the common wild type strain cc-125
mt+ (also named strain 137c). This work aims to identify the differences in glycoprotein abundance in
the extracellular space and in glycosylation patterns between strains. This information is critical to
address the issue of immunogenicity in C. reinhardtii and to inform future efforts towards recombinant

glycoprotein production in this emerging alternative cell biofactory.
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3. MATERIALS AND METHODS

C. reinhardtii cultivation conditions and secretomes harvesting

C. reinhardtii wild type strain cc-125 mt+ (also named strain 137c) was purchased from Invitrogen
(GeneArt® Chlamydomonas Protein Expression Kit). C. reinhardtii strain UVM4 was graciously
provided by Prof. Ralph Bock. C. reinhardtii strains 137c and UVM4 were grown under mixotrophic
conditions as described in Chapter 2. The secretomes were collected after 72 hours of growth using

ultrafiltration technics as described in Chapter 2.

Protein extraction and gel electrophoresis

The concentrated secretomes were precipitated to remove non-protein contaminants, resuspended in
100 mM of triethylammonium bicarbonate buffer (TEAB) with 1M urea, and quantified using the
Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific) protein assay as reported in Chapter 2. A
portion of the proteins was visualized by gel electrophoresis, while the rest was treated for glycans

analysis.

The protein and glycoprotein profile of the samples was investigated on a polyacrylamide gel. The same
amount of total protein (~100 pg) was first treated with 1x Laemmli sample buffer (Bio-Rad) containing
B-mercaptoethanol (9:1 buffer to f-mercaptoethanol and 3:1 sample to buffer ratio) and boiled for 10
minutes at 95°C. The boiled samples were loaded in triplicates on two 4 — 15% Criterion™ TGX™
Precast Gel (Bio-Rad) and separated according to size by gel electrophoresis in Tris/Glycine/SDS buffer
(Bio-Rad) for 40 minutes at 300 V and 290 mA. The ladder used was the Precision Plus Protein™ Dual
Colour Standards (Bio-Rad) with protein size range of 10 — 250 kDa. Two protein staining protocols
were performed: Coomassie staining and glyco-staining. After gel electrophoresis, one protein gel was
incubated with a fixing solution (50% methanol and 10% acetic acid) for 1 hour. Subsequently, the
fixed gel was incubated overnight with the Coomassie solution (50% methanol, 10% acetic acid, and

0.25% Coomassie Brilliant Blue G-250 (ThermoFisher)). The gel was then destained by soaking in the
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fixing solution for 15 minutes before being washed with distilled water until the background was
cleared. For the second protein gel, the Pierce™ Glycoprotein Staining Kit (Thermo Fisher) was used to
visualise only glycosylated proteins. Glycoproteins were stained using the periodic acid-Schiff (PAS)
method with the fuchsine sulphite dye. Positive and negative control proteins (HRP and STI,
respectively) were tested previously (data not shown). The Coomassie-stained and fuchsine-stained gels

were visualised using the Typhoon FLA 9000 Gel Imager (GE).

Glycan release and porous graphitized carbon liquid chromatography electrospray liquid tandem
mass spectrometry (PGC-LC-ESI-MS/MS)

To release intact N-linked glycans attached to the glycoproteins, the extracellular proteomes were
treated with the enzyme Protein N-glycosidase A (PNGase A). This enzyme was chosen over the N-
glycosidase F (PNGase F) because the activity of PNGase F is inhibited in presence of a(1,3)-fucose, a
residue characterised in C. reinhardtii. For the O-glycans, a B-elimination detachment was performed
[23,24,25]. Sample preparation was performed using the desalting/reduction protocol adapted from
Jensen et al. [26]. Different monosaccharides and isobaric isomers were separated by porous graphitized
carbon liquid chromatography (PGC-LC) and subsequently analysed by LC-ESI-MS/MS. Sample
separation was performed on a PGC-LC column (3um, 100 mm X 0.18 mm, Hypercarb, Thermo
Scientific) column with a binary gradient elution of ultrapure water (with 10 mM ammonium
bicarbonate) and 45% acetonitrile (with 10 mM ammonium bicarbonate) at a flow rate of 4 pL/min.
Mass spectrometry was performed using a Linear Trap Quadrupole (LTQ) Velos Pro ion trap (Thermo
Scientific) mass spectrometer connected to an UltiMate3000 high-performance liquid chromatography
(HPLC) system (Dionex). Data acquisition was done in negative ion mode with a source voltage of -

3.2 kV at a mass range of m/z 580-2000 (adapted from [26]).

Data analysis

Lists of ions from relevant spectra of each sample were extracted using the Excalibur v4.1 (Thermo
Scientific). Masses corresponding to common contaminants were removed and monoisotopic precursor
masses  potentially  corresponding to glycans were searched against GlycoMod
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(http://www.expasy.ch/tools/glycomod) to identify putative monosaccharide compositions. Further

interpretation and molecular identification were carried out based on the product ions information from

MS/MS scans. GlycoworkBench v2.1 (https://code.google.com/archive/p/glycoworkbench/) was used

for most glycan product ion annotation (adapted from [26]).
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4. RESULTS & DISCUSSION

4.1. C. reinhardtii growth
The C. reinhardtii strains 137¢c and UVM4 were grown for 72 hours (growth curves shown in Chapter
2, Figure 2.2B) and harvested using crossflow ultrafiltration with a 3 kDa cut-off as reported in Chapter

2. An aliquot of the secretomes collected was used to perform the glycoprotein profiling (gel

electrophoresis) and the glycosylation analysis (PGC-LC-ESI-MS/MS).

4.2. Strains 137¢ and UVM4 have different glycoprotein profiles
As reported in Chapter 2, strains 137c and UVM4 harvested at 72 hours exhibit major differences in
the abundance of proteins found in their extracellular proteomes. To investigate presence/absence,
molecular weight, and relative abundance (intensity) of proteins and glycoproteins in the extracellular
spaces of strains 137c and UVM4, I performed two protein gels: i) a Coomassie stained gel to detect
total proteins profile, (Figure 4.1A) and ii) a glycoprotein stained gel to detect only the glycosylated

proteins present in the extracellular spaces of the two strains (Figure 4.1B).
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Figure 4.1. Extracellular proteome gel, stained with (A) Coomassie and (B) glycoprotein staining. Sample loaded:
~100 png total protein, n=3. Intense staining of high molecular weight bands in both Coomassie and glyco-
stained gel suggests overabundance of glycosylated extracellular proteins in strain UVM4 relative to strain
137c. Proteins with molecular weight lower than 50 kDa did not show detectable differences. Red arrows

indicate the most intense bands detected.

The two strains displayed different protein and glycoprotein profiles in the extracellular space. This was
expected considering the differences reported in relative abundance of proteins in the different
secretomes (Chapter 2). The differences in pattern and intensity of the bands between Coomassie
staining and glycoprotein staining was expected, considering that not all proteins are glycosylated and
that the glycostaining is more sensitive and will show bands not visualised on the Coomassie stained

gel.

Interestingly, the glycoprotein profiles between the two strains showed extensive differences. The major
alterations in pattern and especially in intensity of proteins and glycoproteins between the two strains
were noticeable for proteins with molecular weight higher than 250 kDa. In particular, two intense
bands > 250 kDa (in triplicates) were found in strain UVM4 (red arrows shown in Figure 4.1A and
4.1B). While glycoprotein stained gel allowed me to indicate the difference in abundance of
glycosylated proteins between the two strains (Figure 4.1B), it did not indicate the presence or absence

of specific residues, such as immunogenic algal B(1,2)-xylose and o(1,3)-fucose residues.

4.3. Glycosylation analysis shows immunogenic residues in both strain 137c and
UVM4

To analyse all the glycosylation patterns of all solubilised proteins present in the extracellular space of
strains 137c and UVM4, a mass spectrometry analysis was performed. Given the differences between
the two strains in terms of relative abundance of extracellular proteins reported in Chapter 2, and the
evident differences shown in the protein gel (Figure 4.1B), major differences in abundance of

glycoforms were expected.
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Figure 4.2. Mass spectra of glycan population of extracellular proteins of (A) strain 137c and (B) strain UVM4.
Green circle = Mannose. Yellow circle = Galactose. Blue square = GIcNAc. Yellow star = Xylose. Red
triangle = Fucose. The relative peak abundance was calculated by normalizing the intensity of each peak to

the intensity of the highest peak, which occurs at 1205.62 m/z ratio.

The obtained spectra showed some similarities and major differences in peaks reported between strain
137¢ and strain UVM4 (Figure 4.2). Further, the putative glycans attributed to each peak were
identified. Unfortunately, O-glycans were not detected in the mass spectra of both strains. Considering
the extensive presence of O-glycosylated cell wall proteins in the extracellular space of strain UVM4
(Chapter 2, section 4.2.4), it was surprising to be unable to detect any O-glycans in this species. It is
possible that the glycan detachment procedure or the sample preparation was inadequate to analyse O-
glycoproteins. Therefore, only the N-glycoprofiles of both strains were compared and investigated

further.

4.3.1. Similarities and differences in glycosylation status between strains
The most important similarity between strains 137c and UVM4 was the presence of the two microalgal

immunogenic residues: B(1,2)-xylose and a(1,3)-fucose.

76436 m/z 845 42m/z 88148m/z 895 46m/z 1043 46 m/'z | 1057 56m/'z 1205.62m/z | 1351.66m'z
e @0 O e @ e o e e
ok ® con > : e ¢ “a e o e o
N o o ® - -
s #* i
b4 [ |
o
E . F < E < E i<
s & ~Or O ~iF -0~ O~ O
Strain 137c v v v v
Strain UVM4 v v v v v v

Figure 4.3. Immunogenic glycoforms identified for strains 137c and UVM4. Green circle = Mannose. Yellow
circle = Galactose. Blue square = GlcNAc. Yellow star = Xylose. Red triangle = Fucose. A tick symbol (V)

indicates presence of the glycoform in the strain mass spectra.
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The most intense peak in both spectra was identified as a core-xylose glycoform, often detected in C.
reinhardtii (peak 1205.62, Figure 4.2A and 4.2B) [11,15]. Other glycoforms in both strains showed the
attachment of a xylose residue on the core mannose or one of the antennae, another well-known C.
reinhardtii glycosylation pattern (peaks 764.36 m/z, 845.42 m/z, 881.48 m/z, 1043.46 m/z, 1351.66
m/z; Figure 4.3). The reported immunogenic residue o(1,3)-fucose was also detected in both strains
(peaks 895.46 m/z, 1057.56, 1351.66 m/z, Figure 4.3); moreover, in strain UVM4 the peak assigned to

this glycoform was the second most abundant (peak 895.46 m/z, Figure 4.2B).

The major difference between the two strains was the relative abundance of the different glycoforms.
The two mass spectra showed 1) presence or absence of very different peaks (attributed to different
glycans), and ii) presence of similar peaks but with significantly different relative abundances. As said
before, the abundance of glycoproteins has a fundamental impact on the glycosylation profile reported.
Not detecting one glycoform does not necessarily relate to the absence of the glycosylation enzyme(s)
responsible for that glycan. In fact, the reasons for the absence of a residue or glycoform might depend
on detection limit of the instrument used and relative abundance of the glycan. Therefore, while this
analysis cannot unambiguously prove that the glycosylation machinery of strain UVM4 is different
from 137c, it does show that the population of glycoproteins (glycoprofile) in the extracellular space of

the two strains is remarkably different.

Five important differences were detected between the glycoprofiles of strain UVM4 and strain 137c.

Firstly, strain 137¢ presents non-xylosylated “high mannose” glycans (peaks 698.34, 779.38, 1397.72,
and 1559.80 m/z, Figure 4.2A) not identified in strain UVM4. “High mannose” glycans are one of the
most common glycoforms detected in C. reinhardtii [11,15], therefore it was not surprising to find
multiple peaks and high relative abundance of these glycans in strain 137c. However, it is interesting to
report that non-xylosylated “high mannose” glycans were not detected in strain UVM4 in this study. It
would be interesting to determine the role of “high mannose” glycoproteins in C. reinhardtii to possibly

understand their lower abundance in the secretome of strain UVM4.
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Secondly, strain UVM4 presents a peak at 895.46 m/z attributed to a core-fucosylated glycoform
(Figure 4.2B) and another peak attributed to a core-fucose glycoform (peak 1057.56 m/z, Figure 4.2B),
that were not found in strain 137c. A core-fucose glycan was detected in strain 137¢, however its relative
abundance was low.

The third important difference between the two strains was the putative detection of a galactose residue
(peak 845.42 m/z, Figure 4.2A). This monosaccharide has never been detected before in this species,
although galactose has been identified in Botryococcus braunii, which belongs to the same phylum as
C. reinhardtii (Chlorophyta), and therefore the presence of galactose in C. reinhardtii is conceivable.
In Chapter 1, I reported in silico presence or absence of glycosylation enzymes homologs in multiple
species, including C. reinhardtii and B. braunii (Figure 1.3). Neither of them reported presence of
galactosyltransferase homologs. Considering the putative presence of this residue in both species, it is
possible that an alternative galactosyltransferase might be operating in C. reinhardtii and B. braunii.
The fourth important difference between the two strains was the different relative abundance of the
peak at 911.46 — 911.48 m/z. This peak was identified as the “pentasaccharide core” in both strains,
however the relative abundance was significantly lower in strain 137c. The “pentasaccharide core” is
the most important structure for N-glycosylation. In fact, this structure is well-preserved across all
eukaryotes, and it is also present on every N-glycan. It is possible that the high relative abundance of
this structure in strain UVM4 is related to a general higher abundance of N-glycoproteins in this strain
compared to strain 137c. The protein gel stained with glyco-staining (Figure 4.1B) showed higher
intensity of bands in strain UVM4 (especially high molecular weight proteins, indicated by red arrows
in Figure 4.1), reporting a higher abundance of glycoproteins in this strain. However, a glycomics
approach is unable to correlate a glycan to its carrier glycoprotein; therefore, to be able to target and
characterise specific glycoproteins, and to identify their glycans, a glycoproteomics approach is needed.
The selected proteins (such as the high molecular weight proteins more intense in strain UVM4, Figure
4.1) should be excised from the gel and analysed singularly. Glycoproteomics might be useful to
identify targeted glycoprotein patterns and possibly to unveil the reasons for the higher abundance in

strain UVM4 of the peak associated with the “pentasaccharide core”. And lastly, the fifth difference
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between strains 137c and UVM4 was the presence of peak 845.42 m/z in strain 137c (peak absent in

strain UVM4).

4.3.2. Strain 137c shows a putative “complex” glycoform
Peak 845.42 m/z, present in strain 137c but absent in strain UVM4 (Figure 4.2A and 4.2B), was
attributed to a “complex” N-glycan. As extensively described in Chapter 1, the formation of complex
glycans is possible only in the presence of GnT I. This enzyme in mammalian cells is located in the
Golgi apparatus and its role is to attach an N-acetylglucosamine residue on the newly formed glycan.
Microalgal species are described as either GnT I-dependent or GnT I-independent species. GnT I-
dependent species, such as Phaeodactylum tricornutum and B. braunii, are able to generate “hybrid”
and “complex” glycans, whilst GnT I-independent species, such as Chlorella vulgaris and
Porphyridium purpureum, only produce “high mannose” glycoforms. “Complex” and “hybrid” glycans
have never been experimentally detected in C. reinhardtii previously, therefore it was considered a GnT
I-independent species. However, the putative identification of “complex” glycoforms in C. reinhardtii
results shown in Figure 4.2A suggest that a reinvestigation of the N-glycosylation pathway in this

species might be needed.

Only four studies have analysed glycosylation in C. reinhardtii before this study [11,15,16,17], none of
which reported “complex” or “hybrid” glycans. However, considering the direct correlation between
abundance of a glycoprotein and the amount of the released glycan in the sample, and the importance
of glycan abundance for a mass spectrometry analysis, a different experimental design performed in the
previous studies might have affected the obtained glycoprofile. In fact, several factors such as strain,
culture conditions, harvesting time, and fractions analysed can all have an impact on the abundance of
glycoproteins populating the extracellular space of the cultures, resulting in different glycoprofiles
obtained and analysed. The four cited studies treated and analysed the samples differently. First, none
of the previous studies have analysed the glycoprofile of strain 137¢ nor strain UVM4. The strains
analysed were cc-503 cw92, cc-1036 pfl8, cc-400 cwl5, cc-4375, and cc-4533. Mathieu-Rivet and

colleagues [15] hypothesised that different strains will show the same glycosylation status. However, in
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this study, major differences between strain 137c and strain UVM4 were reported; therefore it seems
possible to find strain-specific differences within the same species. Moreover, the other experiments
were conducted under different environmental conditions and with a different experimental aim and
design [11,15,16,17]. In fact, this study is the first that focuses solely on total native glycosylation status
of extracellular proteins. Mathieu-Rivet and colleagues [15] performed targeted native glycosylation
analysis of multiple fractions. They collected different fractions, such as chloroplast, plasma membrane,
intracellular, and extracellular proteins, loaded onto a SDS-PAGE, prepared in-gel, and analysed by
mass spectrometry [15]. This approach is called glycoproteomics, which focuses on subcellular location
of the glycoproteins. In contrast, this analysis was focused on the whole extracellular glycoprotein
profile, an approach called glycomics. In addition, the other three studies [11,16,17] performed genetic
engineering of C. reinhardtii to produce specific exogenous glycosyltransferases, and subsequently
analysed glycoproteins using a glycoproteomic approach. Schulze and colleagues [16] and Oltmanns
and colleagues [17] focused on analysis of methyltransferase, xylosyltransferase, and fucosyltransferase
activity, while Vanier and colleagues [11] analysed the activity of heterologous GnT I enzyme.
Interestingly, Vanier and colleagues [11] successfully expressed an exogenous GnT I (cDNAs
originated from Arabidopsis sp. and P. tricornutum); however, no modification of the glycans was
reported. They hypothesised three possible causes for inactivity of heterologous GnT I: i) the
recombinant enzyme was not located in the Golgi apparatus, ii) absence or inadequate activity of the
GlcNAc-transporter enzyme responsible for the accumulation of GlcNAc in the Golgi apparatus, and
iii) absence of the substrate glycan targeted by the GnT I enzyme [11]. The putative presence of
“complex” glycoforms reported in this study in strain 137¢c, and the inactivity of the conventional GnT
I enzyme, suggests the presence of an alternative GnT I enzyme in C. reinhardtii. This hypothesis is
also supported by computational data. In fact, an in silico analysis of glycosylation pathway genes in
multiple microalgal species did not identify a possible GnT I homolog in C. reinhardtii (Mathieu-Rivet
et al. 2014[6]). I performed a similar analysis (Chapter 1, Figure 1.3) and obtained the same result.
Therefore, considering that the GnT I enzyme was not detected in C. reinhardtii but its product was,
there might be an alternative pathway operating in this species. While these results are interesting, they
require confirmation with increased replicates and analysis of patterns throughout a growth phase to
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clearly confirm the presence of more “complex” glycans, and the existence of an alternative N-

acetylglucosaminyltransferase in C. reinhardtii.
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5. CONCLUSION

Here 1 provide the first glycosylation analysis and comparison of the extracellular proteome of
Chlamydomonas reinhardtii strain UVM4 with the non-mutant strain 137c. This glycomics analysis
offers new insight on the glycosylation status of a well-established C. reinhardtii strain, currently

broadly used for biotechnological applications.

I reported major differences in the glycoprofiles of the two strains, indicating that different strains
grown under the same condition can show different abundance of glycosylated proteins in the
extracellular space. I also reported the presence of immunogenic residues in multiple glycoforms of
strain UVM4, suggesting possible attachment of immunogenic glycans on recombinant glycoproteins
produced in this host. Moreover, I also identified a putative “complex” glycoform in the extracellular
space of strain 137c, a glycan never reported in C. reinhardtii before. The possible presence of this
glycoform in C. reinhardtii imposes a reconsideration of this species as a GnT I-independent microalga,

and requires further investigations.

Future studies should focus on the analysis and identification of other “complex” or “hybrid”
glycoforms, to validate the results shown in this study and identify the enzyme responsible for these
glycoforms. In fact, the formation of these glycans is directly related to the presence of the GnT I
enzyme. Previous in silico studies (including Chapter 1) reported the absence of GnT I homologs [15].
Moreover, another study reported the inactivity of a heterologous GnT I produced in C. reinhardtii [11].
Therefore, it is possible that an alternate GnT I enzyme is present in this species and responsible for the

formation of “complex” and “hybrid” glycans, but future studies will be necessary to prove it.

In conclusion, the knowledge generated in this study brings new insights into the glycosylation status

of proteins in C. reinhardtii. Obtaining the full picture is fundamental to validate this species as a cell

biofactory for recombinant biopharmaceutical production.
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1. SUMMARY OF THESIS

Production of recombinant proteins from microalgae is an emerging field with great potential despite
some significant drawbacks. These obstacles need to be overcome before microalgae, including
Chlamydomonas reinhardtii, can be successfully employed as an industrial biofactory. As highlighted
in Chapters 1 & 4, glycosylation is a particularly important issue that can affect the function and
immunogenicity of recombinant biopharmaceuticals produced from C. reinhardtii (and other
microalgal species), and clearly needs to be further characterized. However, the major stumbling block
to commercial relevance of C. reinhardtii as a platform for recombinant protein production is the
inadequate yield, which is significantly lower than what can be achieved in more established systems.
The ultimate goal of this thesis was to report, analyse, and possibly overcome the two drawbacks that
afflict C. reinhardtii: low yield and potential immunogenicity of recombinant proteins. To do so, 1
performed the first comparative protein analysis of the highly expressive and broadly-used C.
reinhardtii UV mutated strain UVM4. This strain was generated by UV mutagenesis [4] and is capable
of higher secreted recombinant protein yields than C. reinhardtii non-mutated strains (up to 3-fold
higher) [1,2]. However, the molecular mechanisms driving these higher yields remain unknown. The
total comparative proteome analysis of wild type and genetically engineered cell lines of strains 137c
and UVM4 (Chapters 2 & 3) enabled the identification of molecular processes altered in strain UVM4
wild type (Chapter 2) and in C. reinhardtii after genetic engineering (Chapter 3). The detailed list of
altered proteins and modified pathways reported in this study provide potential protein targets for
genetic engineering to optimise recombinant protein production in C. reinhardtii. In addition, the
comparative glycosylation analysis performed in Chapter 4 provided the first insight on the
glycosylation pattern of strain UVM4, while contributing novel information on the glycosylation
machinery of the non-mutant strain 137c. The analysis of glycosylation status in C. reinhardtii reported
the presence of immunogenic glycans in both strains 137¢ and UVM4. However, considering the
extensive information presented in Chapter 1 regarding glyco-engineering, it might be possible to target

the enzymes responsible to improve the quality of the recombinant proteins produced in C. reinhardtii.
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In conclusion, this thesis provides a detailed analysis of the two major obstacles in recombinant protein
production in C. reinhardtii, unravelling possible causes and potential solutions, with the ultimate goal
of establishing C. reinhardtii as a commercial and sustainable platform for recombinant protein

production.
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2. SYNTHESIS

2.1. Comparative proteomic analysis of C. reinhardtii strains 137¢ and UVM4
(Chapter 2)

C. reinhardtii UV mutated strain UVM4 is a well-established model used worldwide for microalgae
research and more particularly for recombinant protein production. Its biotechnological value lies in its
high secreted recombinant protein yields. However, as frequently observed for organisms generated by
mutagenesis, the strain has been chosen based on the phenotype and the mutated DNA loci have not
been characterised. Therefore, the molecular mechanisms driving enhanced recombinant protein
production in strain UVM4 are still unknown. Considering that yields obtained in strain UVM4 can be
up to 3-fold higher that non-mutated strains of C. reinhardtii [1,2], but still far from yields obtained in
CHO cells, the analysis of the altered pathways responsible for higher yields in UVM4 might help to
further optimise C. reinhardtii strains for recombinant protein production with the long-term intention
to match mammalian cell yields. In Chapter 2, I conducted comparative proteomics on the wild type
strain 137¢ and strain UVM4 to elucidate some of the possible molecular processes driving enhanced
recombinant protein production in strain UVMA4. I analysed and compared the intracellular proteomic
profiles, to reveal potential altered pathways involved in transcription and translation. In addition, I also
analysed and compared the proteins populating the extracellular space, a relevant issue for production

of secreted recombinant proteins.
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Figure 5.1. Schematic diagram showing the altered molecular processes detected in strain UVM4.

These results revealed several proteins showing significantly higher or lower abundance in strain
UVM4 than strain 137c and consequently multiple altered cellular and molecular processes in the UV
mutated strain. Many of these altered processes are involved in protein production and therefore they
might be responsible for recombinant protein final yield. Strain UVM4 showed high abundance of
proteins involved in DNA transcription and RNA translation, and low abundance of proteins involved
in proteolysis (Figure 5.1). These results provided new insights on potential molecular mechanisms
involved in recombinant protein production in C. reinhardtii and on enhanced performances of strain
UVM4 as a biofactory. However, this Chapter did not investigate the effect of genetic engineering on
C. reinhardtii and the differences in behaviour between transgenic cell lines of strains 137c and UVM4,

which were covered in Chapter 3.

2.2. Comparative proteomic analysis of C. reinhardtii strains 137c and UVM4 after
genetic engineering (Chapter 3)
Among the altered molecular processes detected by the proteomic analysis performed in Chapter 2,

significant differences were observed in relative abundance of proteins involved in chromatin

remodelling between strain 137c¢ and strain UVM4; however, to detect and/or analyse pathway
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alterations due to genetic engineering, it was necessary to insert and express nuclear transgenes.
Therefore, in Chapter 3, I generated transgenic cell lines of both strains 137¢c and UVM4 and
subsequently analysed and compared their intracellular proteomes. The analysis focused on similarities
and differences between the proteomes of the two strains after genetic engineering, to unveil the

molecular and cellular processes modified after transgene insertion and expression.

4 M3

Transgenic DNA transcription RNA translation quality control

C. reinhardtii l

137c and UVM4
. recombinant
degradation transport protein

Figure 5.2. Simplified schematic of protein production pathways in C. reinhardtii, showing the common pathways

altered due to transgene expression in strains 137¢ and UVM4

These results showed major differences before and after the genetic engineering in both strains. Figure
5.2 shows the similar trends of the altered pathways in both strains after genetic engineering. This
analysis reported a general relative higher abundance of ribosomal proteins involved in RNA translation
in both strains, probably related to transgene insertion and continuous expression. However, both strain
137¢c and UVM4 showed a general lower abundance of almost all the other proteins involved in protein
production. All proteins involved in DNA transcription, initiation and elongation of translation, quality
control, and transport pathways showed lower abundance. This is likely related to the stress of
transgenic insertion and expression, the cells of both strains shutting-down cell machinery in order to

mitigate energetic costs related to the production an unwanted and unnecessary protein.
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Apart from the low yields, another important issue for recombinant protein production in microalgae is
possible incorrect glycosylation, which is directly responsible for immunogenicity and consequent low

quality of recombinant biopharmaceutical products, addressed in Chapter 4.

2.3. Glycosylation comparison of strains 137c and UVM4 (Chapter 4)
The analysis performed in Chapter 2 & 3 provided useful information on the mechanisms that govern
the production of recombinant protein in C. reinhardtii and on the altered pathways responsible for
enhanced yields in strain UVM4. However, besides quantity, quality of the product is also important
for industrial biopharmaceutical production. Therefore, it was necessary to analyse the glycosylation
status of strain UVM4 to assess the quality of recombinant proteins produced in this strain. As
extensively described in Chapter 1, glycosylation is species-specific and plays a fundamental role in
immunogenicity of recombinant biopharmaceuticals; glycans absent in humans but present in
recombinant biopharmaceuticals produced in other organisms can be recognised as exogenous and
trigger an immunogenic reaction in the patient, leading to reduce efficacy and potential detrimental side
effects. Therefore, analysis of glycosylation pattern of a biofactory is necessary to validate its suitability
in the industrial biopharmaceutical market. I hypothesised that the engineering and exposure to UV
might have affected the glycosylation mechanism in UVM4 resulting in different glycosylation pattern
compared to the wild-type. This analysis focused on similarities and differences in glycan abundance

between the two strains, with a special focus on immunogenicity.
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Figure 5.3. Immunogenic glycans detected in strains 137c and UMV4. Green circle = Mannose; Blue square =

N-Acetylglucosamine; Red triangle = Fucose; Yellow star = Xylose.

The glycosylation profiles of the two strains showed few similarities and multiple differences.
Unfortunately, both strains reported the immunogenic monosaccharides P(1,2)-xylose and o(1,3)-
fucose (Figure 3). These immunogenic residues are specific to plant and microalgae. However, the
presence of immunogenic native glycoproteins is not necessarily related to production of immunogenic
recombinant biopharmaceuticals, as they are not necessarily attached to a recombinant protein during
its formation. While this chapter provided the very first comparative glycomics analysis of strain 137c¢
and UVM4, it also highlighted the need for future studies to characterise immunogenicity of

recombinant protein produced in Chlamydomonas reinhardtii.
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3. LIMITATIONS

Chlamydomonas reinhardtii genome was sequenced in 2007 by Merchant and colleagues [3]. Since
then, numerous proteins were identified and annotated via experimental analysis, at either the
transcriptional or translational level. However, the majority of C. reinhardtii proteins are still
unpredicted, inferred from homology, or uncharacterised. Moreover, various pathways are incomplete,
characterised based on homology with higher plants, or still unknown. Therefore, in Chapters 2 & 3,
reconstructing the biological processes with limited information was challenging, and it is likely that

important pieces of the puzzle were missing.

The comparative analysis performed in Chapter 2 revealed the potential molecular mechanisms driving
the phenotypic differences between two of the most widely used strains of C. reinhardtii, strain 137c
(wild type strain cc-125 mt+) and strain UVM4 (cell wall deficient strain cw15-302 cwd mt+ arg7
subjected to genetic engineering and UV mutation), more particularly in the context of recombinant
protein production. However, strain 137¢ is not the direct parental strain of strain UVM4. The parental
strain is strain cw15-302 cwd m¢+ arg7 (also called cc-4350) after nuclear co-transformation of the
ARG?7 gene and the CRYI-1 gene. This genetically modified strain (called Elow47) was generated by
Neupert and colleagues in 2009 prior to UV mutagenesis of the microalga [4]. Comparative analysis of
strain UVM4 and strain Elow47 might have helped to entirely discern between proteomic profile
alterations uniquely generated by UV mutagenesis and alterations due to genetic engineering of strain
cc-4350. However, strain cc-4350 is arginine-auxotrophic, therefore it requires specific growing
conditions that made impossible a correct proteomic comparison for this PhD thesis. Moreover, both
cc-4350 and Elow47 are cell wall deficient strains, therefore a comparative proteomic analysis of strain
UVM4 using one of those two strains as control would have not unveil the fundamental molecular
processes related to cell wall deficiency, which is supposed to play a fundamental role in the improved

potential for recombinant protein production in strain UVM4.
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In Chapter 3, both strain 137c and UVM4 were genetically engineered. To overcome the low
transformation success rates (common in C. reinhardtii), the recombinant protein of interest was fused
to mVenus to discriminate positive transformants from others by fluorescence-based cell sorting flow
cytometry. This allowed me to select microalgal cultures showing high percentage of cells carrying the
recombinant DNA sequence and producing the desired recombinant protein. However, strain UVM4
selected transgenic cell lines showed percentages of positive cells between 18 — 25%. This result
confirmed that the high transgene suppression mechanisms reported for C. reinhardtii are still active in
strain UVM4. Moreover, albeit a fusion fluorescent reporter is very helpful to screen positive cultures
and separate them from the rest of the culture, partially enhancing the total amount of positive cells, it
cannot be used for industrial application. In addition, a high percentage of positive cells does not directly
translate into high yields of recombinant protein. In fact, random nuclear integration transformation
mechanism generates very different transgenic cell lines starting from the same wild type culture.
Random integration adds another level of complexity to the generation of highly expressive transgenic
cell lines in C. reinhardtii. Until targeted genetic engineering is perfected in C. reinhardtii and

microalgae in general, selection of the best transgenic candidates will remain challenging.

In Chapter 2 & 3, the label-free quantification method allowed me to compare the intracellular and
extracellular proteomes of strains 137c and UVM4. However, this method is valid only for proteins
detected in both strains. The proteins only found in one of the two strains (called unique proteins) were
analysed and used as validation of the label-free quantification; however, being absent in the other
strain, these proteins could not be quantified. Unique proteins of strain UVM4, as well as absent proteins
in this strain, could define the modification of strain UVM4 genome, and also the response of this strain
to genetic engineering and its increased transgene expression. Therefore, a different quantification
method could have been used to obtain the proteomic datasets. Quantification methods involving an
internal or external standard could result in an absolute quantification of these unique proteins, leading

to fundamental information regarding strain UVM4 behaviour.
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In Chapter 4, I was able to analyse only N-glycosylated proteins. Considering the extensive amount of
cell wall proteins detected in the extracellular space of UVM4, and the fact that these cell wall proteins
(such as hydroxyproline-rich proteins and pherophorins) are heavily O-glycosylated, the absence of O-
glycans in the glyco-profile of the secretome of strain 137c and especially strain UVM4 was surprising.
It is plausible that the sample preparation and the detachment of O-glycans was inadequate to

successfully characterise O-glycosylation in C. reinhardtii.

As described in Chapter 1 & 4, presence of native immunogenic residues in an organism does not
directly related to attachment of immunogenic residues on recombinant glycoproteins. To analyse the
glycosylation patterns and potential immunogenicity of recombinant biopharmaceuticals produced in
C. reinhardtii, 1 tried to produce two secreted recombinant proteins in strain UVM4: one native (Fe-
assimilating protein I, UniProt accession number: Q9LD42) and one of human origin (interferon 02A,
O-glycosylated human protein with anti-cancer and anti-viral properties, UniProt accession number:
P01563). I constructed two plasmids carrying the recombinant DNA encoding for the Fe-assimilating
protein 1 and the interferon a2A. Both proteins were carrying a fusion fluorescent tag and a secretion
tag, therefore the recombinant proteins would pass through the secretory pathway (enabling
glycosylation) and they would be located and detectable in the extracellular space. I performed nuclear
transformation and measured fluorescence in the media by high-performance microplate reader to select
positive transgenic cell lines for the two constructs. Lastly, I needed to purify the recombinant proteins
from the extracellular space to perform glycosylation analysis. Unfortunately, I was not able to purify
the proteins from the secretome or even visualize them using western blot (using anti-His antibody).
This could be attributed to different reasons: i) the amount of recombinant proteins was too low to be
detected; ii) the His-tag was cleaved during secretion, impeding the detection via anti-His antibody
(behaviour reported in plants [5]); or iii) the recombinant protein was “trapped” in an extracellular
matrix, impeding proper migration on electrophoresis gels, proper binding of the antibody, and
successful purification using liquid chromatography methods. Baier and colleagues [6] associated
impaired purification of recombinant proteins from the secretome of strain UVM4 with an extensive
amount of cell wall protein aggregates populating the extracellular space of this strain. In cell wall-

157



deficient strains (such as strain UVM4), cell wall proteins are still produced, however they are not
assembled in the cell wall and they are secreted in the extracellular space, where they aggregate [6]. In
Chapter 2, I analysed the population of cell wall proteins in the secretome of C. reinhardtii and
compared relative abundances of these proteins in strain UVM4 (against the control strain 137c). I
reported an extensive amount of these proteins in the extracellular space and a general higher abundance
of cell wall proteins in strain UVM4 (up to 64-fold higher than in 137c). Moreover, in Chapter 4, 1
analysed and compared the proteomic profile of the extracellular space of both strains using a TGX
precast gel and two different protein staining methods, Coomassie staining (to detect the total protein
profile) and glyco-staining (to visualise uniquely N- and O-glycoproteins).

Considering the difficulties I experienced in purification of secreted recombinant proteins from the
extracellular space of strain UVMA4, I analysed further the protein gels obtained in Chapter 4. In this
case, | was looking for intense bands stained with both Coomassie and glyco-staining (as stated before,
cell wall proteins are heavily glycosylated) that were only present in strain UVMA4.
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Figure 5.4. SDS-PAGE gel showing the extracellular proteomes of 137c and UVM4 strains stained with (A)

Coomassie and (B) glycoprotein staining. Selected bands are highlighted (in red).
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Using both staining techniques, I was able to detect two intense glycoprotein bands only present in
strain UVM4. The selected bands were extracted (from the gel stained with Coomassie) and the proteins
were released from the gel matrix using trypsin digestion. The peptide mixture was subsequently
analysed by mass spectrometry to identify the proteins. The identification was performed using the

software PEAKS (manually validating the results) (Tables 5.1 and 5.2).

Table 5.1. Identified proteins from strain UVM4 gel band 1

Accession number Protein #Peptides | #UniqueP | Avg. Mass (Da)
A8HP37 Cell wall protein pherophorin-C13 66 18 52902
A8HP36 Cell wall protein pherophorin-C2 55 7 52642
A81JQ2 Cell wall protein pherophorin-C1 26 15 50057
Q6PLP6 Cell wall protein GP2 (Fragment) 20 20 120312
Q3HTK4 Cell wall protein pherophorin-C3 14 14 47118

Table 5.2. Identified proteins from strain UVM4 gel band 2

Accession number Protein #Peptides | #UniqueP | Avg. Mass (Da)
Q6PLP6 Cell wall protein GP2 (Fragment) 86 86 120312
A8HP36 Cell wall protein pherophorin-C2 13 3 52642

This analysis showed multiple interesting results: i) both band 1 and band 2 showed multiple protein
identifications, ii) the proteins found in band 2 are also present in band 1, and iii) all the proteins
identified are cell wall proteins. Moreover, all proteins reported a high number of identified peptides,
repeatedly showing multiple hits for the same peptide (often unique peptides were identified multiple
times). Furthermore, both bands on the gel were showing molecular weights higher than 250 kDa, whilst
all the identified proteins have molecular weights equal or lower than 120 kDa. I hypothesise that the
aggregates described by Baier and colleagues [6] are formed by multiple different cell wall proteins,
and that these aggregates are not separated in mild denaturing conditions. I also identified the proteins
possibly responsible for those aggregates that impair recombinant protein purification in strain UVM4
and consequently responsible for lower yields.
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4. FUTURE PERSPECTIVES AND CONCLUDING REMARKS

As stated before, there are still some challenges hindering C. reinhardtii to become a commercially
established biofactory. Here I provide multiple molecular targets possibly responsible for low
recombinant protein yields in this species. Future research should apply the information gathered in this

study to improve yields in C. reinhardtii.

In this thesis, I mainly used correlative approaches to identify possible protein targets responsible for
low recombinant protein yields in C. reinhardtii. Combining existing protein annotation, homology
with higher eukaryotes, and literature, I was able to speculate on the role of multiple proteins and their
involvement in specific molecular processes. However, to fully demonstrate my hypotheses, functional
genomics approaches are necessary. Targeted knock-in (KI), knock-down (KD), and/or knock-out (KO)
of gene(s) encoding for proteins identified in this study, and subsequent analysis of the transgenic cell
line generated, could possibly validate the role(s) hypothesised. The application of functional genomics
based on this study could i) improve the currently inadequate molecular knowledge of C. reinhardtii,
and ii) enhance recombinant protein production and yields in this species, to validate C. reinhardtii as
a cell biofactory for industrial applications. For example, in Chapter 3, I reported lower abundance of
proteins involved in translation initiation and elongation after genetic engineering in both C. reinhardtii
strains; I hypothesised that lower abundance of these proteins might be directly related to lower
transgene expression in C. reinhardtii. Overexpressing genes involved in these pathways by genetic
engineering might result in higher translation of recombinant protein and consequently higher yields,
validating my speculation. Other possible targets for KI, KD, or KO approaches are gene(s) encoding
for proteins involved in chromatin remodelling. In Chapter 2 & 3, I reported a higher abundance of
histones in strain UVM4 compared to strain 137c, before and after transgenic insertion and expression.
Moreover, in Chapter 3, I detected lower abundance of proteins involved in histone modification and
chromatin remodelling in both strains after genetic engineering. Differential abundance of these
proteins might be linked to the position effects and gene silencing mechanisms that afflict strain UVM4.

Unfortunately, the mechanisms regulating core histone modifications and gene silencing in C.
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reinhardtii are poorly described and will gain to be studied further. Unveiling the mechanisms
regulating histone-DNA binding and histone modifications in C. reinhardtii might help understanding
their role in gene and transgene expression and consequently in recombinant protein yields. Another
important altered molecular process reported in strain UVM4 was lysosome activity. Lysosome is a
membrane-bound organelle involved in protein degradation. The mechanisms regulating the activity of
this organelle, and the interaction between intracellular and extracellular lysosome enzymes are still
unknown. It is crucial to extend our general understanding of lysosome activity in C. reinhardtii, to
elucidate protein degradation mechanisms in C. reinhardtii, and possibly to enhance recombinant
protein final yields. Another functional genomics application might target extracellular cell wall
proteins. Here I provide a list of secreted cell wall proteins possibly involved in impaired recombinant
protein purification. Future research should target these cell wall proteins, perform gene KD or KO to
impede their production, and subsequently produce secreted recombinant proteins in these cell wall-
protein-free cell lines. Recombinant protein purification in these KD or KO cell lines might improve,

leading to enhanced secreted protein yields.

However, there are two important aspects to consider before undertaking a genetic engineering
approach: i) modifying existing pathways might have detrimental effects on survival and growth of the
organism, and ii) multiple target proteins involved in similar pathways were reported, and
overexpressing them all might be impractical and/or counterproductive. A possible solution is a trial-
and-error approach, selecting and overexpressing a specific gene encoding for one target protein and

report the transgenic cell line behaviour.

Future research should focus on producing recombinant secreted proteins and analyse the intracellular
and especially the extracellular proteomes. The journey of a recombinant protein through the secretory
pathway will definitely alter the proteomic profile of C. reinhardtii differently than for a recombinant
protein produced intracellularly and accumulating in the cytosol (in reference to the recombinant

mVenus protein used in this thesis, Chapter 3). The analysis of the extracellular proteome of a strain
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UVM4 transgenic cell line producing a secreted protein could also bring significant information on

lysosome activity after genetic engineering.

In Chapter 4, I tried to analyse both N- and O-glycosylation, however only N-glycan patterns were
detected and identified. I hypothesised (in Chapter 5, section 3) that sample preparation played a major
role for the failure of O-glycosylation analysis in my project. Nevertheless, I think that a comprehensive
analysis of native O-glycans in C. reinhardtii and in microalgae in general is urgently needed. To
achieve successful O-glycosylation analysis, | suggest to separate the O-glycoproteins from the rest of
the sample mixture prior to the detachment of the glycans. A possible procedure might involve the use

of lectins, carbohydrate-binding proteins that can target uniquely O-glycosylation [7].

In Chapter 4, 1 analysed native N-glycosylation patterns in C. reinhardtii, reporting multiple
immunogenic glycans. However, because of some technical and time limitations, I was not able to
purify secreted recombinant proteins and analyse glycosylation of recombinant proteins. The capacity
of a cell biofactory to attach immunogenic residues on native proteins does not directly correlate to
presence of immunogenic glycans on recombinant proteins. Therefore, targeted analysis of recombinant
glycosylation patterns from C. reinhardtii is urgently needed to validate C. reinhardtii as a cell

biofactory for industrial applications.

Finally, while my research unveiled the limitations of Chlamydomonas reinhardtii as a cell biofactory,

multiple solutions are clearly available to overcome these obstacles and there is no doubt that C.

reinhardtii will increasingly play significant role in the biopharmaceutical industry in the near future.
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