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1 Abstract

Glycoengineering aims to generate proteins with defined glycosylation. Production of
glycoengineered proteins can be performed in vivo, with modification of gene expression of the host
glycosylation enzymes pre-protein purification, or in vitro, using glycan modifying enzymes post-
protein purification. Glycoengineering in vivo is scalable but requires the combinatorial generation
of genetic variants. Glycoengineering in vitro is more controllable but increases in cost as number of

enzymes involved increases.

Here a dual glycoengineering system, comprising of an in vivo glycoengineered Saccharomyces
cerevisiae and an artificial Golgi column (AGC) was designed. When glycoengineered high-yield
producing yeast was coupled to an in vitro glycosylating column, a scalable, glycan-defined
glycoprotein production system was created. A target glycoprotein (Trastuzumab) is produced in S.
cerevisiae engineered to synthesize the GIcNAcMansGIcNAc: hybrid glycan structure by disrupting
genes OCH1 and MNN1, while inserting a-1,2-mannosidase and GnTl into the genome.
Subsequently, the AGC performs in vitro glycosylation with immobilised B4GalT1 and ST6Gall on-
column, forming galactosylated and sialylated glycans. Physical parameters such as flowrate and
substrate concentrations were partially optimised for on-column glycosylation and the reusability of
the column was demonstrated. This multi-faceted approach to glycoengineering shows promise for
future industrial applications with potential for large-scale glycan modification of valuable

therapeutics and glycoproteins.



2 Introduction
As proteins are produced inside cells, they are subject to post translational modifications (PTM). A

common PTM is protein glycosylation, wherein carbohydrate moieties, glycans, are added to proteins
via the activity of glycosidases and glycosyltransferases (1). The most prominent types of protein
glycosylation in human cells are N- and O-linked glycosylation. N-glycosylation is the covalent
attachment of an oligosaccharide to the nitrogen atom of an asparagine residue within a consensus
sequence of Asn-X-Serine/Threonine, where X is any amino acid but Proline (2). Where the N-linked
glycosylation site can be predicted with high accuracy, sites of O-linked glycosylation are less
predictable. O-linked glycosylation generally occurs on the oxygen atom of a serine or threonine
residue, when there is a nearby proline residue (3). N-glycans generally have the same core structure

of MansGIcNAc: (Figure 1), while O-glycans can have up to 8 different core structures (3).

The presence of an N-glycan recognition site, however, does not guarantee the addition of glycans to
that site on a given peptide. Glycan addition to proteins can be dictated by steric site factors (4, 5),
the protein transport through the ER, the ability of the cellular machinery to access these sites, the
availability of glycan precursors or substrates, and organism specific biosynthetic pathways. Despite
this unpredictability, protein glycosylation is highly significant and affects basic protein features such
as folding, stability and function (2, 3). It is therefore of great interest to researchers to investigate the
potential of glycosylation engineering, with the aim to improve the efficacy of current and future
recombinant proteins and therapeutics. Glycoengineering is the application of engineering principles
to the synthesis of glycan structures for the direct purpose of modification towards a specific target
structure. This process can happen both in vivo and in vitro and draws upon techniques from various
fields including molecular and synthetic biology, proteomics, genomics and, most importantly,

glycomics.

Glycans have measurable effects on the glycoprotein they are connected to, affecting stability,
pharmacokinetics, pharmacodynamics, bioactivity, and immunogenicity (6-8). For this reason, over
the last four years, mammalian cell lines such as HEK and CHO cells have been used to produce 84%
of all new biopharmaceutical products (6, 7, 9). This has achieved complex, human type N-glycan
biosynthesis, reducing unwanted immunogenic and bioactivity effects. Of the remaining 16% of
synthesised proteins made, standard non-mammalian chassis organisms such as Escherichia coli and
Saccharomyces cerevisiae, which only attaches very large high mannose N-glycans, are used.
Typically, those biopharmaceutical products produced in E. coli required no glycosylation (such as
pro-insulin (10)); or are made in S. cerevisiae yeast strains that had been glycoengineered to produce

more human-like glycan structures (11).
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Figure 1 - Summary of N-linked glycosylation. Core N-glycan sequence (A) and three basic types
of N-linked glycans are shown, with the consensus core sequence redrawn separately on the left.
Oligomannose (B.), complex (C), and hybrid (D) structures are typically found on mature human
glycoproteins, whereas high-mannose structures are observed on unicellular eukaryote
glycoproteins, such as yeast (not shown). Symbol nomenclature based on SNFG and will be used for
all subsequent figures (12). Figures adapted from (2, 3).

2.1 Native N-glycan biosynthesis and glycoengineering techniques

2.1.1 N-glycan biosynthesis
Initial stages of N-glycans synthesis are highly conserved across all eukaryotes. From initial core N-

glycan (MansGIcNAC2) synthesis, a high level of diversity is observed built on this structure. A lipid-
linked oligosaccharide (LLO) precursor is assembled in the endoplasmic reticulum and transferred
onto the glycoprotein. Following partial deglycosylation by glycosidases, N-glycans assist in binding
to the ER-folding factor, Calnexin, which enhances protein folding. At this stage, the glycoprotein is
also subject to protein quality control via the Unfolded Protein Response (UPR) pathway. If the
protein has not folded properly, the N-glycan is glucosylated, which signals re-entry into the Calnexin
cycle for repeated folding attempts. If the glycoprotein passes the ER quality control, then it will be

further trimmed to MangGIcNAc. and transported to the Golgi for additional modification.

It is in the Golgi that further N-glycan modification occurs, with the differences between yeast and
higher eukaryotes becoming pronounced (Figure 2). Upon entry to higher eukaryotic Golgi, the
MangGIcNAC: is further trimmed to MansGIcNAc.. Subsequent additions of GICNAc and trimming
of mannose results in a MansGIcNAcs (Figure 2). Here, depending on the glycoprotein, cell type, and
available substrates, the N-glycan terminus can be further modified with the addition of GICNAc,

3



GalNAc, galactose and sialic acids. These modifications happen sequentially, and result in different
conformations of complex N-glycans (Figure 2). Glycosylation is not homogenous on individual
glycoproteins, and it is seen that a heterogeneous mixture of N-glycans is observed in proteins
produced by mammalian expression hosts (13). When designing glycoprotein therapeutics for
specific targets and functions it is desirable to have a homogenous glycoforms with well-defined and

predictable properties, rather than a heterogeneous mix (6).

In contrast to mammalian systems, most fungi that have been used in recombinant glycoprotein
production tend to further elongate the MangGIcNAc: in the Golgi with additional mannose and
mannosylphosphate residues. This leads to very high mannose structures as seen in Figure 2. The
budding yeast S. cerevisiae has been shown to form hypermannosylated structures with up to 200
mannose residues (14), while Pichia pastoris produces structures with up to 50 mannose (14). P.
pastoris also tends to incorporate -1,2-linked mannose structures, which may elicit an immunogenic

effect when found on therapeutics.

Due to differences in N-glycan biosynthesis between mammalian hosts and other eukaryotes such as
yeast, it is important to consider the potential of strain engineering to produce recombinant
glycoproteins with N-glycans that are recognised as human-similar. Where predictable properties and

effector functions are sought, homogenous glycoforms on the protein are additionally required to
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Mannosidase-I (Man-1). This is followed by the addition of a GIcNAc residue by GnT-1. Subsequently,
one a-1,3 and one a-1,6-mannose residue is removed by Mannosidase-11 (Man-Il). The resulting
GIcNAcMansGIcNAc: structure is further modified by several glycosyltransferases, resulting in a
complex-type N-glycan containing galactose (by GalT), sialic acid residues (by SiaT) and/or fucose
(by FucT). (B) Saccharomyces cerevisiae. Here, MangGIcNAc. N-glycans imported from the
endoplasmic reticulum are modified by the a-1,6-mannosyltransferase OCH1, which adds an a-1,6-
mannose to the a-1,3-mannose of the trimannosyl core. This mannose initiates the formation of
hyperglycosyl-type glycans by elongating the outer chain with a-1,6-mannose residues, which is
catalysed by two protein complexes, Mannose polymerase | (ManPol-1) and Mannose polymerase 11
(ManPol-1I). The a-1,6-mannose backbone is further modified by the addition of a-1,2-mannoses,
followed by mannosylphosphate residues and capping a-1,3-mannoses. Although core-type N-
glycans do not often have outer chain elongation, they can be modified with a-1,2-mannose,

mannosylphosphate and be capped with a-1,3-mannose. Figure adapted from (15).

2.1.2 Importance of N-linked glycosylation in monoclonal antibody (mAb) function
Monoclonal antibodies (mAbs) are currently the fastest growing and largest class of therapeutics

worldwide (16). These mAbs are important therapeutic agents and have been used for the treatment
of diseases, including infectious and inflammatory, as well as cancer (17). Currently, all mAbs on the
market are immunoglobulin G (IgG) type and contain a fragment crystallisable (Fc) region and a
highly variable (Fab) region. These mAbs are highly valuable, with Trastuzumab, an anti-HER2 IgG,
holding a market value of USD $7 052 million in 2016 (18). On the Fc region, all 1IgG mAbs
(including Trastuzumab) contain an N-glycosylation site at Asn297. 1gG is an important
immunoglobulin which participates in both the innate and adaptive branches of the mammalian
immune system (19). It has been previously been determined that changing the Fc N-glycan structures
affects effector function and biophysical properties of mAbs at a measurable level (6, 7, 20, 21).
These effects have been summarised in Figure 4. Molecular simulations of the glycosylated Fc region
of mAbs suggests the mechanism behind these changes is the maintenance different conformations

of the Fc region of the mAbs.

2.1.2.1 Conformation changes of the Fc region.
Fc receptors can be split into two major classes, Type | and Type Il. Typically, Type | receptors are

a part of the immunoglobulin superfamily and include canonical Fcy receptors (22). These Fcy
receptors are both activating (FcyRI, FcyRIla, FcyRlIle, FcyRIlla, and FcyRIIIb), and inhibiting
(FcyRIIb). Type II receptors are from the C-type family of lectins, which mediate pathogen
recognition and cell-cell interactions, activating downstream cytotoxic pathways (23, 24). Directly
affected by the N-glycans located on the Asn297 of the IgG, the Fc region can be found in either



closed or open conformation (Figure 3) (22). The glycan-mediated spatial conformation of the Fc
region affects the mAbs affinity towards different Fcy receptors, affecting factors of other
complement-mediated biological functions such as antibody-dependant cellular cytotoxicity (ADCC)
and complement dependent cytotoxicity (CDC). The characteristics of the N-glycans directly impacts

the conformation of the Fc region and are thereby responsible for antigen receptor specificity.

Type | FcR binding Type | FcR binding
Typell Type ll Type ll
FcR m— — FcR e < FcR
binding binding binding

Figure 3- Engagement of Type | and Type Il FcR by the 1IgG Fc domain. The Fc domain alternates
between the open conformation (left) and closed conformation (right), depending on the sialylation
status of the Fc glycan. Upon conjugation of sialic acid, the Fc acquires a closed conformation that

blocks the type | FcR-binding site and reveals a binding site for type 1l FcRs. Figure adapted (22).

2.1.2.2 Effect of the core fucose
A well-studied and prominent modification that can be performed on N-glycans attached to mAbs is

the removal of the fucose on the core N-glycan region. Lack of core fucose leads to between a 4- and
100-fold increase of ADCC (19, 25), due to increased binding affinity between the IgG and FcyRIIla
and FcyRIIIb (26-29). The reverse of this is also true, and when core fucose is present on IgG, binding

to FcyRIII is inhibited, reducing the inflammatory response (19, 28).

2.1.2.3 Effects of terminal galactose
It has been shown that the positive binding effects caused by the lack of core fucose were further

extended when the glycans contained terminal galactoses (30). IgG’s with terminal galactose on the
glycans have significantly increased affinity towards C1q, the first subcomponent of the classical
complement activation pathway (31), activating downstream complement dependent cell cytotoxicity
(CDCC) (32, 33).

2.1.2.4 Addition of a bisecting GICNAc

Addition of a bisecting GICNACc to the core N-glycan structure on mAbs cooperates with the removal
of the core fucose, providing an increase in ADCC activity. This increase is not as strong as core
fucose removal alone but can still provide up to a 10-fold response in ADCC activity (34). A

secondary, protecting effect of bisecting GICNAc addition has been observed, wherein the presence

6



of a bisecting GIcNACc residue prevents core fucose addition and terminal sialylation of the N-glycan
(19, 35).

2.1.2.5 Terminal sialylation

Terminal sialylation (addition of N-acetylneuraminic acid (Neu5Ac)), affects the inflammatory
response to the IgG that it is connected to. Mechanistically, a-2,6-sialylated N-glycans have a stronger
affinity to the same FcyRIlla mentioned previously when compared with non-sialylated N-glycans
(17). This increased affinity increases the ADCC up to threefold over an unsialylated antibody.
Increased affinity from sialylation has been disputed in other literature, which instead suggests that
high levels of sialylation decrease the ADCC response and reduce affinity to the FcyRIIla (36).
Further investigation reveals these differences in effects are due to sialylation linkage differences, a-
2, 6- or a-2, 3-linked (17). a-2, 3- terminal sialyation of N-glycans positively affects the anti-
inflammatory response of the IgG (20) and has been found to increase the half-life of many
glycoproteins (36, 37). On the other hand, terminal a-2,6 sialylations enact an increased ADCC effect
by increasing the conformation flexibility, forcing the Fc region into a closed conformation and
enhancing affinity to bind to Type II Fcy receptors, such as the dendritic cell-specific intercellular

adhesion molecule-3-grabbing non-integrin (DC-SIGN) (22).

2.1.2.6 Increased mannose-binding lectin affinity
The presence of high-mannose and terminal GIcNAc structures on N-glycans of mADbs is suggested

to cause increased binding affinity to mannose-binding lectin (MBL) in the body (38). Most likely
this affinity is a direct result of the presence of these N-glycans on the cell surface of many known
bacterial and virological pathogens (19), initiating the lectin complement cascade. Non-
galactosylated N-glycans have also been shown to have an increased affinity towards MBL, but only
in the absence of terminal sialylation on the other N-glycan arm (19, 32). It has been observed that
there is a direct correlation between N-glycan size and structural stability of IgG, implying that those
N-glycans which contain high-mannose structures, such as those in yeast, will often be more stable
and more soluble than those structures with more truncated glycosylations (39).

2.1.2.7 Fusion Proteins
Recently it has been elucidated that N-glycan moieties on the variable region of fusion proteins also

have a therapeutic effect, altering rates of protein clearance and availability of that molecule to
cellular systems (40). Interestingly, it was found that only those N-glycans that contained terminal
Gal or GIcNAc had increased clearance rates while introducing even one terminal sialic acid prevents
this from occurring. The variable region of fusion proteins also represents a future area of interest in
the glycoengineering space, especially when considering potential effects these glycans may have on
PK, bioactivity, and immunogenicity.



Different moieties of N-glycans on the Fc region of mAbs all have varying and measurable effects
which have been summarised in Figure 4. Current recombinant cell factories generally produce
antibodies with heterogeneous glycan structures; many of these produce cell line specific structures
such as the characteristic high mannose structures produced by yeast and the lowly abundant
immunogenic Neu5Gc sialic acid additions in CHO cells. (41). With correct glycoengineering
practices, the moieties produced on N-glycans in mAbs and other therapeutics can be controlled and

targeted towards a specific purpose.

2.1.3  Types of glycoengineering

2.1.3.1 In vivo engineering
The requirement for correct N-glycosylation of therapeutics often restricts the choice of production

host. Common recombinant production hosts have been listed, and their characteristics are
summarised in Table 1. To enable non-mammalian hosts to be used, strain engineering is a common
strategy to produce proteins with the desired glycan structures, although growth defects can also result
as an undesired outcome (42-44). Thus, a balance must be found between optimum protein output

and strain survival.
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Figure 4 - A summary of altered N-glycosylation of 1gG and its downstream effects. Figure adapted
from (19)

Industrial production of therapeutics is performed most commonly in Chinese Hamster Ovary (CHO)
cell lines (9, 45). Current CHO cells can produce therapeutics in quantities of up to 13 g L, however,
industry standards sit typically between 1-5 g Lt (45). This yield is far above a human recombinant

cell line, HEK cells, which have been shown to produce in yields of 95-120 mg L™ (46). CHO cells
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are the most extensively used cell line for production of industrial therapeutics (45) and between 1982
to 2014 have produced 35.5% of all approved biopharmaceutical proteins reported (47). Care must
be taken in the production of these therapeutics due to susceptibility to infection and fragility of lines.
Economically, mammalian cell lines such as CHO and HEK have a higher cost of production when

compared to yeast or bacteria, such as S. cerevisiae or E. coli.

Mammalian cells have consistently been chosen over bacterial and fungal cell factories as their ability
to correctly fold human proteins is unparalleled. This is a result of human proteins being inherently
very similar to those proteins found in the original host organism as most of the glycosyltransferases
required are already present in the host. It is important to recognise that there is a substantial
difference between mammalian cell lines, particularly CHO, the standard protein secretor, and
immortalised human lines such as the HEK cell line (48). When grown in identical conditions and
producing an identical recombinant factor VIl in CHO and HEK cells, the folding of the protein was
not affected, but the resulting glycosylation was different. CHO cells usually have higher terminal
sialylation, with no terminal GIcNAc residues found on the glycosylation, while HEK cells have a
higher degree of structural variety, lower ratios of terminal sialylation and higher levels of terminal
GIcNACs (49).

The sialylation of CHO cells is also different when compared to human cell lines. Neu5Ac and a
second form, N-glycolylneuraminic acid (Neu5Gc) are the two most common types of sialic acid
attached to more than 40 different glycoforms (50). Crucially, humans have a 92- base pair deletion
in the CMAH gene which encodes cytidine monophospo-Neu5Ac hydroxylase, meaning they cannot
synthesise Neu5Gc (51). The presence of Neu5Gc found on glycoproteins when produced in CHO
cells can elicit a human immune response and have more rapid clearance in vivo (51, 52). Even more
crucially, prolonged treatments with Neu5Gc containing therapeutics potentially results in the
accumulation of Neu5Gc in body tissue. This accumulation promotes antibody-mediated
inflammation, atherosclerosis and carcinoma progression (53, 54). Thus, the production of system-
specific glycan profiles is an important factor that must be considered before choosing the correct

expression host.

With the advancement of recombinant protein technology, the idea that mammalian cells do not need
to be exclusively used for recombinant glycoprotein production has been and will continue to be
explored. Currently, simple therapeutics that do not require complex folding machinery or
glycosylation are produced in simpler organisms. E. coli, in particular, has been used to produce many
simple therapeutics such as proinsulin, interleukin, and even antibody fragments (10, 55-57). An

“Expression Atlas” (58) has been created and is available online (https://www.ebi.ac.uk/gxa/home),

containing information about gene and protein expressions in different species. This database
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provides valuable information for researchers when choosing the right expression host and for seeing

what has previously been produced.

Bacterial glycoengineering is also a current and ongoing field of research. A prokaryotic N-
glycosylation pathway elucidated in Campylobacter jejuni (58)has subsequently been transferred to
E. coli for glycosylation of production of therapeutics (58). This field may prove promising in the
future but is currently limited by the lack of complex folding machinery often required to fold larger
proteins (<10 kDa) required to be manufactured (59,60). An additional limitation is the tendency of
glycosylated E. coli to incompletely glycosylate proteins, due to insufficient glycan precursor
availability (60).

S. cerevisiae, like E. coli, has been approved for use in recombinant therapeutic production (8). S.
cerevisiae has already been used to produce human antibodies, and molecular strain engineering has
been performed on this organism to increase protein output (61-63). Glycoengineering has also taken
place within S. cerevisiae, with the effective humanisation of this strain of yeast being well-
documented (58, 64, 65) and described below. With these engineering efforts, S. cerevisiae IgG
production has been increased 10-fold from wild type. While this yield is still quite low when
compared to traditional 1gG production methods (0.2 mg/L in yeast compared to a maximum of 5 g/L

in CHO cells) the cost of culturing yeast is substantially lower than mammalian cells.
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Table 1 - Summary of recombinant production features in different expression hosts. Table adapted from (8)

Yeast: Yeast: Insect cells Mammalian cells Bacteria
Pichia pastoris S. cerevisiae (SF-9) (CHO, HEK) (E. coli)
Human-like glycoproteins | Yes (after Yes (after strain Partly Yes No
strain engineering)
engineering)
Human protein folding | Yes Yes Yes Yes Partly
Endotoxin-free | Yes Yes Yes Yes No
Virus free | Yes Yes Yes No Yes
Development times | Rapid Rapid Medium Slow to middle Rapid
Cell growth | Rapid Rapid Slow Slow Rapid
Productivity | Low to High Low to High Low to High Moderate to High High
Potential for industrial scale- | High High Medium High High
up
System cost | Low Low Medium High Low
Freedom to operate | Yes Yes ? Yes/No Yes
Approved products as of 2014 | 0 28 1 76 45
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While S. cerevisiae has been declared as safe to use by the FDA (Generally Regarded As Safe
(GRAYS)), there are other species of yeasts that show great potential in the world of recombinant
protein production and glycoengineering. One such species is Pichia pastoris. P. pastoris is a
methylotrophic yeast, meaning it can be grown with methanol as the sole carbon source. P. pastoris
is a worthwhile target for future recombinant engineering processes as it grows to a higher biodensity
than S. cerevisiae and has a stacked Golgi, more closely resembling those found in mammalian and
human cell lines (68, 69). Despite this, P. pastoris remains a difficult organism to work with. Even
though it has the capacity for increased biomass over S. cerevisiae, productivity may not correlate
with increased biomass, and in some cases will cause a decrease in yield of product (70-72). Genetic
engineering of P. pastoris remains a difficult task as there are developing, but a limited number of
genetic tools are currently available for use. This is a consequence of the inherent instability of
plasmids in P. pastoris during replication. By comparison, S. cerevisiae readily performs homologous
recombination, allowing for targeted editing and accurate gene deletion. As plasmids and artificial
chromosomes are essential tools in molecular biology, the extensive and highly characterised plasmid
and gene library available for S. cerevisiae is an important factor to consider when choosing which
host to express the recombinant product in. In terms of N-glycosylation, where S. cerevisiae usually
produces high mannose structures of 50-150 residues, P. pastoris produces mannose structures of
approximately 20 residues in a manner as previously shown (Figure 2). As both N-glycan moieties
are discordant with traditional human N-glycans further glycoengineering needs to be performed.
Here, S. cerevisiae has an advantage, as P. pastoris lacks a mannosyltransferase that confers a-1,3-

linked mannosyl terminal linkages (73).

Early steps in yeast glycoengineering for both P. pastoris and S. cerevisiae involve the elimination
of the OCH1 gene, encoding a-1,6-mannosyltransferase and responsible for the initial stages in outer
chain elongation (74). Once this deletion has occurred, other essential genes in the N-glycan
biosynthesis pathway such as MNN1 and MNN4 are removed to ensure a homogeneous core glycan
of MansGIcNACc,. Following this, addition of glycosidases and glycosyltransferases such as a-1,2-
mannosidase and [-1,2-N-acetylglucosaminyltransferase are required to generate a partially
‘humanised’ N-glycan (75, 76). Critically, it is important to ensure that the ability to add sialic acids
and galactose residues is engineered into yeast strains, as this terminal glycosylation with Neu5Ac is
one of the defining features of human glycosylation (77). Several strains of P. pastoris with truncated
and/or humanised glycosylation have been produced and are commercially available (8, 69, 79-85).
Strains were produced by GlycoFi, a company that has since been purchased by Merck & Co. in 2006
(83). These strains in P. pastoris have already been used to produce various mAbs such as Herceptin
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(80). For reasons previously mentioned, strain development and research are often still performed in

S. cerevisiae before moving to P. pastoris, as P. pastoris is more recalcitrant to genetic manipulation.

When comparing direct titre levels of human proteins produced in mammalian and non-mammalian
cell lines, it is important to look at the Space-Time Yield (STY), rather than individual titre per cell.
STY considers not only individual titre per cell, but also total culture time and biomass density as
well. When comparing mammalian cells with other expression hosts such as P. pastoris or E. coli,
the slow culture times bring CHO cells back on par with other producers. With a difference of 50
hours in P. pastoris to 21 days in CHO cells to produce the same amount of protein (70), protein
production rate and STY is an essential factor to consider.

The advent of in vitro glycoengineering enables the choice of in vivo host to be less restrictive and
the method of modification to be more modular. In vivo hosts can produce truncated glycoproteins
and more focus can be put on the intrinsic features of the organism chosen, such as secretion factor,
total protein output, and cost of growth. All potential expression hosts are now more readily available
as selection is less restrictive, allowing for greater choice of production and variability. For example,
testing can be performed in organisms with a high level of molecular tools such as S. cerevisiae,
optimising the final product. Adding glycosylation steps in vitro post-protein production enables
researchers to synthesis and identify optimal glycan structures for therapeutic proteins, depending on

the function of that protein and the desire of the researcher.

2.1.3.2 In vitro engineering
To overcome the biological complexities of controlling glycan engineering in vivo, the simplest

solution is to remove the most complex part — life itself. In vitro glycoengineering approaches utilise
methods to adapt and modify glycoproteins in a cell-free environment, where multiple physical
parameters can be readily controlled. Temperature, reaction mix, and substrates used are all examples
of parameters that are not easily adjustable when working in vivo. There have been several types of

in vitro engineering that have been performed, each with their own advantages and disadvantages.

2.13.2.1 Chemoenzymatic glycoengineering using mutant endoglycosidase
Perhaps the most impactful example of in vitro glycoengineering to date has been the creation of

endoglycosidase mutants which are able to synthesis new glycans on the Fc region of mAbs with high
specificity (84). Endoglycosidases such as Endo-D and Endo-S have a dual function, with the primary
being hydrolysing N-glycans such as those found on Fc region of mAbs. Their second function is as
a glycosyltransferase specific to oxazoline donor sugars (84-86). This secondary activity is strongly
inhibited by the hydrolytic activity of the enzyme, so by changing key amino acid residues on the
active site, Lai Xi Wang and his team have created a suite of endoglycosidase mutants only capable

of transglycosylation and are not endoglycosidic (85). They achieve this by first using the unmodified
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endoglycosidases to cleave existing glycans on a mAb down to a homologous truncated structure,
usually fucosylated or non-fucosylated GIcNAc. Once cleaved, the mAb transglycosylated with
synthetic oxazoline glycans using the mutated endoglycosidase.

This chemoenzymatic method of synthesis is very promising for production of homogenous
glycoform protein therapeutics (85). However, the requirement of having a large amount of oxazoline
functionalised glycans, obtained either by chemical synthesis or cleaved, purified and functionalised
from other glycoproteins, makes it currently challenging for large scale production. Ideally, a modular
system of glycan addition that is highly specific, cost effective, and scalable is needed to keep up with
global production of mAbs and other valuable glycoproteins. One such idea is to use immobilised

enzymes in a continuous flow format.

2.1.3.2.2 Free and immobilised enzymes
Broadly, different types of in vitro engineering can be achieved using either free or immobilised

enzymes. Free enzymes have been used on multiple occasions (87-92) and have advantages in that
they often represent as close to natural state as possible. Immobilised enzymes, however, are reusable,
and have the potential for much higher throughput when placed in a continuous flow system.
Kinetically, it is possible that immobilised enzymes are subject to a less than ideal environment as
they are by definition bound to an immobile phase (93), which may impede enzyme structure and
ability to interact with its target substrate. Glycosyltransferases, regarding this aspect, should be less
affected as they are type Il membrane proteins, naturally anchored in the Golgi membrane. Thus,
immobilising these transferases on stationary phases such as resin beads mimics the Golgi
environment they originate from. Furthermore, recent publications involving immobilised enzyme
reactors (IMER) have shown to be promising (94-98), and the reusability of such enzymes comes

with a reduced cost of production.

The majority of the protein glycosylation pathway in the human body happens in the Golgi apparatus
(Figure 2, (68)). Thus, one direction to control glycosylation is to artificially recreate this Golgi,
forming a synthetic, ex vivo system which is not reliant on living systems. This system would operate
in isolation, free from other pathway interaction. Initially, this concept has been demonstrated in a
microfluidic format (99), where researchers worked with heparin sulphate chains were immobilised
on magnetic nanoparticles. It was this work that demonstrated the feasibility of using multi-enzyme

systems to synthesise final glycan products.

A theoretical synthetic Golgi apparatus had been proposed (100), this time with a specific focus on
producing the highly valuable therapeutic monoclonal antibodies. Klymenko (100) identifies

glycosylation as one of the most critical quality attributes, stating that the efficacy of individual
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glycoforms is unknown due to an inability to produce and test them in vitro. Producing many glycans
from one individual precursor oligosaccharide enables the unique characteristics of each moiety to be
assessed. As previously described, it is known that various terminal saccharides and removal of core
fucose has a measurable and significant effect on the activity of 1gG. What is unknown is the effect
of addition of other saccharides in orientations that are not native to the untouched form of that
antibody. There may be a receptor space that is waiting to be filled, increasing ADCC many folds, or
enhancing serum half-life, that is sitting just outside the explored space.

In vitro glycosylation methods such as the artificial Golgi column described by Klymenko (100) or
the microfluidic Golgi chip first made by Martin et. al (99) allow for completely synthetic structures
to be made that would not be possible if created in vivo. By applying quality by design principles
such as a repetitive build test learn cycle and mathematical modelling, steps can be taken to ensure
the reduction of cost to therapeutic protein production, and an increase in the speed of this production.
An important point to note is that in vitro glycoengineering methods such as this do not aim to build
the entire N-glycan from scratch but build on top of an existing glycan. N-glycans play essential roles
in folding and stability of many therapeutic molecules, and it is valuable to keep them present during
the production and folding process in vivo. Thus, a future direction of in vitro glycoengineering may
be as further downstream processing, additionally modifying a therapeutic before it is released as a
final product.

2.2 Research Aims
As the effects of different glycosylations on mAbs have been elucidated, it has become apparent that

glycoengineering is a viable avenue to increase yield and efficacy of 1gG and other therapeutics.
Approaches to glycoengineering have previously been undertaken both in vivo and in vitro. Yeast
strains such as P. pastoris and S. cerevisiae are well-established high-secretors, proving themselves
as having potential for future glycoengineering and overtaking CHO cells as the primary producer of
glycoprotein therapeutics. In vitro IMERs show promise in downstream on-column processing,

enabling high throughput glycoengineering whilst retaining expression host viability.

As in vitro engineering does not aim to create the N-glycan from scratch, it is logical to look for
enzymatic reactions that start with an in vivo synthesised glycan with either a core or slightly more
mature N-glycan structure. Picking a point ‘halfway’ through the process of N-glycan building divides
the load between in vivo hosts and in vitro systems, potentially creating a glycoprotein platform with
superior production economics. In vivo systems benefit from a reduced metabolic and carbon load as
less non-native genes need to be engineered into their N-glycan biosynthesis pathway. Terminal
galactosylation is an appropriate starting point for the development of an in vitro Golgi system, herein
termed an artificial Golgi column (AGC). Galactose sugar residues form the precursor
15



monosaccharide for terminal sialic acid addition (101). As previously shown, these terminal sialic
acids, particularly a-2,6 sialylation, increase Type Fcy receptor binding and the anti-inflammatory
properties of IgG through the conformational change they enforce on the Fc region of the 19gG. Even
without additional terminal sialylation, galactosylation on its own confers additional affinity to the

CDCC pathway, increasing IgG cytotoxic properties.

The aim of this thesis is thus the proof-of-concept creation and testing of an in vitro artificial Golgi

column for coupling to an existing in vivo S. cerevisiae host production system. Specifically:

2.2.1 Creation of a glycoengineered S. cerevisiae strain producing a glycoengineered mAb for
further coupling to the AGC.
A basic and minimally glycoengineered in vivo production system for Trastuzumab was developed

in S. cerevisiae, with the intention of eventually coupling to the in vitro AGC to produce a
homogenous, glycoengineered Trastuzumab. After glycoengineering, S. cerevisiae strains were
designed to produce a hybrid N-glycan, MansGlcNacs (Figure 5), containing one arm capable of
interacting with those B4GalT1 and ST6Gall enzymes present in the AGC.

2.2.2 Proof of concept creation of an in vitro artificial Golgi column (AGC).
B-1,4-galactosyltransferase 1 (B4GalTl) and a terminal sialyltransferase, P-galactoside a-2,6-

sialyltransferase 1 (ST6Gall) are both appropriate glycosyltransferase enzymes for the AGC. These
enzymes are type Il transmembrane proteins, natively localised in the trans-Golgi. B4GalT1 adds
galactose sugars onto the GIcNAc of a growing glycan structure using UDP-galactose. Similarly,
ST6Gall adds a sialic acid in 02,6 conformation to galactose residues present on N-glycans using
CMP-N-acetylneuraminic acid. Together, these two proteins should be able to build terminal a-2,6

sialylated N-glycans in vitro, creating a human-like complex glycan (Figure 5).

2.2.3 Testing and optimisation of the AGC.
Several in vitro parameters are explored for optimisation using existing highly characterised

glycoproteins, bovine fetuin and a commercially available anti-HER2 mAb, Trastuzumab, as
experimental substrates. Fetuin N-glycans are optimised for use through the AGC by prior treatment
with exoglycosidases, 02-3,6,8 Neuraminidase and B-1,4-galactosidase, creating terminal GICNAc
tri-antennary N-glycans (A3). Trastuzumab N-glycans were not pre-treated with exoglycosidases
prior to testing through the AGC and contained terminal fucosylated GIcCNAc bi-antennary (FA2) N-

glycan structures.
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Figure 5 — Target N-glycans for in vivo production host S. cerevisiae (A) and AGC (B). Through
minimal strain engineering, a hybrid N-glycan, MansGIcNAcs, is produced in S. cerevisiae (A),
compatible through the terminal GIcNAc for the B4GalT1 glycosyltransferase enzymes present in the
AGC. After treatment with the AGC, the target N-glycan is comprised of a 2,6-sialylated arm and a
high mannose arm (B). These arms both induce specific effector responses for mAbs as shown in

figure.

3 Material and Methods

Unless otherwise stated, all materials were obtained from either ThermoFisher Scientific Australia or
Sigma Aldrich (Sydney, Australia). Deionised water was sourced from a Millipore Academic MilliQ

system. Peptide N-glycosidase F (PNGase F) was obtained from Promega (Sydney, Australia).

Restriction endonucleases Pacl, Ascl and Notl, and the Monarch Plasmid Miniprep Kit were all
sourced from New England Biolabs. Purified monoclonal Trastuzumab antibodies produced in CHO

cells was purchased from Focus Bioscience (St Lucia, QLD, Australia).

3.1 Composition of growth media

Table 2 - Composition of various growth media used throughout this work.

Type of Media Composition Organism
YPD* 1% yeast extract, 2% peptone, 2% glucose S. cerevisiae
(YYeast extract

peptone dextrose)

Y PDgeneticinx 1% yeast extract, 2% peptone, 2% glucose, S. cerevisiae

geneticin (200 mg/L)
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(Yeast extract
peptone dextrose
with geneticin)
Sc-uracil*
(double-strength
synthetic complete

without uracil)

Sc-histidine*
(double-strength

synthetic complete

without uracil)

Galactose SCuracil
(double-strength
synthetic complete

without uracil)

Min41*

(Minimal S.
cerevisiae BY4741
media)
LBampiciIIin*

(Luria Broth)
DMEMFBS
(Dulbecco’s
Modified Eagle’s
Medium with foetal
bovine serum)
PEI transfection
medium
HEK?293-FT

expression medium

18

2% glucose, 1% ammonium sulphate, 2%
succinate, 0.34% Yeast Nitrogen Base without
amino acids, yeast synthetic drop-out medium
supplements without uracil (manufacturer’s
guidelines), pH 6.0 (adjusted with NaOH)

2% glucose, 1% ammonium sulphate, 2%
succinate, 0.34% Yeast Nitrogen Base without
amino acids, yeast synthetic drop-out medium
supplements without histidine (manufacturer’s
guidelines), pH 6.0 (adjusted with NaOH)

2% galactose, 1% ammonium sulphate, 2%
succinate, 0.34% Yeast Nitrogen Base without
amino acids, yeast synthetic drop-out medium
supplements without uracil (manufacturer’s
guidelines), pH 6.0 (adjusted with NaOH)
0.06% Yeast Nitrogen Base without amino acids,
0.01% leucine, 0.01% methionine, 0.01% uracil,
0.05% histidine

1% tryptone, 1% NaCl, 0.5% yeast extract,
ampicillin (100 pg/mL)

90% high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM), 10% Foetal Bovine serum
(FBS), penicillin/streptomycin (100 U/ml)

Freestyle 293 medium, plasmid DNA (3 pug/mL),
polyethyleneimine (PEI) (9 pg/mL)

Freestyle 293 medium, valproic acid (2.2 mM
final concentration, penicillin/streptomycin (100
u/ml),

S. cerevisiae

S. cerevisiae

S. cerevisiae

S. cerevisiae

E. coli

HEK293-FT

HEK293-FT

HEK293-FT



* - Where solid media was needed this media was made with 2% agar and poured into plates.

3.1.1 Saccharomyces cerevisiae strains used
Laboratory strains of S. cerevisiae BY4741 (102) and knockout library BY4741 - Aochl obtained

from Euroscarf haploid yeast ORF deletion library (103). Strains were spotted onto YPD%"etcn plates
and grown at 30 °C with shaking (200 RPM) (Infors HT Multitron Pro). BY4741 strains containing
Amnnl, AMNN4 and AMNN214 deletions were also obtained from the same library and re-cultured

under the same conditions.

3.1.2 S. cerevisiae breeding, sporulation, and tetrad dissection

Yeast strains of compatible mating types (mat A and a) were bred together to introduce multiple
knockouts in the same strain. Pre-cultures were grown in 1 mL YPD%"tn gyernight at 30 °C with
shaking, then 100 pL aliquots of each strain were combined in 1 mL of YPD%"t" and grown at 30
°C overnight with shaking to allow mating. 100 pL aliquots were then spotted onto Min*! plates,
which were then incubated at room temperature in the dark for 4 days to allow sporulation.

Before tetrad dissection, diploid strains were confirmed by observing the presence of ascii via
brightfield microscopy. A scraping of cells was then taken from plate, resuspended in 50 uL of
deionised water with 2 pL of zymolase suspension added. Suspension was then incubated at room
temperature for 5 min then diluted ten-fold. 8 pL of the dilution was streaked in a line on a Y PDeneticin
plate. Cell suspension was then checked for ascii’s using a tetrad dissecting microscope (Singer MSM
400) and spores were separated and seeded as individual spots on the plate. Plates were grown at 30
°C for 36 hours. Strains were screened for gene knockouts by first lysing colonies with a LIOAc-SDS
solution and subsequently precipitating DNA with ethanol as described by Looke et. al (104). Gotaq
DNA polymerase (Promega) and primers specific to gene loci of interest on extracted DNA in a PCR,
according to manufacturer protocol (Sup. Table 1). PCR products were visualised by agarose (1%
wi/v) gel electrophoresis.

3.1.3 Design of Trastuzumab, a-1,3-mannosyl-glycoprotein 2--N-acetylglucosaminyltransferase
(GnTI) and a-1,2-mannosidase gene blocks

3.1.3.1 Trastuzumab
A gene block encoding the anti-HER2 immunoglobulin G, Trastuzumab, for production in S.

cerevisiae was designed. The amino acid sequence for Trastuzumab was obtained from DrugBank.ca

(https://www.drugbank.ca/drugs/DB00072), reverse-translated and codon optimised for expression

in S. cerevisiae using Geneious Prime v11.0.3+7. Both heavy chain and light chain of this antibody
were placed under the bi-directional GAL1/10 native inducible galactose promoter. A secretion
sequence containing native OST1 secretion signal and pre-pro a-factor secretion sequence was

designed based on published work by Fitzgerald et. al (44) and introduced to the N-terminus of both
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chains of Trastuzumab. Native terminator sequences from S. cerevisiae genes PGK1 and ENO1 were
used to terminate the heavy and light chain respectively. Each section of the gene block had a specific
8 bp restriction endonuclease site to facilitate removal and replacement of sections within the gene
block if necessary. Gene block was ordered on a pUC57 cloning vector from Genscript USA, then
transferred to yeast vector pRS416 (Sup. Figure 1) for transformation into S. cerevisiae, described

below.

3.1.3.2GnTlI
For design of GnTI, the amino acid sequence of human a-1,3-mannosyl-glycoprotein 2-B-N-

acetylglucosaminyltransferase was obtained from Uniprot (Accession number: Q9XGM8), reverse
translated and codon optimised using Geneious Prime. A Golgi localisation tag from the S. cerevisiae
protein KRE2 was placed at the N-terminus of the GnTl ORF. Finally, native constitutive promoter
and terminator sequences from S. cerevisiae genes PGK1 and CYC1 respectively were added to the

gene block in their appropriate positions.

3.1.3.3 a-1,2-mannosidase
For design of a-1,2-mannosidase, the amino acid sequence was obtained from Aspergillus phoenicus

and reverse-translated and codon optimised for S. cerevisiae in the same manner as previously stated.
Like GnTI, the native promoter and terminator sequence from PGK1 and CYCL1 respectively were
added to the gene block in their appropriate positions. Gene block was ordered on a pUC57 cloning
vector from Genscript USA and transferred to a yeast vector (Sup. Figure 2) for transformation into

S. cerevisiae, described below.

3.1.4 Plasmid and Strain construction
Standard protocols were used for expression vector preparation (105). For Trastuzumab gene block,

a double restriction digest of Notl and Ascl in Cutsmart buffer at 37 °C for 1 hour was performed.
The yeast vector, pRS416 was digested in the same way. Zymoclean Gel DNA Recovery kit (Zymo
Research) was used according to the manufacturer’s instructions to purify restriction enzyme digested
DNA from agarose gels. T4 DNA ligase was used to ligate Trastuzumab and pRS416 fragments
overnight according to manufacturer’s specifications. The newly ligated plasmid was then
transformed using Mix & Go! chemically competent BL21 Turbo E. coli. Cells were incubated with
4-5 g of plasmid on ice for 10 minutes, then plated onto LB2™Pc!i" and grown at 37 °C. Plasmid was
then purified using the Monarch plasmid miniprep kit, and yeast transformations were performed by
the LiIOAc-DMSO protocol (106), then plated on to agar SC"! plates.

An integrative plasmid specific to the FLO8 ORF was obtained from Dr. H Kroukamp (unpublished
work). The a-1,2-mannosidase gene block and this plasmid were digested and ligated together as

described above, using Ascl and Pacl as restriction endonucleases.
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3.1.5 Integration of a-1,2-mannosidase into S. cerevisiae genome

Integration of a-1,2-mannosidase into the FLO8 ORF was performed using transformation protocols
previously described. After transformation, strains were grown in 1 mL pre cultures of Galactose SC
uracil \wijth hygromycin B (200 mg/mL) for 6 hours to ensure integration. After this preculture step,
strains were plated on SC"!! plates and grown at 30 °C for 30 hours. PCR with primers specific to
the internal sequence of a-1,2-mannosidase were used to confirm the presence of a successful

integration.

3.1.6 Insertion of GnTl at MNNL1 in S. cerevisiae using CRISPR/Cas9

Target sequence for CRISPR/Cas9 in MNN1 was selected by searching within the ORF for a suitable
PAM sequence. Sequence location was 845-864 bp from start of ORF (5’-
AGTTCGATCATAAAACTGGT-3"). This sequence was inserted into a guide RNA expression
vector (Sup. Figure 4) using flanking region primers (Sup. Table 1) and subsequent assembly in yeast.

GnTI was amplified from pUC57 vector with primers containing flanking regions homologous to
MNN1 ORF. CRISPR/Cas9 cleavage of MNN1 ORF allows for high frequency of insertion of the a-
1,2-mannosidase at the MNN1 locus through homologous recombination. Co-transformation of
PMMN1-guide vector containing Cas9 and linear amplified MNN1 flanked o-1,2-mannosidase
expression cassette was performed using the LiOAc-DMSO protocol. Putative transformed yeast
colonies were selected on SC™Histdne plates and verified with PCR using primers specific to the MNN1

flanked a-1,2-mannosidase regions (Sup. Table 1).

3.1.7 Protein expression and purification from S. cerevisiae.

250 mL of S. cerevisiae strains containing Trastuzumab plasmid were grown in Galactose SC™! in
2 L baffled culture flasks over 30 hours at 30 °C with shaking (120 RPM). Yeast cells were pelleted
by centrifugation and supernatant was loaded onto a 1 mL Hi-Trap Protein G column (GE Healthcare)
according to manufacturer’s specifications. Bound antibodies were then eluted using 6 CV of glycine-
HCI (pH 2.7), and 0.5 mL fractions collected in Eppendorf tubes containing 200 pL of 1 M Tris-HCI
(pH 9.0) to neutralise the pH. Fractions were concentrated to approximately 10x concentration using
10 kDa molecular weight cut-off (MWCO) centrifugal filters and 11 pL of concentrate was used for

SDS-PAGE gel analysis, performed as mentioned below.

3.1.8 Recombinant galactosyltransferase production and HEK293-FT transfection

Mammalian expression vectors containing genes coding for human (-1,4-galactosyltransferase
(B4GalT1) were purchased from DNASU plasmid repository (107), on pGEnl and pGEn2 vectors.
a-2,6-sialyltransferase (ST6Gall) on a pGEn2 vector was kindly provided by Dr. Chi-Hung Lin
(Institute for Glycomics, Griffith University). Both vectors contain a coding region for an N-terminus
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8xHis/Strep purification tag, and pGEn2 contains a GFP fusion linker between the purification tag

and expressed protein.

Vector transformation was achieved by transforming E. coli as previously stated. Successful
transformants were taken and grown in 2 L LBcillin for 24 hours. Plasmid was isolated from lysed
E. coli using the Promega midiprep kit as per manufacturers specifications. Plasmid was analysed for

purity using a Nanodrop 2000 spectrophotometer and kept at -20 °C until needed.

Adherent HEK293-FT cells were obtained and grown at 37°C, 5% CO2 in high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% Foetal Bovine serum (FBS). At 60-70% confluency,
cells were transfected using a modified polyethylenimine (PEI) (Polysciences) transfection protocol
initially described by Au — Subedi et. al with previously purified glycosyltransferase vectors (108).
In short, cells were washed twice with phosphate buffered saline (PBS), before introducing 15 mL of
pre-warmed PEI transfection medium containing required plasmid DNA. After a 4-hour incubation,
25 mL of additional HEK293-FT expression medium was added, and cells were left to incubate for 5
days. Culture supernatant containing the secreted enzymes was collected and centrifuged at 2000 rpm
for 10 minutes to remove dead cells and other debris. Supernatant was collected in 50 mL falcon
tubes and samples were stored at -30 °C until required for use.

3.1.9 Column creation for AGC

To connect the AGC to a continuous flow system an industry standard fitting was needed on either
end. Existing millimetre scale columns are only available at a minimum of 10 mm internal diameter
(1.D.). To reduce costs and scale of prototypic experiments two 1 mL plastic syringes (Hapool
Medical Technology), which have a male Luer slip fitting connection at the base, were connected. By
cutting two syringes at the 300 pL mark then heating with a Bunsen, the hot plastic ends can be fused
together (Figure 6). This created a column with a male Luer slip fitting on either end, enabling
connection to a continuous flow system. The internal diameter (ID) of the syringe was measured at
4.2 mm, with an internal volume of ~600 uL. Subsequent column creations revealed problems with

this method, often resulting in columns that were not straight, internal defects at the joint and leaks.

3.1.10 3D printing a standard column
To overcome column inconsistency, 3D printed columns of a similar internal diameter and shape

were used. A pre-drawn male Luer slip fitting was downloaded from GrabCad (www.grabcad.com),

an online engineering community. User Daniel Clark designed this part, which was imported into
Creo Parametric v5.0.0.0 student edition (PTC Inc.) and connected to both ends of a cylinder with

parameters outlined below (Table 3).

22


http://www.grabcad.com/

The 3D CAD file was then exported as a high resolution .STL file and imported into Preform v3.0.2
(Formlabs Inc.). Here, the auto support tool was used to correctly orient and support 3D structures
whilst they were printing. After supports were added, file was sent to a Formlabs Form 2 printer for

3D printing using clear methylacrylic acid ester (Formlabs Clear Resin v4).

Table 3 - Defined parameters for 3D printed columns

Parameter 4 mm I.D. 3mm I.D.
Internal diameter 4 mm 3mm
External diameter 10 mm 10 mm
Wall thickness 6 mm 7mm
Length 47 mm 84 mm
Internal volume 600 pL 600 uL
Approximate length of packed resin 15.67 mm 28.00 mm

Columns were removed from the printer after printing and washed with two cycles of 100% ethanol,
100% isopropyl alcohol, and water to remove any uncured resin that may remain in the column.
Curing of printed resin was performed using a 405 nm UV light box for 30 minutes and left overnight
at 70 °C. To increase clarity of columns, they were coated in clear nail varnish (Nail experts) post-

curing.

3.1.11 Transferase purification and immobilisation

Freshly charged nickel-nitrilotriacetic acid (Ni-NTA) 0.4 um agarose resin beads used for enzyme
immobilisation and purification were equilibrated in HEPES-HCI pH 7.4 containing 150 mM NacCl
after stripping nickel ions with EDTA and charging with nickel acetate. Approximately 1 mL of this
equilibrated resin was added to thawed culture media from transfected HEK293 cells containing
secreted 8xHis-Strep tagged transferases, spiked with 10 mM imidazole and 150 mM of NaCl to
reduce non-specific binding. Culture was rocked for an hour at 4 °C, then protein bound resin was
collected by sedimentation and packed into 3D printed column, plugged with cotton wool.

3.1.12 Preparation of glycoprotein substrate for AGC experiments

In preparation for the AGC experiment, 7.5 mg of bovine fetuin was treated with either 02-3,6,8
Neuraminidase to remove terminal sialic acids, or with 02-3,6,8 Neuraminidase (NEB) and -1,4-
galactosidase (Prozyme) to remove both terminal sialic acids and galactose residues. Treatment was
performed in a 2 mL Eppendorf tube, with 1500 pL of 50 mM ammonium acetate pH 5.5. 50 units of
a2-3,6,8 Neuraminidase and 2 milliunits of 3-1,4-galactosidase were added to each reaction, which
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was incubated overnight at 37 °C. Exoglycosidase activity was confirmed via SDS-PAGE gel and
LC-PGC-ESI-CID-MS/MS analysis as described below.

3.1.13 AGC experiment

A running buffer of HEPES-HCI pH 7.4 was prepared for all AGC column experiments. Injections
for each experiment contained final concentrations of 10 mM MnCl», 150 mM NacCl, 100 nmols of
appropriate donor sugars (either UDP-galactose or CMP-N-acetylneuraminic acid) and substrate

glycoprotein. Both running buffer and reaction mixture were prewarmed to 37 °C before use.

Packed columns were connected to the loading pump of a Dionex Ultimate 3000 HPLC and kept in
the column oven at 37 °C. Appropriately treated fetuin or commercial Trastuzumab was injected with
corresponding reaction mixture into their AGC’s containing the applicable transferase via a switching
valve, which was then used to redirect samples to the column with a flow rate of 200 pL/min (Figure
6). Glycoprotein samples and other substrates in the reaction mix were in contact with the enzymes

in the column for one minute.

A) Running B) Running C)
buffer buffer

AGC

Injection
point

Injection
point

]

Waste Waste

Waste

V A @

Figure 6 - Switching valve schematic for AGC experiments with columns. Sample is first injected
into the 100 pL sample loop via the injection port [A], and valves are then switched, redirecting the
buffer flow through the sample loop, and pushing sample reaction mixture towards the AGC [B].

Buffer is temperature equilibrated through use of an equilibration loop that sits within the column
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oven with the AGC. [C] [Left] 4mm I.D. 3D printed column. Column has been 3D printed using a
Form 2 printer to be compatible with an LC system and have an internal volume of 600 pL. [Right]
syringe LC compatible column. Two 1 mL syringes have been cut in half and the ends melted together
using a Bunsen. [D] An image of the AGC set up is included, clearly showing the temperature

equilibration loop (1), switching valve (2), and 100 pL sample loop (3).

One mL of flow-through was collected containing eluted reaction mix with glycoprotein substrate in
Eppendorf tubes containing 50 pL of 10 mM of K2PO4 pH 8.0 to precipitate the MnCl2 by forming
Mn3(POs)2, stopping any transferase reaction, if present. Samples were then stored at 4 °C.

3.1.14 Leaching testing of AGC.

To test possible leaching of His-tagged glycoproteins bound to Ni-NTA resin beads, 6xHis tagged
superfolder-Green Fluorescent Protein (sSfGFP) (109) was produced in E. coli grown in 500 mL of
LBameicillin gt 37 °C overnight with shaking. Cells were then sonicated for 10 minutes and centrifuged

at 15 000 g for 45 minutes. Supernatant containing 6xHis-sfGFP was collected and stored at -21 °C.

Two hundred pL of freshly charged Ni-NTA beads were added into a 3D printed column as described
previously. This column was then connected to a Bio-Rad NGC chromatography system with a
running buffer of HEPES-HCI pH 7.4. Washing with 50 mM of L-Histidine was performed to prevent
non-specific binding of proteins, and 5 mL of supernatant injected into the system so that the 6xHis-
sfGFP could bind to the Ni-NTA beads present. Once binding was complete, the bound beads were
washed with increasing concentrations of MnCl> (1 mM, 10 mM, and 0.5 M), testing if these
concentrations affected the binding of the protein. All steps were performed at a flow rate of 100
pL/min. After testing, sSFGFP was eluted with 0.5 M imidazole. Elution of proteins and sfGFP
fluorescence was checked with an inbuilt UV photometer, checking for wavelengths of 280 nm
(protein) and 485 nm (sfGFP excitation).

3.1.15 SDS-PAGE and staining of proteins

NUPAGE 4-12 % bisacrylamide-Tris (Bis-Tris) mini protein gels (12 wells) were used for multiple
experiments. 3-(N-morpholino)-propanesulfonic acid (MOPS) running buffer at a constant voltage of
150 V with a running time of 80 min was used to separate various proteins and glycoproteins. Between
10-30 pg of protein treated with 12.5 mM DTT and NuPAGE 4x sample loading buffer was heated
to 95 °C for 15 minutes, then loaded into the gel. After gel electrophoresis, gels were fixed for half
an hour in 40 % (v/v) ethanol, 10 % (v/v) acetic acid and stained with Coomassie blue on a shaker
overnight at room temperature. Once staining was complete, gels were de-stained in 10 % (v/v)

methanol, imaged using a Bio-Rad Gel Doc imager and analysed using Image Lab v6.01 (Bio-Rad).
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3.1.16 N-glycan release

N-glycan release and subsequent analysis were performed as described by Jensen et. al. (110). Briefly,
glycoproteins were immobilised and released as described in Jensen et al (110), with 3 technical
replicates for each sample. Approximately 10 pg of glycoproteins were vacuum blotted onto ethanol
activated PVDF membrane. Membrane was dried at room temperature, then blots were visualised
with 0.1% direct blue stain. Glycoprotein spots were cut out with a holepunch, transferred to a 96-
well low-bind plate, blocked with 1% Polyvinylpyrrolidone (PVP), and N-glycans were released with
PNGase F overnight at 37 °C. After release, N-glycan containing supernatant was collected into
separate Eppendorf tubes and glycosylamines were removed from reducing end of glycans by
incubation with 100 mM ammonium acetate pH 5.5 for 1 hour. Samples then dried in a speed vac at
room temperature (John Morris Scientific).

Following drying, samples were reduced with 1 M sodium borohydride in 50 mM potassium
hydroxide at 50 °C for 3 hrs. This reaction was neutralised with 2 pL glacial acetic acid and desalted
using AG 50W X8 strong cation exchange resin (200-400 mesh, 30 pL bed volume) (Bio-Rad) packed
into C18 staged tips via centrifugation. Flow through containing the glycans were dried in a speed
vac then reconstituted with 100% (v/v) HPLC-MS grade methanol to remove residual borate by
forming volatile methylborate. Once residual borate was no longer visible in dried samples, an
additional carbon clean-up step was performed. Porous Graphitised Carbon (PGC) was packed onto
C18 stage tips, then washed using 90 % (v/v) acetonitrile (ACN) with 0.05 % (v/v) aqueous
trifluoracetic acid (TFA) and equilibrated with deionised water. Glycan samples were loaded through
the columns twice, washed with deionised water before final elution using two rounds of 25 pL 40 %
(v/v) ACN with 0.05 % (v/v) TFA. Purified N-glycans were then dried in the speed vac and stored at
-20 °C until LC-MS/MS analysis, where they were rehydrated in HPLC-grade water.

3.1.17 N-glycan analysis

Purified N-glycans were separated and detected by LC-PGC-ESI-CID-MS/MS performed onan LTQ
Velos Pro ion trap mass spectrometer (Thermo Scientific, Australia) coupled to a Dionex Ultimate
3000 HPLC (Thermo Scientific, Australia). The N-glycan containing samples were loaded on a PGC
HPLC capillary column (Hypercarb KAPPA, Sum particle size, 250A pore size, 0.18 x 100 mm,
Thermo Scientific) and separated using a linear gradient of 2.6 - 64 % (v/v), 70% ACN/10 mM
ammonium bicarbonate over 86mins at a 3ul/min with Post-column Make-up Flow of 100% ACN
at 4 pL/min (111). The acquisition range is 500-2000 m/z, a resolution of m/z 0.25 full width half
maximum and a source voltage of +2.7 kV. Detection was performed in negative ionization polarity

mode with data-independent acquisition.
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.RAW files of mass spectrometric data were then imported into Skyline v19.1.0.193 (112), and base
peak integration performed on target N-glycans for relative quantitation. VValues were converted into
proportional abundances between parent and child N-glycans, and graphs generated using GraphPad
Prism 8.0.1. (113). Annotation of glycans was performed using Oxford nomenclature, where A
denotes the number of GIcNAcylated antenna, G and S describe the number of galactose residues and

sialic acids respectively, and F describes a core fucose.

4 Results
Producing pharmaceutical proteins with human-similar glycosylation at economically viable scale

and cost, the dualistic approach of producing high levels of glycoproteins with a 'core'-glycan
structure in yeast (in vivo), and subsequently modifying these glycans with a continuous flow system
and immobilized enzymes (in vitro) in an artificial Golgi column (AGC) was evaluated. Multiple
parameters such as co-factor concentration, substrate amount and internal column diameter were
initially tested in this proof of concept work for future research. Furthermore, two
glycosyltransferases (B4GalTl and ST6Gall-GFP), two glycoprotein substrates (fetuin and
Trastuzumab) and two AGC chambers in sequence were tested. An increase in additionally
glycosylated N-glycan structures was consistently found, providing guidance on future research.
During the development of the AGC, S. cerevisiae strain development was undertaken to create a
high STY strain capable of producing a model antibody (Trastuzumab) with appropriate N-glycan

moieties on its Fc region.

4.1 Development of an in vivo production system
The approach used here for production of defined glycoforms on recombinant proteins requires

coupling of the in vitro AGC with an in vivo production system. This production host would ideally
produce the glycoprotein of interest in high STY, with a homogenous N-glycan glycoprofile. An
example of combining in vivo and in vitro glycoengineering has already been demonstrated (80). That
approach resulted in a homogenously glycoengineered mAb, Herceptin, that was produced using P.
pastoris coupled with the Endo S chemoenzymatic glycan synthesis method mentioned previously.
The P. pastoris had been glycoengineered to produce a majority hybrid N-glycan, a strategy that was
adopted in this work. Here, multiple techniques were applied to create a glycoengineered S. cerevisiae
strain producing hybrid N-glycans, MansGIcNAcs. To do this, insertion of a Golgi-localised GIcNAc
transferase was incorporated into the design of this strain, an enzyme not found in the yeast
biosynthetic pathway.

4.1.1 Breeding of S. cerevisiae for double and triple knockout creation

Wild type strains of S. cerevisiae naturally produce extended mannosylphosphorylated chain N-

glycans, with some chains up to 150 residues long (15). Unlike in P. pastoris, introducing a defect at
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the OCH1 (a-1,6-mannosyltransferase) ORF does not completely shorten this hypermannose N-
glycan. Rather, it only reduces it to primarily MangGlcNac: structures, with ~10% structures having
a MansGIcNAc, glycoform. The redundancy present in the S. cerevisiae N-glycan biosynthesis
pathway continues to produce these hypermannose structures, so a quadruple knockout strain was
designed containing AOCH1, AMNN1 (a-1,3-mannosyltransferase), MNN4 (positive regulator of the
mannosylphosphate transferase MNN6) and AMNN14 (putative analogue of MNN4) deletions,
following recommendations from several papers (114, 115).

The first three genes to be knocked out in this strain were OCH1, MNN4 and MNN14. Single deletions
already existed in the Euroscarf haploid yeast ORF deletion library and in pre-existing haploid lab
strains. Thus, strains of complementary mating types were bred together, with the intention to re-
cross these new double knockouts with existing single deletion strains. Assisting in this process is the
distinguishable phenotype of AOCHL. At 30 hours growth, strains containing AOCHL1 are visibly
smaller and rounder than their non-knockout counterparts (Figure 7). Using tetrad dissection, the
Mendelian law defining random assortment of alleles applies, and if a strain within an ascii of four
haploids does not exhibit growth on selective media, then one of the other three haploids should have
successfully crossed and contain both gene knockouts. As the deletion library used the same gene to
replace each ORF, each deletion in a double knockout needed to be confirmed individually via PCR
of just outside the target ORF. A PCR product length of ~1500 bp corresponds with the geneticin
resistance marker, while product lengths greater than 2500 bp indicate presence of the original gene
(Figure 7). While single knockouts were confirmed for all strains from the ORF deletion library, no
double knockouts could be confirmed, either due to PCR primer non-specific binding or unsuccessful

crossing.
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Figure 7 — [A] A typical plate representative of a tetrad dissection experiment. Colonies highlighted
in the red box are single spores, all separated from the same ascii. Simple Mendelian inheritance of
the Aochl was confirmed by PCR, with an observed 1:1 segregation of the OCH1 deletion. The slow
growth of the F1 segregants was exclusively linked to OCHL1 deletion. [B] A representative example
of a confirmation PCR for the MNN14 ORF. Strains that show replacement of the MNN14 ORF
with a kanamycin resistance marker show an amplification length of 1500 bp (Colonies 1 and 3),
whilst strains showing no replacement have their native ORF of length 2800 bp (Colony 2). [C]
Graphical representation of MNN14 ORF replacement with kanamycin resistance marker (KanMX).
Here, the native MNN14 ORF has been replaced with KanMX, a gene conferring kanamycin
resistance. As the gene is shorter, a PCR amplification of ~1500 bp is observed, rather than the native

amplification length of ~2800 bp.

4.1.2 Integration of a 1,2-mannosidase (MNS1B) gene
Taking the BY4741 Aochl strain, the gene block encoding a-1,2-mannosidase (MNS1B) was inserted

into the FLO8 ORF locus of the genome using an integrative plasmid developed in house by
Kroukamp et. al (unpublished work) (Sup. Figure 2). MNS1B, operating under a native constitutive

promoter (PGKp) was expected to affect further trimming of high mannose N-glycans, reducing
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MangGIcNAc2 N-glycans produced in Aochl strains to MansGIcNAc2 hybrid N-glycan structures
(69). Results from Figure 8 confirm the presence of the MNS1B gene in a strain of BY4741 Aochl S.

cerevisiae. This result was confirmed using internal primers specific to this non-native gene (Sup
Table 1.

Figure 8 — Confirmation gel showing presence of a 1,2-mannosidase gene in the genome of a
strain of BY4741 Aochl. Gene has been integrated into the FLO8 ORF using homologous
recombination. A successful amplification will produce a PCR product of length 730 bp. PCR primers
specific to a 1,2-mannosidase were used, meaning amplification will only occur after successful

integration of this gene.

4.1.3 Trastuzumab transformation and production
To produce an in vivo produced relevant glycoprotein substrate, the mAb Trastuzumab expression

cassette was transformed into the isogenic strain BY4741, BY4741 Aochl strains. Strains were grown
in SC Ul and Galactose SC"!l, To examine the secretome of strains induced and not induced for
Trastuzumab production, an SDS-PAGE was run on 250 pL of concentrated secreted media (Figure
9). Significant differences can be seen between strains grown in glucose (uninduced) when compared
to those grown in galactose (induced) media. Generally, an increase in amount of protein in the gels
can be observed in those galactose strains for both BY4741 and BY4741 Aochl through the presence
of bands that are noticeably thicker and darker. This implies that the galactose promoter present on
the transformed plasmid is active. Of additional importance to note is the reduced level of smearing
of bands observed between the BY4741 and BY4741 Aochl strains. As the BY4741 Aochl strain has
glycans of reduced length, they should appear as sharper and thinner bands on an SDS-PAGE.
Expected bands for Trastuzumab production (25 kDa for the light chain, 50 kDa for the heavy chain
and 150 kDa for the unreduced dimer cannot be directly observed in this gel, indicating a low
concentration of produced Trastuzumab, if any was produced at all. Proteomic analysis of observed

bands is possible to confirm the presence of Trastuzumab.
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BY4741 | BY AOCH1
Glu Gal || Glu Gal

Figure 9 - SDS-PAGE gel of BY4741 and BY4741 Aochl secretome in glucose or galactose
supplemented SCrail_ Concentration of proteins in secretome are observed as being higher, due to
the overall band darkness increase. A band thickening at ~45kDa may be suggestive of a heavy chain

of Trastuzumab appearing under inducible conditions.

In this work toa Protein G Fc affinity column was used on 300 mL of clarified secretion media from
a BY4741 Aochl strain containing the Trastuzumab gene cassette to confirm the production of any
secreted Trastuzumab fragments,. Elution from this column was performed and a 280 nm excitation
was observed as bound proteins eluted from the column (Figure 10). Fractions were then collected,
and concentrated samples were analysed via SDS-PAGE. Fractions 1-5 show steadily decreasing
amounts of what could be the putative heavy chain of Trastuzumab eluting at ~45-48 kDa (Figure
10). Fractions 7-9 show a heavy band at ~35 kDa, indicative of the Protein G proteins bound to the
resin packing of the column (Figure 10). No bands were observed at 60 kDa. This infers disintegration
of the column and Protein G loss, preventing further purification or testing of any secreted yeast
media at this stage.
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Figure 10 — [A] Trastuzumab specific binding and elution from 300 mL of BY4741 Aoch1 secretion
media grown in Galactose SC"2i! for 30 hours. Protein G is highly specific to the heavy chain of
IgG and elutes under acidic conditions of pH 2.7. Here, a sharp peak in absorbance at 280 nm is
indicative of protein being eluted. [B] Elution fractions from Protein G column. Fractions are 0.4
CV in volume. Fractions 1-6 show protein bands corresponding with the expected size of the
Trastuzumab heavy chain eluting at ~45-48 kDa. Fractions 7-9 feature a heavy band at 32 kDa, the
correct Mr for Protein G indicating possible loss of Protein G from the column resin.

4.1.4 Secreted protein glycomics of yeast strains
To further determine the effect of performing in vivo glycoengineering, the yeast N-glycan secretome

from the produced strains was analysed via LC-PGC-ESI-CID-MS/MS, and relative abundances of
mannose glycans were calculated using Skyline software (Figure 11). By growing all strains in
Galactose SC! with a Trastuzumab cassette present, higher protein output was ensured. The
expected shift from predominantly Man9GIcNAc?2 in the isogenic BY4741 strain to shorter glycan
structures including MansGIcNAc. can be seen from the BY4741 Aochl strain. When MNS1B was
knocked into the FLO8 ORF in the BY4741 Aochl strain, an odd effect is observed where the lowest
number of mannose structures appears to be Man7. This is contradictory to published literature, where
existing MangGIcNAC, structures present in dochl strains are expected to be further trimmed to
hybrid MansGIcNAc. N-glycans (76).
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Figure 11 - A mannose glycoform profile of BY4741, BY4741 Aochl and BY4741 Aochl + MNS1B.
BY4741 and dochl strains show typical high mannose glycoforms, with dochl strain displaying a
number of MansGIcNAc: residues. The introduction of the MNS1B gene appears to have recovered
the BY4741 phenotype, instead of further truncating MansGIcNAc: present in Adochl to the hybrid

MansGIcNAcC: as reported in literature (76).

4.1.5 Using CRISPR/Cas9 to replace the MNN1 ORF with GnTI
As the desired results were thus not obtained through breeding and whilst these additional deletions

would have been desirable in creating a scalable S. cerevisiae host, a CRISPR/Cas9 approach was
attempted to delete these genes. The use of CRISPR/Cas9 is rapidly becoming a staple in the
molecular biologist’s toolbox. By creating breaks in the DNA at targeted PAM sequences in the
genome, homologous recombination and gene replacement can be forced by providing relatively large
amounts of donor DNA with regions of homology upstream and downstream of the break. Here, a
CRISPR/Cas9 plasmid developed in house by Kroukamp et. al (unpublished work) was used to
replace the MNN1 ORF with the previously designed synthetic GnTI. GnTI translates for a GICNAc
transferase (116), which will facilitate the transfer of GICNAc structures to terminal mannose residues
on N-glycan structures. The resulting hybrid N-glycan (Man5GIcNAC) is currently a suitable starting
point for the developed B4GalT1-AGC. Initially successful integration of GnTI cassette into the
MNN1 ORF was confirmed with PCR, using primers specific to the flanking regions of this ORF
(Sup. Table 2Error! Reference source not found.). To reconfirm the presence of this cassette,

strains were tested using internal primers specific to GnTI. There was no primer amplification in any
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strains, including the positive control. Because of this a primer redesign would be required in future

work to confirm the presence of this cassette.

B.

Figure 12 — Confirmation gel showing amplified PCR product of MNN1 ORF for GnTI post
CRISPR/Cas9 integration. Each lane denotes a separate S. cerevisiae colony tested. PCR product
in lanes 1 and 3-12 show the native MNN1 ORF, an unsuccessful integration with PCR product
amplification length of 2390 bp. PCR product in lane 2 (blue box) exhibits a potential successful
integration of GnTI, with PCR product amplification length of 2600 bp. (B) Graphical replacement
of the MNN1 ORF (2390 bp) with the GNTI cassette (2600 bp).

4.2 Development of a scalable in vitro glycoengineering system
An AGC was designed and built for the purpose of performing specific N-glycan addition onto

existing core N-glycan structures. Several different parameters were tested, and some level of
improvement was made from original tests. Using treated fetuin for initial tests and then Trastuzumab
as a model antibody, the intention was to develop a time efficient and scalable model for taking
homogenous glycosylation towards industrial levels of production.

4.2.1 Treatment of Bovine Fetuin with a2-3,6,8 neuraminidase and [1,4-galactosidase
To test the AGC containing immobilised B4GalT1 and/or ST6Gall, fetuin was chosen as the

candidate substrate glycoprotein. Bovine fetuin has 3 N-glycans that are highly exposed and
accessible for glycosyltransferases, indicated by its attached highly sialylated and tri-antennary
glycans (4). For fetuin to be a suitable substrate for an AGC with immobilised B4GalT1 and ST6Gall
glycosyltransferases, it was treated with 02-3,6,8 neuraminidase and -1,4-galactosidase to remove
both terminal sialic acid residues and terminal galactose residues and provide a suitable substrate for
these transferases. Exoglycosidase activity was verified by SDS-PAGE (Figure 13), indicated by the
migration difference of the fetuin protein band relative to the control fetuin. To confirm this, control
fetuin, fetuin treated with both a2-3,6,8 Neuraminidase (Fet -S), and fetuin treated with a2-3,6,8
Neuraminidase and B-1,4-galactosidase (Fet -S -G) were prepared for their use as substrates for the
AGC. The released N-glycans were analysed via negative mode LC-PGC-ESI-CID-MS/MS to
confirm their activity (Figure 13). Here, a clear change in N-glycan compositions can be seen, moving

from predominantly A3G3S3 structures in untreated fetuin to A3G3 structures in Fet -S, to A3GO0
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structures in Fet -S -G samples. Bi-antennary structures are observable in all three traces but appear
in low abundance (20 % total abundance). For this reason, analysis of glycosylation outcomes by the

AGC was based on the most abundant tri-antennary glycans.
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Figure 13 — [Left] SDS-PAGE of de-sialylated-de-galactosylated fetuin. Differences in migration
between native fetuin, de-sialylated fetuin (Fet -S) and de-sialylated-de-galactosylated fetuin (Fet -S
-G). This glycan trimming was also confirmed by released glycan mass spectrum analysis. [Right]
Averaged mass spectrum of released glycans. Here the loss of terminal sialic acids and galactose
residues after treatment with a.2-3,6,8 Neuraminidase and -1,4-galactosidase is observed. Numbers
in brackets next to the initial GICNAc residue denote the charge state of the residue. Relative
abundance of tri-antennary structures is significantly higher than bi-antennary structures in all

samples of fetuin analysed.

4.2.2 Testing the leaching of glycosyltransferases from the Ni-NTA beads
For enzymes to be effectively immobilised, the conjugation between the glycosyltransferase and solid

phase must be stable, able to remain bound through experimental conditions. Before any AGC
experiments were run, the capacity of the Histidine-tags of the immobilised glycosyltransferases to
remain bound to the Ni-NTA resin during experimentation was tested. If the immobilised enzymes
eluted under general experimental conditions, then they are no longer reusable. Of the reagents in the
experimental mix, MnCl, was most likely to affect binding capacity due to competitive binding

between the Mn?* ions and Ni?* ions on the resin beads. To test this, a 3D printed column containing
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blank Ni-NTA beads was first equilibrated, then had 6xHis tagged sfGFP from lysed E. coli passed
through it. sSFGFP was used as its production was quicker and provided a measurable cue (485 nm
excitation) that could be used to directly observe bound protein leaching. Once sfGFP had bound,
leaching of the column under experimental conditions for the AGC (1 mM and 10 mM MnCly), and
then under high concentrations (0.5 M MnCl,) was tested (Figure 14). 10 mM MnClI; appears before
sfGFP loading as column was previously loaded with sfGFP, then re-loaded after 10 mM MnCl»

testing.
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Figure 14 — Partial chromatographic trace of 280 nm (blue, protein) and 485 nm (red, sfGFP)
excitation of 6xHis-tagged sfGFP bound to Ni-NTA resin in a 3D printed column. At MnCl;
concentrations of 1, 10 and 500 mM, there is no substantial elution of sSfGFP from the column,
indicating the 6xHis tag binds effectively to Ni-NTA resin. When injecting 500 mM imidazole a clear
elution of sfGFP is seen by an increase in 485 nm excitation. When sfGFP supernatant is injected a

peak in 485 nm is observed, indicating excess sfGFP eluting from the fully bound column.

Even in extreme concentrations of MnCl» (0.5 M) there is little to no elution of sSfGFP from the Ni-
NTA resin beads. SFGFP was still visually visible on the column, and bound proteins were eluted
with 0.5 M imidazole. The resultant peak in 485 nm wavelength corresponds with 6xHis-tagged
sfGFP that was bound to the Ni-NTA beads eluting. This confirms that the Histidine tag conjugation
is sufficient to effectively bind glycosyltransferase enzymes to the solid Ni-NTA resin used in the
AGC.
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4.2.3 Production of glycosyltransferase enzymes in HEK293-FT cells
HEK293-FT cells were transiently transfected with B4GalT1 (with and without GFP fusion domain)

or ST6Gal1-GFP. Those vectors containing a GFP fusion domain were used so that dishes containing
GFP linked enzymes provided visual cues for a positive transfection (Figure 15). A 150ul aliquot of
secreted media was concentrated by evaporation and resolved on an SDS-PAGE gel to confirm the
production of B4GalT1, B4GalT1-GFP and ST6Gal1-GFP. A dark band is observed at ~65-70 kDa
for lanes containing B4GalT1-GFP or ST6Gal1-GFP after 5 days secretion. While the protein bands
from the lanes containing the aliquots of B4GalTl transfected HEK293-FT cells were
unascertainable, as the SDS-PAGE gel melted while running (Figure 15), successful transient
transfection from all other transfection plates suggests that the B4GalT1 transfected cells was also

expressing the enzyme. This was subsequently confirmed with the in vitro galactosylation experiment

via the artificial Golgi column (Figure 16).

Figure 15 — Transient transfection of HEK293-FT cells. [A] A 40x microscopy image with 485 nm
wavelength filter shows GFP glowing green. This indicates a successful transfection, with cells
producing fusion glycosyltransferase proteins. [B] SDS-PAGE gel of concentrated PEI expression
media after two and five days of growth. Media was concentrated using a 10 kDa MWCO centrifugal
filter, and 11 pL of concentrates were loaded into each lane. Red box denotes regions where bands
of the correct mass are seen. Even though the gel melted during the run, resulting in lanes 10 and 11
being unreadable, positive over expression of the target transferase from the other transfection
experiments carried out at the same time suggests that the B4GalT1 expression was successful.

As the expressed glycosyltransferases contain an 8x-His tag on the N-terminal (107), purification and

immobilisation of the enzymes can be performed in a single step using Ni-NTA agarose resins. The
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resin bound enzymes were packed into the custom-made columns to create the Artificial Golgi
Column (AGC). The reaction mixture containing the glycoprotein subtrate, donor nucleotide sugars
and essential metal co-factor were injected into column with a flow controlled HPLC pump. It is
important to note that with a column packing of approximately 200 pL, injection volume of 100 pl
and a flow rate of 100 pL/min, the effective enzyme: substrate reaction time is only 2 mins. By
calculating by the dead volume of the setup, the reaction mixture was collected from the elution and
analysed for glycan proportion changes using PGC-LC-MSMS. Several parameters were tested to
create and optimise a working column. These parameters included concentration of co-factor
manganese, column material, column internal diameter and amount of glycoprotein substrate added
(Figure 16). Once these initial tests were done, further testing was performed; changing the
glycoprotein substrate, the glycosyltransferase in the column, and finally combining two separate
columns loaded with different glycosyltransferases together in sequence. All tests were performed
with a minimum technical replicate of 3 samples, and results are reported as bar graphs of mean +

standard deviation.

4.2.4 Initial testing of the B4GalT1-AGC
Initial tests of the B4GalT1-AGC occurred in conditions using low amounts of the essential co-factor

for B4GalT1, MnCl, (1 mM), to mitigate potential interference between the Mn?* and Ni?* ions. To
analyse the change in glycan structures, the relative abundance based on area-under-curve
quantitation of extracted ion chromatograms of the precursor glycan and all its product N-glycans
was calculated. For example, mono-, bi- and tri-galactosylated tri-antennary structures (A3G1, A3G2,
and A3G3) were all product glycans from the precursor non-galactosylated tri-antennary N-glycan
(A3) on the de-sialylated and de-galactosylated fetuin. This means discrepancies between total
amounts of N-glycan samples are avoided and no one measurement will skew results. While this does
not cover all glycan structures of fetuin (also containing bi-antennary (~20%), and incomplete
desialylation (A3G1S1 (~11.5%)), it accounts for ~70% of the fetuin glycans, which is representative
of the AGC activity.

In Figure 164, a significant drop of A3 and increase in A3GL1 structures is observed when comparing
pre-treated Fet -S -G substrate and B4GalT1-AGC treated Fet-S-G product (Sup. Table 2). This initial
test in unfavourable co-factor concentrations was performed at a flow rate of 100 pL/min. Subsequent
tests of the AGC, including those at 10 mM concentration of MnCl,, were performed at 200 pL/min
to increase throughput of experiments. 10 mM of MnCl experiments gave an increased level of
galactosylation, significantly increasing the proportion of A3G1, A3G2, and A3G3 N-glycans when
compared to both controls, and 1 mM MnCI, experiments Figure 16a. As 10 mM of MnCl, gave
significantly improved results, this concentration was used for all other AGC experiments.
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4.2.5 Comparing AGC column format
A prototype for the AGC was tested and developed by Dr Moh (PhD thesis) (117). The initial AGC

design involved loosely packing 100 puL of Ni-NTA beads loaded with B4GalT1 into a 1 mL syringe.
Substrate flow through this column is gravity dependent and the amount of liquid in the column
directly affects the flowrate through the packing. Building upon this working prototype, two of the
same syringes were cut in half and attached to each other, creating a column that was able to be
connected to a flow-controlled liquid chromatography system (Figure 6). These LC compatible
columns proved difficult to mass produce reliably, hence 3D printed columns of defined dimensions
were designed (Table 3). Both columns were packed with 200 pL of B4GalT1 loaded resin and the

efficacy of these enzymes was tested (Figure 16).

As shown in Figure 16b, there is no significant difference in results between the home-made syringe
columns and 3D printed columns. Relative abundances of all glycans appear similar between columns

showing that the 3D printed alternative column is a viable option for subsequent tests.
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Figure 16 — Initial tests of the B4GalT1-AGC. [A] Varying concentrations of MnCl.. Including 10
mM of MnCl> in reaction mixture results in increased levels of A3G1, A3G2, and A3G3 N-glycan
structures (n = 17), and decreased level of A3 N-glycans when compared to both pre-treated fetuin
(Fet -S -G) (n = 3) and reaction mixtures containing 1 mM MnCl (n = 3). [B] Relative abundance
of A3 glycans present in samples before and after treatment with two different B4GalT1-4AGC's.
Homemade columns using high-quality syringe plastic (n = 10) are shown to have no substantial

difference than those columns made from 3D printed methylacrylic acid ester polymer (n = 7). [C]
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Testing the run repeatability of the 4mm I.D. B4GalT1-AGC. A slight decrease in efficiency of ~7%
(mean £ SD) is observed as run number increases. n = 9. [D] Testing the glycoprotein capacity of the
same 4mm 1.D. B4GalT1-AGC with two different amounts of pre-treated fetuin. Both amounts of
fetuin added returned the same galactosylation profile, at similar levels (50 pg samples, n = 17; 100

Mg tests, n = 11).

4.2.6 Testing the amount of substrate in B4GalT1-AGC activity
To test the capacity of the column, the amount of substrate was increased two-fold (Figure 16). There

was no significant difference in the A3 glycoforms of those injections containing 50 pg and those
containing 100 pg of pre-treated fetuin (Sup. Table 2). Had the capacity of the column been reached,
then the relative amount of N-glycan change would have decreased. This implies that the true capacity
of protein that the B4GalT1-AGC can act upon in a single injection has not been reached, and further

testing with higher amounts of protein is required.

4.2.7 Testing the repeatability of the B4GalT1-AGC activity
To ensure the column efficiency was not degrading over time, sequential runs were performed on the

same B4GalT1-AGC (Figure 16c). There was a small difference in the product output between the
runs showing that the column has reusability of at least 3 runs. With the change in mean relative
abundance between runs of A3 glycan structures (~7 %), a predicted column lifetime of 8 runs was
calculated (Efficiency of first run less 7%). This lifetime requires future experimentation to be
confirmed. The reusability of the column on a timescale was not tested but is also expected to be a

factor in reaction completion.

4.2.8 Adjusting column internal diameter parameters of the B4GalT1-AGC
The difference between a column 1.D. of 4 mm and 3mm was tested for the B4GalT1-AGC. By

lowering the internal diameter of the column but keeping the amount of packing material the same,
the column length of the packing material increases. This increase then corresponds with an increase
in the number of theoretical plates present in the column, increasing interaction between substrates in

the mobile phase and enzymes in the stationary phase.
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Figure 17 — Comparing a 3mm and 4mm 1.D. on column efficiency in the B4GalT1-AGC. No
significant difference is observed between the two internal diameters of these columns. Bars shown

are mean + SD, with N = 9.

Here, it is observed that whilst there are slight differences between the 3 mm 1.D. and 4 mm 1.D.
B4GalT1-AGC columns on the final completion of galactosylation reaction, these differences do not
fall into statistically different significance from one another (Figure 17). As column internal diameter
decreases, so does lateral diffusion of all substrates in the mobile phase of the AGC. It can be
speculated that this focuses glycoprotein substrates, co-factors, and donor sugars on the same
immobilised enzymes, increasing the likelihood that at any one time all three will be in proximity of
the same enzyme. It is possible that a change of 1 mm in internal diameter was not sufficient to invoke
a noticeable change in reaction completion, despite increasing reaction bed length by a factor of two
(~15.67 mm to ~28.00 mm). Alternatively, the sampling methods used resulted in standard error bars

that were too large to provide enough resolution for detection of differences between columns.

4.2.9 Testing glycosylation of commercial Trastuzumab in the B4GalT1-AGC
For the AGC to be a useful system it must work on glycoprotein substrates other than fetuin, ideally

of high value. Trastuzumab is a valuable therapeutic 1gG, with a sale value of USD $7 052 million in
2016 (18). Fucose-depleted Trastuzumab has been produced in AFUT8 CHO cells and found to have
greater ADCC as predicted (118). Here, untreated commercial Trastuzumab produced in CHO cells
was run through the B4GalT1-AGC in the expectation of galactose addition on FA2 (also commonly
referred to as GOF), to FA2G2. Fucosylated bi-antennary structures without galactose residues are
the most abundant N-glycan structure on the purchased CHO produced Trastuzumab (90% of total
N-glycans), consequently treatment with galactosidase was necessary. Figure 18 shows that the
reaction is approximately halfway complete, with tabulated proportions of glycans reflecting this
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(Sup. Table 2). Even though N-glycans found on Trastuzumab, and IgGs in general, are less accessible
than those found on fetuin (Figure 19), the AGC was still effective, converting precursor FA2
(reducing ~70 % to 25 % relative abundance) glycans to the product FA2G1 (increasing 27 % to 42
% relative abundance) and FA2G2 (increasing 3 % to 33 % relative abundance) N-glycans (Figure
18, Sup. Table 2).
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Figure 18 — Testing the B4GalT1-AGC with a commercially produced valuable therapeutic,
Trastuzumab. Existing fucosylated N-glycan structures on Trastuzumab are ~70 % FA2, and the
column was shown to reduce these structures, whilst increasing relative abundance of galactosylated
structures FA2G1 and FA2G2 at the same time. Bars shown are mean + SD, with N = 3.

Figure 19 - Crystal structures of mammalian fetuin B PBD:6HPV [Left] (119) and IgG
PDB:1HZH [Right] (120). Here N-glycan locations are highlighted in yellow. Fetuin N-glycans are
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exposed on the surface of the protein, whilst IgG N-glycans are shielded by the Fc region of the

antibody.

4.2.10 Testing ST6Gall-GFP AGC with desialylated fetuin as a substrate
The theoretical next step to building a terminal sialic N-glycan was tested, and the B4GalT1-AGC

was replaced with an ST6Gal1-GFP-AGC. Fetuin substrates were desialylated with neuraminidase
and UDP-galactose replaced with CMP-sialic acid within the experimental reaction mix. All other
conditions were unchanged. Preliminary results for this experiment are inconclusive, as whilst there
was a trend seen in the decrease in mean relative abundance of A3G3 glycans and an increase in the
sialylated products after column interaction the changes are not significant (Figure 20). This may be
due to the N-terminus GFP fusion on the enzyme. Further testing and optimisation are required to be
done on this recombinantly produced sialyltransferase with and without the GFP fusion in AGC

format to confirm its efficiency.
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Figure 20 — Testing the ST6Gall-GFP-AGC with two different internal diameters. Initial
experimental results are inconclusive, with sialylation levels increasing but not differing significantly

from desialylated fetuin. Bars shown are mean + SD, with N = 9.

4.2.11 B4GalT1-AGC and ST6Gal1-GFP-AGC in sequence
To mimic the trans-Golgi network in the cell, the B4GalT1-AGC and ST6Gal1-GFP-AGC were

connected in sequence to perform galactosylation and sialylation in tandem. Fet -S -G was used as
the candidate substrate glycoprotein, along with both UDP-Galactose and CMP-Sialic acid required
to glycoengineer the predominant A3 structure to an A3G3S3 structure. The B4GalT1-AGC worked
with usual efficiency, creating a large proportion of suitable N-glycan precursors synthesised (A3G1,
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A3G2, AND A3G3) (Sup. Table 2), for sialic acid addition by the sequential ST6Gal1-GFP-AGC.
As previously determined, the ST6Gal1-GFP-AGC results are variable, with large error bars observed
(Figure 21). However, although not conclusive, the increase in mono-sialylation of the A3G3
increased structure appeared to correlate with a decrease in its non-sialylated substrate with some
appearance of the disialylated product (Sup. Table 2), supporting the success of sequential

glycosyltransferase columns.
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Figure 21 — Comparing the glycoprofile of B4GalT1- and ST6Gall-GFP- columns connected in
sequence. Fet -S -G was used as the substrate glycoprotein, with glycoforms seen to shift to
galactosylated and sialylated products. An almost complete loss of A3 structures was indicating

complete conversion of substrate. Bars shown are mean + SD, with N = 3.

5 Discussion

In this body of work, a minimally engineered in vivo production host and a scalable in vitro
glycosylation system have been developed with the intention of creating a dual glycoengineering
system for glycoprotein production that is modular and cost efficient. In vivo, an S. cerevisiae strain
was engineered to produce a mAb (Trastuzumab) with truncated N-glycan structures. In vitro, a
modular AGC was separately designed able to further process the proteins produced in this S.

cerevisiae strain, potentially transitioning N-glycans present to a homogenous human-similar
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structure. Having this modular ability in vitro at large scale enables the use of one production system

to create various glycoforms, reducing strain on resources and need for many individual bioreactors.

As previously stated, STY is an important factor to consider for large-scale production of therapeutics
and other valuable proteins (64). Yeast strains such as S. cerevisiae or P. pastoris excel at this,
growing to very high densities while maintaining secretory abilities and eukaryotic protein folding
machinery. Here, several genetic engineering techniques such as CRISPR and breeding had been used
to create truncated N-glycan structures on secreted heterologous proteins, with the final strain able to

produce hybrid MansGIcNAcs N-glycans, once GnTI function is confirmed.

A MansGIcNAc, N-glycan is desirable as with just three steps it can be glycosylated to contain a
terminal a-2,6 sialic acid on the 3-arm (Figure 22b), resulting in increased FcyIIl binding, which
gives stronger ADCC activity (121). Terminal mannose residues on the 6-arm will also promote CDC
when on mADbs (38), resulting in activation of multiple cellular immune response pathways. As S.
cerevisiae does not fucosylate N-glycans, the increased ADCC activity resultant of an absent core
fucose is achieved at the same time. The addition of GIcNAc can be performed either in vivo or in
vitro, by inserting GnTI into the in vivo model as was performed here, or by immobilising GnTl in an
AGC. In this manner, the handover point between in vivo and in vitro systems is flexible and

dependent upon cost in the production process.
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Figure 22 — Produced and targeted N-glycan structures. (A) The MansGIcNAc2 N-glycan results
from glycoengineering S. cerevisiae and is compatible with branch further GlcNAcylation; the
current handover hybrid N-glycan (B) between the in vivo host S. cerevisiae and in vitro AGC system.
(C) Galactosylated hybrid glycan: theoretical N-glycan after treatment with the B4GalT1-AGC. This
N-glycan is a substrate of the (D) ST6Gal1-AGC final N-glycan. This structure can be produced in
minimally glycoengineered S. cerevisiae to produce N-glycans with a-2,6-sialylation, lack of a core
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fucose, and a high mannose arm resulting in a glycan that theoretically has increased CDC and

ADCC activity and is not naturally produced in current production hosts.

There is value in not completely removing lengthy high-mannose glycans from glycoengineered yeast
strains. Yeast cell walls contain hypermannosylated glycoproteins, which contribute many cell wall
properties. Truncating these structures negatively effects cell wall integrity, limiting growth (122).
Our results supported this view, as we found a significant reduction in the optical densities of OCH1
deleted liquid cultures and smaller colonies (Figure 7) when grown on agar. Growth rate recovery of
these strains have been shown to be effective, however this required extensive strain engineering (8,
78). This process is usually time consuming, and yeast strain and growing condition dependant. By
limiting the glycoengineering in vivo, as demonstrated here, and completing the engineering in vitro,
it is possible to limit impact on cell viability and concomitant product yields. Coupling a minimally
engineered strain to an in vitro glycosylation system thereby assists in preventing the need for

regenerative strain engineering.

When analysing glycoforms of the generated yeast strains, those containing an OCH1 deletion
appeared as reported in literature, showing an increased abundance in MansGIcNAc, and
MangGIcNAc: structures (Figure 11) (76, 79, 123). Addition of MNS1B resulted in an interesting
phenotype, where instead of further mannose trimming as reported in literature (42), an increased
abundance of longer MangGIcNAC, and ManioGIcNAc2 glycans was observed, with a decreased
abundance of MangGIcNAC: glycans. It is possible that additional glycan trimming activated the UPR
pathway (124) and those glycoproteins containing trimmed N-glycans were recycled. Another
possibility is the MNS1B a-1,2-mannosidase produced was correctly working, but other

mannosyltransferases such as MNN1 had increased affinity towards the further truncated structures.

Through introduction of a synthetic gene cassette, Trastuzumab was able to be produced in S.
cerevisiae. Monoclonal antibodies have been introduced into yeast strains previously (15, 59, 80,
125), and shown that IgG peptide chains are correctly folded in yeast (126). The biophysical
properties of this yeast derived mAb are still to be determined for stability, substrate affinity and

functionality.

The development of an artificial Golgi column is described and contains immobilised
glycosyltransferases operating sequentially in a manner which is rapid and controllable. This in vitro
system is modular and allows for fine-tuning of parameters that are difficult to engineer in vivo, such
as substrate: enzyme ratio, pH and substrate concentration. Effective galactosylation was observed
in both treated fetuin and CHO produced Trastuzumab samples, with a reduction in precursor glycans
of up to 50% for fetuin samples (A3) and 42% for Trastuzumab (FA2). The developed B4GalT1-
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AGC was shown to be reusable with 12 separate reactions (9 fetuin + 3 Trastuzumab, B4GalT1-AGC)
being performed with only a small loss of reactivity (Figure 16). This small loss of reactivity requires
further testing to be resolved. The reusability of this column is a critical factor, as while large scale
galactosylation reactions have been performed by other researchers who successfully galactosylated

1kg of 1gG with 4 g of B4GalT1 over 24 hours (91), the enzymes in this reaction were not recovered.

Immobilising enzymes allows for reuse and recycling of glycosyltransferases. As
glycosyltransferases are not consumed during reactions, they are only subject to spontaneous
degradation. Loss of enzymatic activity can also result in loss of enzymes, which may happen if they
leach from their immobilised scaffold. By utilising the 8x His-tag present on the pGEn1 and pGEn2
vectors, an efficient binding system was created for the AGC experiments performed (Figure 14).
However, if this binding had proved to be insufficient, the Streptavidin tag also built into the
expression vector could have been utilised. The number of enzymes immobilised on the agarose resin
used in this work was not calculated, however a common problem for conjugation methods involving
physical adsorption or chemical conjugation, such as the method used here, is low coupling yield.
The conjugation between glycosyltransferase and resin is an optimisable process, with various solid-
binding peptide linkage sequences for different solids being identified for biomolecule conjugation
(127).

Experimental observations from this work showed difficulty in consistently producing enzymes for
use in the AGC. ST6Gall enzymatic efficiency was low (Figure 20). This low activity could be
explained by the GFP-fusion tag present at the N-terminus, as the active mechanism for ST6Gall
involves an N-terminal appendage spanning residues 89-136, which is directly involved in substrate
binding (128). The addition of a GFP-fusion on the N-terminus of this enzyme may sterically hinder
the conformation required for ST6Gall to retain its activity under continuous flow. The presence of
the GFP-fusion was still useful however, enabling visual monitoring of transfection and enzyme

immobilisation but may not be necessary for the final constructed AGC.

Non-mammalian glycosyltransferases with the ability to carry out identical linkage transfer of sugars
is an avenue that has not yet been explored within the AGC. As the AGC is an in vitro system, the
options for diversifying the final product, how fast this product is made, and its stability are broad,
and the original source of enzymes does not matter. This allows bacterial or other high titre expression
systems like yeast to be used for enzyme production of AGC’s. By moving away from human cells
to produce the glycosyltransferases, production scale and cost can be improved. Synthetic and rational
enzyme design can also be taken into consideration, designing enzymes with increased stability and
activity (129, 130).
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Only the most abundant precursor N-glycan structure was quantified in this work. It must be
remembered that the most abundant N-glycan is not the only glycan present on the glycoproteins
tested, and other N-glycan moieties with compatible precursor structures will also have had their
glycans modified. For example, tri-antennary N-glycan structures only account for ~70 % of all N-
glycans present on the fetuin samples tested (Figure 13). Bi-antennary and incompletely desialylated
structures such as A3G1S1 were still present in measurable abundance and may have also been
subject to galactosylation or sialic addition. Thus, the efficiency of the AGC’s tested has only been
determined for those most abundant glycans (A3 in fetuin and FA2 in Trastuzumab). The activity of
B4GalT1 and ST6Gall to specific precursor glycoforms was not considered, and one precursor may
be preferentially modified over other glycans (131). The modularity of the AGC becomes effective
here, allowing different enzymes that convey the same linkage addition but are more efficient for

different precursor glycans to be swapped in as needed.

Chemoenzymatic synthesis of N-glycans has previously been shown to be possible through the use
of mutated endoglycosidases (86). A key difference between that method and the AGC approach
described herein is the use of nucleotide-monosaccharide sugars in the AGC, whereas using mutated
Endoglycosidases requires a complete oxazoline-tagged N-glycan. Having a modular system allows
for more accurate fine-tuning of parameters between reaction columns and gives researchers and
pharmaceutical companies an option to create a specific mix of glycoforms. For example, to activate
all relevant ADCC and CDC immune pathways for mAbs, different glycoforms are needed. Non-
fucosylated, terminally a- 2-6 sialylated with a bisecting GICNAc N-glycans can be used to increase
ADCC activation, while a hybrid N-glycan with either terminal galactose or GICNAc structures can
activate CDC pathways (19). Through future empirical work it may be determined that a specific mix
of glycoproteins is ideal for different therapeutic targets. On a purely commercial note, the
introduction of the ability to create specific glycoforms of the same protein enables patent
development on individual inventions, as each glycoengineered therapeutic will have been made with

a different purpose.

6 Conclusion and future directions

In this work, the possibility of combining two separate avenues of glycan engineering was explored.
By introducing minimal engineering into an in vivo system such as S. cerevisiae, and by working
towards a high-throughput in vitro post-translational modification system in the Artificial Golgi
Column, an alternative approach to industrial production of valuable therapeutics is suggested. This
approach brings together two existing ideas, resulting in a combined system with high modularity.

Through using individual AGC reactors, glycosyltransferases can be swapped as needed in a ‘plug
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and play’ fashion. This plug and play style of glycosylation enables the use of one highly optimised
in vivo production host, reducing infrastructure and the need for multiple bioreactors. As the final
glycosylation system is performed in vitro, production hosts from all phyla can be considered, and
the capacity to produce human-like glycan structures is no longer a determinant factor in the choice
of production host. As such, scalable hosts capable of complex folding such as S. cerevisiae and P.

pastoris become strong contenders in the choice for therapeutic production.

Further optimisation and testing are required to produce Trastuzumab in our engineered strain of S.
cerevisiae. This work is not unique to Trastuzumab and is required for all therapeutic production
strains. Regardless, the use of a high throughput in vivo production system capable of producing a
therapeutic with a single homogenous precursor is exciting, and with correct implementation non-
human, minimally engineered strains may become more ubiquitous throughout industry. For this
procedure to be economically viable, all AGC’s used in the glycosylation process must proceed with
extremely high levels of efficiency, of at least 97% per reaction. This will ensure a sufficient amount
of correctly glycosylated glycoprotein substrate is taken to the next stage of modification, without

loss of product through partial or incomplete glycosylation.

Further optimisation is required to achieve efficient levels of glycosylation in the AGC. All steps and
parts within this system are modular and able to be changed for greater efficiency, with limited effect
on the rest of the system. Tests on a larger scale and in higher throughput are also required so that the
true capacity of this AGC is found. Currently, preliminary results are promising; commercial
Trastuzumab produced by CHO cells with predominant FA2 glycan structure was able to be
galactosylated in significant levels using the AGC. With a reaction time of one minute, the
implications for therapeutic work and biosimilar research are high. AGC in vitro glycosylation also
provides opportunities to confer unusual glycans to therapeutic products such as azide-functionalised
monosaccharides for biocompatible conjugation (132). Unusual glycans, synthetic glycans, or
labelled glycans can now be incorporated into therapeutic products, enabling a host of future testing.
On top of using non-mammalian glycosyltransferases, it is also possible to incorporate synthetic
transferases that have been designed in silico. These proteins could one day be rationally designed

and customised for specificity, thermostability, and speed of action.

The future of a dual glycoengineering system is bright, and with further engineering both the in vivo
and in vitro system can be optimised to high efficiency, enabling cheaper therapeutics and faster
research into the effects of specific glycoforms.
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Supplementary Figure 1 - Visual representation of the Trastuzumab expression vector.

flo8-GALp-hph-PGK-MNS1B-CYC1-flo8

7,820 bp

Supplementary Figure 2 — Expression vector for FLO8 integrative plasmid of a-1,2-mannosidase

(MNS1B). hphORF denotes a hygromycin resistance gene, induced under presence of galactose.
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Supplementary Figure 4 — Visual representation of MNNL1 specific CRISPR expression vector.
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Supplementary Table 1 — Primer sequences used throughout experiments performed.

Primer

MNN14 flanking
region - forward
MNN14 flanking
region - reverse
OCHL1 flanking
region - forward
OCHL1 flanking
region - reverse
MNNL1 flanking
region - forward
MNN1 flanking
region - reverse
MNN4 flanking
region - forward
MNN4 flanking
region - forward
MNN1 amplicon
for CRISPR gRNA
- forward
MNN1 amplicon
for CRISPR gRNA
- reverse

GnTI amplicon
with MNN1
flanking tail -
forward

GnTI amplicon
with MNN1
flanking tail -

reverse

59

5'to 3' sequence
GGGCCTATTTCTACTTTGGGG

CGTAAGGGCCGAATTTAAGTGA

CCCATCTGCATCCTTTTATATTTAATAG

GGGTATGATGAAAGGAGAGC

TACTCTCGAAAAACGTAATCTTGCG

CCGATATGCTTTACTATACATGTTCA

GTATAATTACCACGATTCCGTC

CGTGGCTTCAAATTTGATATC

AGTTCGATCATAAAACTGGTGTTTTAGAGCTAGAAATAGCAAG

ACCAGTTTTATGATCGAACTGATCATTTATCTTTCACTGCG

ATGTTGGCACTCCGGAGATTTATATTAAACCAAAGGTCTTTGCGATCGCTC
CCTCCTTCT

CTAGCTTTGTTCGTGTCTAGAATTTTCTAATTCCTTGATCTAAATGGTTCC
AAGGCCGGC



Primer 5'to 3' sequence

Internal a-1,2- ACACCACCTACGCTGACTTG

mannosidase -

forward

Internal a-1,2- CGTTAGCAGCGTTAACGTCG

mannosidase -

reverse

Internal GnTl - AAGGCTTTCTGGGACGACTG

forward

Internal GnTl - GTGGTTCCAAGATGGGTCGT

Supplementary Table 2 — Degrees of change resulting from treatment with the AGC.

reverse

% SD n % SD n | % SD n | % SD n
3D printed column vs syringe column
A3 A3G1 A3G2 A3G3
Fetuin | 84.60 6.37 '3 1207 48 '3 /098 130 3 234 0.58 3
-S-G
3D 3119 851 7 3424 566 |7 2482 421 7 975 3.32 7
printed
Syringe 3840 5.02 10 30.71 |812 10 1848 594 10 1241 6.92 10
Changing concentrations of MnCl2
A3 A3G1 A3G2 A3G3
Fetuin | 84.60 6.37 '3 1207 48 '3 /098 130 3 234 0.58 3
-S-G
ImM 7119 478 '3 2223 |172 3 645 308 3 014 0.05 3
MnCl:
10mM | 3543 | 740 17 3216 7.23 |17 2109 6.07 17 1132 574 17
MnCl:
Repeatability of B4GalT1 AGC
A3 A3G1 A3G2 A3G3
Fetuin | 60.32 519 3 861 35 3 072 097 3 167 0.46 3
-S-G
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% SD n % SD n % SD n % SD n
Runl 1094 017 2 2171 506 2 1417 188 2 | 6.22 0.28 2
Run2 1663 (059 2 1618 117 2 1428 310 2 |6.20 2.69 2
Run3 2479 408 3 2108 195 3 1441 227 3 461 0.54 3
4mm 1.D. vs 3mm 1.D
A3 A3G1 A3G2 A3G3
Fetuin 7431 257 |2 2369 225 2 201 /032 2 | NA N/A N/A
-S-G
4mm 3484 1410 '8 2967 925 9 2464 893 |9 1473 | 1358 9
1.D.
3mm 26.06 1855 9 3480 989 9 2530 1359 9 1384 | 4.80 9
1.D.
Changing amounts of protein added to AGC
A3 A3G1 A3G2 A3G3
Fetuin 7431 257 |2 2369 225 2 201 032 2
-S-G
50pug 30.19 16.71 |17 | 3223 966 18 2497 1116 18 | 1428 | 9.89 18
Fetuin
100 pg  29.02 2553 | 11 | 3496 13.71 11 2438 1550 11 1432 1417 9
Fetuin
Commercial Trastuzumab in the B4GalT1 AGC
FA2 FA2G1 FA2G2
Comm. 7040 115 3 2661 110 3 300 023 3
Tmab
3mm 2797 662 '3 4055 193 3 3148 843 |3
1.D.
4mm 3229 1642 '3 4200 287 2 3515 516 3
1.D.
Fetuin in the ST6Gal1-GFP AGC
A3G3 A3G3S1 A3G3S2 A3G3S3
Fetuin 69.37 164 |2 2637 102 2 425 (062 2 | 0.00 0.00 2
-S
3mm 6196 699 |9 3174 554 9 405 251 |9 225 1.64 9
1.D.
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% SD n % SD % SD n | % SD n
4mm 49.73 1212 |9 36,57 | 5.27 13.70 11315 9 0.00 0.00 9
1.D.
Fetuin in the B4GalT1| ST6Gall-GFP AGC
A3 A3G1 A3G2 A3G3
Fetuin | 56.33 | 4.04 2 1791 | 1.03 152 1019 2 0.00 0.00 2
-S-G
Fetuin | 020 014 2 0.25 0.02 212 029 (2 66.07 |11.94 2
-S
Dual 1 0.13 013 '3 556 5.88 720 637 |3 4117 | 2410 @3
column
A3G1S1 A3G2S1 A3G2S2 A3G3Ss1
Fetuin | 15.17 164 2  8.40 0.23 0.00 000 |2 0.00 0.00 2
-S-G
Fetuin 0.72 037 (2 | 0.60 0.16 047 006 |2 28.09 |1044 2
-S
Dual ' 155 182 '3 273 3.64 037 032 |3 3701 |24.06 @3
column
A3G3S2 A3G3S3
Fetuin | 0.67 095 2 | 0.00 0.00
-S-G
Fetuin 1.16 059 2 031 0.09
-S
Dual ' 3.72 1149 '3 055 0.24
column
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