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Abstract  
As plant cells are capable of complex N-glycosylation they are a valid expression system to 

produce safe and correctly glycosylated human proteins. To modify plant glycosylation patterns 

towards fully human patterns, the plant glycosylation machinery requires substitution of a series 

of plant enzymes with human ones. 

 

Here we show that the mammalian glycosylation enzymes B4GALT1, ST6GAL, GNTIV and GNTV 

can be expressed in plant cells, and localise to specific cisternae of the Golgi body. Only ST6GAL 

and GNTV localise in the medial/trans-Golgi but fusion of a sialyltransferase-derived N-terminal 

signal peptide is capable of targeting B4GALT1 to the medial/trans-Golgi.  

 

As a proof of concept for human therapeutic enzyme production in plant cells, Lysosomal Acid 

Lipase (LAL) was expressed in tobacco leaf cells. Here LAL was shown to localise to medial/trans-

Golgi cisternae. Protein expression of human LAL was enhanced by removal of an endogenous 

signal peptide associated with mammalian intracellular targeting that possessed no functional role 

in the therapeutic efficacy of LAL. 
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1. Introduction 
 
1.1 Plant-based production systems for therapeutics 
Vector selection for the production of biologics, especially for human therapeutics, presents 

challenges both scientific and economic in nature (Sack et al., 2015). The biological parameters 

of any system must be capable of supporting the intended application of the end product. Large 

quantities of simple proteins for industrial use may be an ideal product for a bacterial cell 

suspension system, but the same system would not be capable of producing complex human 

proteins, or be economically viable to do so (Chen et al., 2015). The innate biological properties 

of existing systems, such as endogenous contaminants, capability for post-translational 

modification and glycomodification are examples of inflexible determinants of a system’s 

suitability. Economic factors of a production system may be more generalized, such as the ability 

to produce a uniform and stable product in a manner that is cost-effective, and affordably scalable 

enough to support the abundance required, but are equally vital to the viability of a production 

system’s use (Chen et al., 2016). 

 

 

Plant systems designed for the production of recombinant protein have been a fast-growing 

development, and with good reason. Major benefits of plant-based systems are low cost 

production, fast and sustainable scalability, reliable stable or transient expression, and flexibility 

of genetic modification (Chen et al., 2016). Innate tolerance in mammals of plant proteins, through 

constant contact and diet, makes plant-produced therapeutics highly desirable for their lack of a 

substantial immunogenic profile, when compared to more traditional hosts such as bacteria 

(Nagels et al., 2011). Yeast and bacterial systems can generate high risk immunogenic 

contaminants such as bacterial lipopolysaccharides (LPS) and terminally mannosylated glycan 

structures, which are a significant risk factor for therapeutic applications as they can trigger 

detrimental immune responses in patients (Gomes et al., 2016). 

 

In comparison to the majority of existing drug production systems that require costly equipment, 

facilities and consumables, plant systems are relatively low-cost (Tekoah et al., 2015). The 

convenient ability to quickly generate small yields of protein from transiently-transformed mature 

plants facilitates niche applications, such as a rapid vaccine production in response to an 

outbreak, which combined with low initial investment costs makes them an attractive proposition 

in the developing world. Plant systems have a greater potential compared to many existing 
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systems to shift closer to a carbon-neutral production platform in an ever ecologically conscious 

age (Buyel, 2019). Plant systems cannot easily be contaminated with mammalian pathogens or 

support their growth as some bacterial, yeast and mammalian cell systems can. This is an 

important advantage to create products safe for human therapeutic applications (Tekoah et al., 

2015). 

 

Recent history has seen plant-based platforms for the production of recombinant proteins begin 

to challenge existing, well-developed and trusted mammalian and bacterial systems, as industry 

begins to see the economic and biological advantages of biopharming (Moon et al., 2019). The 

therapeutic potential for plant-manufactured proteins has already seen real-world demonstrations 

of effectiveness, from the pandemic response capability of tobacco-manufactured vaccines for 

the 2014 Ebola outbreak (Sack et al., 2015), to the first plant-manufactured enzyme replacement 

therapy of recombinant Taliglucerase Alfa therapy, utilized for Gaucher’s disease and produced 

in a suspended carrot cell culture (Gregory et al., 2014; Rup et al., 2017). But in general, plant 

systems have yet to come into their own as a serious competitor for existing expression systems 

which dominate the current production market, which are chiefly yeast, bacterial and mammalian 

cell lines (Gomes et al., 2016).  

 

Use of Agrobacterium-mediated transformation of Nicotiana tabacum was chosen due to the 

technical demands of the project regarding glycomodification, and practical considerations of the 

research. There is a strong basis in the literature for the use of tobacco plants for complex 

glycomodification (Strasser et al., 2008), with ability to perform N-linked glycosylation similar to 

mammalian cells being an essential requirement for the purposes of this study. Use of well-

documented crop species as a vector is useful for the production of recombinant protein for 

therapeutic uses, due to known growth conditions and the molecular toolkit available (Moon et al., 

2019). Agrobacterium-mediated transformation of mature plant tissue was useful as a high-

throughput method to rapidly test expression of multiple constructs and fluorophores within a 

relatively short time frame via confocal analysis, while typically promising relatively high 

expression levels sufficient for gram yields of product (Moon et al., 2019). This advantage of 

utilizing Nicotiana tabacum in various forms allows the possibility to investigate production of 

recombinant proteins from transiently-transformed plants, such as in this work, but also in stably 

transformed plants and cell lines, including the possibility of manipulating this system in future to 

better suit industrially scalable production methods (Xu et al 2012). 
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1.2 Lysosomal Acid Lipase: Characteristics and deficiency  
LAL is an essential human lysosomal lipid metabolism enzyme responsible for the hydrolysis of 

cholesterol esters (CEs) and triglycerides (TGs) into fatty acids (FAs) within lysosomes (Du et al., 

2008, Thelwall et al., 2013). The deficiency of endogenous LAL supply will lead to dysfunction of 

lipid metabolism and a spectrum of disease phenotypes resulting from chronic lipid accumulation. 

LAL deficiency (LAL-D) is considered an rare autosomal recessive condition caused by alterations 

in the LIPA gene encoding LAL (Kim et al, 2016) and occurring in a rate of less than 1/100,000 

newborns (Aguisanda et al., 2017). The spectrum of LAL-D pathology is multisystem and largely 

dependent upon endogenous LAL activity. Absolute at-birth deficiency is known as Wolman’s 

disease, and is typically neonatal lethal, with a life expectancy of approximately 6 months to one 

year, whilst milder forms with some residual activity are broadly termed Cholesterol Ester Storage 

Disease (CESD) (Balwani et al., 2013). LAL dysfunction is considered a life-limiting condition with 

a severely impaired at-birth life expectancy (Strebinger et al., 2019). At time of writing, the only 

effective treatment option for LAL dysfunction is enzyme replacement therapy (ERT), consisting 

of typically bi-weekly infusions of Sebelipase Alfa© (produced by Alexion Pharmaceuticals), which 

is a recombinant human LAL analogue produced in genetically modified chicken eggs (Su et al., 

2016).  

 

ERT requires a final product that is capable of meeting nessecary demands: sufficient quantity, 

with correct structure and activity, pure and as close to the human analogue as possible. This is 

to ensure a threshold of replacement enzyme activity is reached, but with minimal off target effects 

occurring during repeated exposure, as has been noted in existing ERT options (Kizhner et al., 

2015). Existing mammalian, bacterial and yeast systems could each match these criteria to some 

extent, but not as completely as desired, especially where off target effects are concerned. 

Current ERTs utilized for lysosomal storage diseases have recorded cases of allergic reactions 

which could prevent patients from receiving effective treatment options (Zimran et al., 2011), and 

the current enzyme replacement Sebelipase alfa has been identified as having more 

commonplace adverse reactions in infants in particular (Su et al., 2016).  
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A major issue with a plant production system producing enzyme for ERT in humans is that the 

end product should be as analogous to the human enzyme as possible, including post-

translational modifications, which may not be possible in a wild-type plant. Of specific concern to 

this project was the arrangement of N-linked glycans on the synthesized LAL, which are attached 

via N-linked glycosylation enzymes residing in the last step of protein synthesis within the Golgi 

apparatus. N-Linked glycosylation refers to the stepwise enzymatic attachment of sugar moieties 

onto specific asparagine residues residing on synthesized protein (Bosch et al., 2013), and have 

a strong impact on protein localisation and function, being the major posttranslational modification 

in eukaryotic cells (Strasser et al., 2014). In plant Golgi bodies, this glycosylation machinery differs 

from the mammalian equivalent, and so could not generate a “complete” mammalian glycosylation 

profile (Schoberer et al., 2018). In order to overcome this, mammalian post-translational 

glycosylation enzymes would need to be expressed in plants, within the appropriate Golgi 

cisternae, so as to attach mammalian-type glycans onto the synthesized protein and generate a 

mammalian glycosylation profile on the functional plant-derived LAL. 

 

The differences between plant and mammalian N-glycosylation machinery could hinder the 

expression of viable mammalian proteins. For example, absence of terminal sialic acid 

significantly reduces plasma half-life in subject testing, and is essential in many drugs for optimal 

therapeutic potency, as absence would significantly diminish therapeutic effectiveness of 

treatment (Bosch et al., 2013). These issues can be mitigated by the targeted knock-in of 

mammalian glycosylation enzyme, as has been observed in previous studies, to add essential 

human N-glycans to LAL, and so improve therapeutic viability (Strasser, 2014). Effectiveness of 

enzyme knock-in strategies will be dependent on correct localisation within the plant Golgi stack, 

and the ability of induced genes to compete with endogenous plant enzymes for production. 
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1.3 The plant Golgi body and N-linked glycosylation 
The plant Golgi apparatus is a significant site of both protein synthesis and glycomodification 

within the plant cell, and so a focal point for production of recombinant proteins (Gomord et al., 

2010; Schoberer et al., 2018). In contrast to the immobile, perinuclear Golgi body found in 

mammalian cells, Golgi bodies in higher plants are discrete stacks that can number several 

hundred per cell, and are extremely mobile throughout the cytoplasm (for review see Robinson et 

al., 2020). The basic structure of the individual Golgi body (Figure 1) is a stack of disc-like 

cisternae characterized by ordering within the stack, the cis-cisternae as the entry point for cargo 

exiting the ER, the medial-cisternae and the trans-cisternae. From the trans-cisternae product is 

delivered to the Trans Golgi Network (TGN) mediating intracellular delivery of ER products (for 

review see Robinson et al., 2020).  

 

 
Figure 1: Organization of the plant Golgi structure and transport for protein biosynthesis (modified from 

Pigino, 2012). 
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The composition of glycosylation enzymes in the medial/trans-Golgi differs between plant and 

mammalian systems (Figure 2, 3). Adaptation of the plant machinery to produce human glycan 

pattern requires the plant enzymes XylT (β1,2-xylosyltransferase), FUT11 and 12 (1,3-

fucosyltransferases) to be replaced or outcompeted with the mammalian enzymes GNTIV and 

GNTV (N-acetylglucosaminyltransferase IV and V), B4GALT1 (Beta-1,4-galactosyltransferase), 

and ST (α2,6-sialyltransferase) (Table 1). The plant enzymes to be replaced or outcompeted are 

located in the medial/trans-Golgi, hence GNTIV, GNTV, ST6GAL and B4GALT1 were also to be 

targeted to the medial/trans-Golgi for effective enzymatic function on N-glycan intermediates 

(Schoberer et al., 2018). N-acetylglucosaminyltransferases (GnTs; GnTI, GnTII, GnTIV and 

GnTV) use uDP-N-acetylglucosamine (UDP-GlcNAc) in order to transfer N-acetylglucosamine 

onto various points of the developing glycan structure, the former steps (GnTI and GnTII) are 

conserved between plants and mammalian cells (Figure 3), whilst the latter and subsequent steps 

responsible for the intended end-terminal sialylation (GNTIV, GNTV, B4GALT1 and ST6GAL) are 

not present in plants and must be introduced for sialic acid capping to occur (Macdonald et al., 

2014). 

 

Such adaption may avoid the production of, for example, core fucose, xylose and Lewis-a bodies 

which are all a feature of plant glycosylation (Figure 3) and are conserved in most of the higher 

plants being screened for use in therapeutic production. These motifs have raised concerns for 

their potential immunogenic profile when applied to use for human therapeutics (Bardor et al., 

2003; Ree et al., 2000), and in the circumstances of lifelong drug regimens such as enzyme 

replacement therapy, could significantly limit the long-term efficacy of treatment with increased 

risk of hypersensitivity reactions.  Therefore, a drug production system with a lack of host 

organism endogenous contaminants, alongside improved general production parameters offered 

by plant systems, would be of great scientific and commercial significance. 
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Figure 2: Schematic representation of plant and mammalian glycosylation pathways and a summary of 

steps that need to be changed/replaced/added in the plant systems for humanization of plant glycosylation. 

MNS: -mannosidase, GnT: N-acetylglucosaminyltransferase, XylT: β1,2-xylosyltransferase, FUT11/12: 

1,3-fucosyltransferase, GALT1: β1,3-galactosyltransferase, FUT13: 1,4-fucosyltransferase, B4GALT1: 

Beta- 1,4-galactosyltransferase, ST: sialyl transferase. Figure modified from Schoberer et al. (2018). 

 

 
Table 1: Mammalian Glycosylation enzymes and their function 
Each of the major glycosylation enzymes investigated within this project and their relevant activity towards 

a humanized LAL end-product. 

Glycosylation enzymes Enzymatic function Relation to product 

GNTIV & GNTV Introduce bi- and tri- antennary 

branched glycans into original 

chain, N-

acetylglucosaminyltransferase 

enzymes, utilize UDP- N-

acetylglucosamine to transfer N-

acetylglucosamine onto the 

structure at several branch points 

(McDonald et al, 2014) 

Glycan structure not found in 

plants but is an essential 

foundation for downstream 

mammalian glycomodification 

B4GALT1 Addition of β1,4-galactose 

intermediates 

Addition of subsequent and 

intermediary glycans onto 

branched chains for the 

precursor to sialic acid 

addition 

ST6GAL Addition of terminal sialic acid 

residues  

Addition of terminal sialic acid 

residue essential to mimicking 

mammalian glycosylation 

profile, massively increases 

half-life and stability by 

reducing elimination from 

circulation 
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Figure 3: Potential effects on plant N-glycan structure by addition of mammalian post-translational 

glycosylation enzymes, demonstrating addition of further mammalian glycosylation motifs onto a typical 

plant glycan to create a humanized hybrid structure. Engineering of glycosylation pathway to include 

mammalian enzymes causes enzymatic activity majorly responsible for creation of branching structure and 

attachment of intermediary linkers of N-acetylglucosamine (GNTIV, GNTV) in addition to β1,4 Galactose 

intermediate glycans (B4GALT1) that facilitate subsequent attachment of sialic acid residues (ST6GAL) 

resulting in a humanized plant glycan hybrid structure (Macdonald et al., 2014, Schoberer et al., 2018). 
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Aims and Objectives 
The aim of this project was to work towards an efficient plant-based protein production system 

using LAL as a proof-of-concept production target. 

 

This is addressed by adapting the plant glycosylation patterns in tobacco plants towards human 

patterns by expressing the mammalian glycosylation enzymes B4GALT1, GNTIV/V, and ST6GAL 

transiently as fluorescent protein fusions in tobacco leaf cells. Correct localisation in the plant 

Golgi apparatus was assessed by comparison with known marker proteins using high-resolution 

confocal microscopy. 

 

We further determined the subcellular localisation of LAL in tobacco leaf cells and investigated 

possibilities to enhance LAL protein production in plant cells. 

 

The research described in this thesis has been undertaken to work towards the establishment of 

an efficient plant production system for the synthesis of human therapeutics. As a proof of 

concept, Lysosomal Acid Lipase (LAL) protein is expressed in Nicotiana tabacum plants.  
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2. Material and Methods 
2.1 Selection of LAL and human glycosylation enzyme sequences 

The initial sequence for LAL was provided by Porton Biopharma Ltd (Salisbury, England, 

https://www.portonbiopharma.com/). Selection of candidate human glycosylation enzymes was 

intended to generate a human posttranslational N-linked glycosylation pathway in a plant, by 

insertion or replacement of the final steps in endogenous plant glycan synthesis necessary for a 

humanized glycosylation profile, which would not otherwise be present in N. tabacum. A short 

literature review was conducted to generate a list of candidate human genes necessary  for 

glycosylation, including B4GALT1, GNTIV, GNTV and ST6GAL. The constitutive human 

sequences were taken from the NCBI database. LAL and the mammalian glycosylation enzymes 

were codon-optimised for tobacco and synthesized by TWIST Biosciences (San Francisco, United 

States, https://www.twistbioscience.com/). 
 

2.2 Vector preparation  
Standard Gateway® cloning protocols were followed. All primers were ordered from Eurofins 

Genomics (Ebersberg, Germany, https://www.eurofinsgenomics.eu/) and are listed in Table 2. 

 
Table 2: Primers generated for molecular cloning 

Primers were designed to function with New England Biolabs OneTaq and Q5 Polymerase molecular 

cloning kits. Annealing temperatures were calculated utilizing the online Tm Calculator toolkit. Gene 

sequences are shown in capital letters, Gateway overhangs are added in small letters.  

Primer name Annealing 

temperature (℃) 

Sequence 

ST-SPfor 

(B4GALT1SPgatefor) 58 

ggggacaagtttgtacaaaaaagcaggctctATGATCCACACA

AATCTTAAG 

LALfor 48 ATGAAAATGCGGTTTTTGGG 

LALrev 48 CTGATACTTGCGCATAAGG   

LALgatefor 48 

ggggacaagtttgtacaaaaaagcaggctctATGAAAATGCGG

TTTTTGG 

LALgateforsp 60 

ggggacaagtttgtacaaaaaagcaggctctATGTCAGGTGGA

AAGTTG 

LALgaterev 60 

ggggaccactttgtacaagaaagctgggtcCTGATACTTGCGC

ATAAGG 

https://www.portonbiopharma.com/
https://www.twistbioscience.com/
https://www.eurofinsgenomics.eu/
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B4GALT1for 49 ATGAGGCTGAGGGAAC 

B4GALT1rev 49 CCATAGCAGTCTCCTAATTTTTTC 

B4GALT1gatefor 60 

ggggacaagtttgtacaaaaaagcaggctctATGAGGCTGAGG

GAA 

B4GALT1gaterev 60 

ggggaccactttgtacaagaaagctgggtcCCATAGCAGTCTC

CTAATTTTT 

B4GALT1signalfor 56 

ATGATCCACACAAATCTTAAGAAAAAATTTTCTTGT

TGTGTTCTAGTCTTTTTACTTTTTGCAGTTATTTGT

GTATGG AGGCTGAGGGAAC 

B4GALT1gaterevlow 58 

ggggaccactttgtacaagaaagctgggtcCCATAGCAGTCTC

CTAATTT 

ST6GAL1for 48 ATGATCCACACAAATCTTAAGAAAAAATT 

ST6GAL1rev 48 GCAGTGGATTGTTCGG 

ST6GAL1gatefor 60 

ggggacaagtttgtacaaaaaagcaggctctATGATCCACACA

AATCTTAAGAAA 

ST6GAL1gaterev 60 

ggggaccactttgtacaagaaagctgggtcGCAGTGGATTGTT

CGG 

GNTIVfor 49 ATGAGATTACGTAATGGGACTG 

GNTIVrev 49 ATTTGTAGCCTTTTTGATATGAATTTCG 

GNTIVgatefor 60 

ggggacaagtttgtacaaaaaagcaggctctATGAGATTACGT

AATGGGAC 

GNTIVgaterev 60 

ggggaccactttgtacaagaaagctgggtcATTTGTAGCCTTTT

TGATATGAATTTC 

GNTIVsignalfor 58 

ATGATCCACACAAATCTTAAGAAAAAATTTTCTTGT

TGTGTTCTAGTCTTTTTACTTTTTGCAGTTATTTGT

GTATGGAGATTACGTAATGGGACTG 

GNTVfor 48 ATGGCGCTGTTTACTCCATG 

GNTVrev 48 AAGGCAATCTTTGCACAAG 

GNTVgatefor 59 

ggggacaagtttgtacaaaaaagcaggctctATGGCGCTGTTT

ACTC 

GNTVgaterev 59 

GGGGACCACTTTGTACAAGAAAGCTGGGTCAAGG

CAATCTTTGCACAA 
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Genes were first inserted into a pDONR/221 Gateway Entry vector via BP clonase II Enzyme Mix 

(ThermoFisher Scientific) according to the manufacturer's instructions,  using half volumes to 

conserve reagents. Resulting plasmids were then transformed into DH 5-alpha competent high 

efficiency E. coli cells (New England Biolabs) according to manufacturer guidelines, however 

using 25µl of cells and 200µl SOC recovery media. Selection was undertaken on agar plates with 

selection agent Kanamycin 50µg mL-1. After 24hr incubation at 37℃, isolated single colonies were 

tested for the plasmid of interest via colony PCR. Once the presence of the plasmid of interest 

was confirmed, selected colonies were transferred into 3ml liquid culture of LB and appropriate 

antibiotics, and were kept overnight at 37℃, with shaking at 200rpm. Plasmid DNA extraction was 

performed using the NEB Monarch Plasmid Miniprep Kit (New England Biolabs) in accordance 

with manufacturer instructions. Gene sequences in plasmid DNA were confirmed by sequencing 

(Eurofins Genomics). For correct pDONR221 constructs an LR reaction was performed using an 

LR Clonase II Enzyme Mix (ThermoFisher) following manufacturer guidelines, but with half the 

suggested volume of reagents, to generate the desired plant expression vector (pB7WGC2 or 

pB7FWG2 for RFP or GFP-fusions, respectively; Karimi et al., 2005). A second transformation 

into competent E. coli was then undertaken, selected with Spectinomycin 50µg mL-1., constructs 

confirmed via colony PCR and plasmid extracted (Table 3). 
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Table 3: List of constructs utilized for investigation 
Constructs generated and marker proteins used for confocal analysis. 

Construct Plasmid backbone Source Citation 

RFP-LAL pB7WGR2 Alastair McGinness Unpublished 

LAL-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP- LALΔSP pB7WGR2 

 
Alastair McGinness Unpublished 

LALΔSP-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP-B4GALT1 pB7WGR2 

 
Alastair McGinness Unpublished 

B4GALT1-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP-B4GALT1SP pB7WGR2 

 
Alastair McGinness Unpublished 

B4GALT1SP-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP-ST6GAL pB7WGR2 

 
Alastair McGinness Unpublished 

ST6GAL-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP-GNTIV pB7WGR2 

 
Alastair McGinness Unpublished 

GNTIV-RFP pB7RWG2 Alastair McGinness Unpublished 

RFP-GNTV pB7WGR2 Alastair McGinness Unpublished 

GNTV-RFP pB7RWG2 Alastair McGinness Unpublished 

GFP-LAL pB7WGF2 Alastair McGinness Unpublished 

LAL-GFP pB7FWG2 Alastair McGinness Unpublished 
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GFP-B4GALT1 pB7WGF2 Alastair McGinness Unpublished 

B4GALT1-GFP pB7FWG2 Alastair McGinness Unpublished 

GFP-ST6GAL pB7WGF2 Alastair McGinness Unpublished 

ST6GAL-GFP pB7FWG2 Alastair McGinness Unpublished 

GNTIV-GFP pB7FWG2 Alastair McGinness Unpublished 

GNTV-GFP pB7FWG2 Alastair McGinness Unpublished 

LAL-CLVR pB7FWG2 Alastair McGinness Unpublished 

B4GALT1-CLVR pB7FWG2 Alastair McGinness Unpublished 

ST6GAL-CLVR pB7FWG2 Alastair McGinness Unpublished 

GNTIV-CLVR pB7FWG2 Alastair McGinness Unpublished 

GNTV-CLVR pB7FWG2 Alastair McGinness Unpublished 

ST-RFP pVKH18En6 Federica Brandizzi Renna et al. (2005) 

ST-CFP pVKH18En6 Federica Brandizzi Renna et al. (2005) 

ST-GFP pVKH18En6 Federica Brandizzi Renna et al. (2005) 

MNS1-RFP p31 (Hüttner et al., 

2012) 

Jennifer Schoberer Schoberer et al. 

(2013) 

MNS1-GFP p20 (Schoberer et al., 

2009) 

Jennifer Schoberer Schoberer et al. 

(2013) 

 
 
 
 
 
 



19 
 

2.3 Production of competent agrobacteria 
The Agrobacterium tumefaciens strain GV3101 was prepared  as a large initial volume of 

approximately 200ml in LB (Lysogeny Broth media, with 25µg mL-1 rifampicin) from a 28℃-

overnight culture. The initial volume of agrobacterium was then pelleted by centrifugation at 

3500rpm for 30 minutes, at 4℃. The pellet was resuspended in cold 1M CaCl2 and then spun 

again at 3500rpm for 10 mins at 4℃. The pellet was re-suspended in 15ml 1M CaCl2 and the 

bacterial solution was split into 400µl aliquots snap-frozen in liquid nitrogen and stored at -80℃. 

 

2.4 Transformation of agrobacteria 
100µl of competent agrobacteria (section 2.3) were combined with 400-600ng of the expression 

plasmid of interest, and incubated on ice for 5 mins. The mixture was then flash-frozen either by 

liquid nitrogen immersion or by placement on metal shelving in the -80℃ for 15 mins. Agrobacteria 

were incubated in a 37℃ water bath for 4 mins. The mixture was rapidly transferred to a 15ml 

Falcon tube with 1ml LB, and was then allowed to recover in a 28℃ incubator with shaking in 1ml 

fresh LB for 2-3 hours. Agrobacteria were then spread onto an agar plate (25µg mL-1 rifampicin, 

50µg mL-1 of gentamycin and either 50µg mL-1 of kanamycin or spectinomycin dependent on the 

vector used), the plates were incubated at 28℃ for 48h, at which point colonies of agrobacterium 

could be observed. Transformed agrobacterium colonies were then transferred into liquid culture 

for use in agrobacterium-mediated plant transformation (section 2.5), or for long term storage they 

were placed at -80℃ in 50% sterile glycerol. 
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2.5 Transient expression in tobacco leaf epidermal cells of fluorescent proteins  
Transformed agrobacterium liquid cultures were pelleted by centrifugation at 2200g at room 

temperature for 5 mins. Infiltration buffer (5mg mL-1 glucose, 50mM MES, 2mM Na3PO4· 12H2O 

and 0.1mM acetosyringone) was made fresh from stocks and used to wash the pellet once, re-

pellet by a repeat centrifugation step and then to resuspend the agrobacterium into a final solution. 

The bacterial suspension was diluted in the infiltration buffer to an OD600 0.1. The infiltration 

medium was injected into the abaxial leaf surface of 2-week-old mature tobacco plants (grown 

under a 22hr light cycle) with a blunt 1ml syringe, after first making a small puncture using a 

pipette tip. A permanent marker on the leaf surface was used to indicate the spread of the medium 

within the leaf tissue to ensure only infiltrated leaf surface is later used. Infiltrated plants were 

incubated at 23℃ for 72h before imaging (section 2.6). 

 

 

2.6 Confocal microscopy  
For the purposes of imaging tobacco leaf epidermal cells, small leaf sections (25mm2) were cut 

from infiltrated tobacco leaves and the abaxial surface images. Sections were mounted in water 

for confocal microscopy. All confocal microscopy was performed using a Zeiss LSM 880 with 

Airyscan detector. Images were collected with either a Zeiss PlanApo 100x/1.46 NA oil immersion 

or a Zeiss PlanApo 63x/1.4 NA oil immersion objective. 512 x 512 images were collected in 8-bit 

with 2-line averaging and excitation at 488nm (GFP) and 561 (RFP), and emission at 495-550nm 

and 570-615nm, respectively.  
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2.7 Co-localisation analysis methods  
Side-profile images of Golgi bodies were collected for the purposes of co-localisation analysis. All 

co-localisation analysis was performed on the Fiji package for ImageJ image processing software. 

The plugin JACoP (Just another Co-localization Plugin) was used for overlap coefficient analysis 

(Figure 5) and generation of cytofluorograms (Bolte et al., 2006), alongside the RGB profiler plugin 

(Figure 4) for generation of color line intensity profiles (Laummonerie et al., 2004). 

 

 

 
 

Figure 4: Workflow process image for use of RGB profiler plugin for Fiji. ST-RFP (shown in magenta/red) 

and MNS1-GFP (shown in green) marker image used as an example image. 

 

 

 For the generation of a line profile (Figure 4), a confocal image of a side-view Golgi body was 

selected, and the line tool used to directly bisect the fluorescent regions. Using the “Plugins” menu 

within the Fiji interface to open RGB profiler generated a line profile analysis graph output based 

on the fluorescence intensity value along line selected. 
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Figure 5: Workflow image process using the JACoB plugin in Fiji for processing a side-view image of a 

Golgi body. ST-RFP (shown in magenta) and MNS1-GFP (shown in green) marker image used as an 

example.  

 

Generation of cytofluorograms and Pearson’s coefficient (Figure 5) required a rectangular 

selection area to be made of the Golgi body, then duplicated into a separate image, and split into 

separate channels. Selection of JACoB from “Plugins” menu opened user interface for the tool, 

where channels for analysis were selected, and intensity threshold for analysis set. Running 

analysis generated an output text log of coefficient analysis values and a cytofluorogram graph. 
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3. Results 

3.1 Subcellular localisation of mammalian glycosylation enzymes in tobacco cells 

Comparison of glycosylation pathways in mammalian and plant cells revealed that the following 

mammalian enzymes would have to be added to the plant glycosylation machinery: B4GALT1, 

GNTIV, GNTV and ST6GAL. Sequences for the glycosylation enzymes were codon-optimised for 

expression in tobacco cells and sent for synthesis to TWIST biosciences. Subcellular localisation  

analysis was investigated via fluorescent constructs, generation of which is described in 

subsection 2.2 of the methods section, and combinations used can be seen in table 3. 

 

Using an Agrobacterium-mediated transformation protocol (section 2.5), all glycosylation 

enzymes fused to fluorescent proteins were transiently expressed in tobacco leaf epidermal cells. 

Golgi body localisation was investigated by co-expression of all constructs with the known 

medial/trans-Golgi marker protein sialyltransferase (ST) (Figures 6, 7). Proteins fused to a GFP 

fluorophore localised mainly to the ER (Figure 6) or distinctly separated from the Golgi body 

(appendices 1). 

 

 
Figure 6: Confocal data for expression of GFP-B4GALT1 with the Golgi marker ST-RFP.  

Co-expression of GFP-B4GALT1 (shown in green) and ST-RFP (shown in magenta) does not show co-

localisation between the two constructs. GFP-B4GALT1 shows ER localisation. Scale bar = 5 µm. A 

representative image is shown; n=3 with 5 technical replicas each. 

 

RFP-tagged proteins, however, localised to Golgi bodies and showed co-localisation with ST-

GFP (Figure 7). 
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Figure 7: Co-localisation of the mammalian glycosylation enzymes with the medial/trans-Golgi marker ST-

GFP. Subcellular view for localisation of glycosylation enzymes, expressed alongside ST-GFP (shown in 

green) to indicate localisation to within the Golgi body: A) B4GALT1-RFP, B) RFP-ST6GAL, C) RFP-GNTIV, 

D) RFP-GNTV (all shown in magenta). Size bars = 10 µm. Representative images are shown; n=3 with 5 

technical replicas each. 

 

 

 

 



25 
 

3.2 Suborganellar localisation of mammalian glycosylation enzymes in tobacco cells 
For the mammalian glycosylation enzymes to function properly and to produce the correct 

glycosylation pattern, they must be expressed in the medial/trans-Golgi (Figures 1, 2). To 

investigate this, all enzymes were tested for sub-organellar expression within the Golgi stacks by 

confocal microscopy. To determine sub-organellar localisation the enzymes of interest were co-

expressed with the medial/trans-Golgi marker ST (Ito et al., 2012; Figure 2).  

 

The quantitative cytofluorogram output for the individual construct combinations (Figure 8) is 

given by Pearson’s coefficient (r), a value for measuring linear correlation between two variables. 

A value of r = 1 indicates direct overlap of the fluorescence intensity of the marker ST-GFP/RFP 

and the fluorescent protein fusion of a human enzyme within a Golgi body. For the purposes of 

clarifying localisation within relatively close suborganellar compartments, in order to be 

considered  as a negative control for co-localization (Figure 8, A.), a known medial/trans-Golgi 

marker ST-RFP was expressed with the cis-Golgi marker MNSI (Liebminger et al., 2009; 

Schoberer et al., 2019), as these are known to localise in different Golgi cisternae. The resulting 

Pearson’s Coefficient r = 0.59 indicates that they do not co-localise, and any degree of variable 

overlap of localisation is likely due to unspecific fluorophore overlap and resolution restrictions. 

The relatively low Pearson’s coefficient of ST-GFP with B4GALT1 (Figure 8 B, r = 0.66) and 

GNTIV (Figure 8 D, r = 0.79) indicates that they did not co-localise directly with ST-GFP and so 

were not expressing within the medial/trans-Golgi, and are likely confined to the cis-Golgi. 

Expression of ST6GAL and GNTV indicate a strong degree of co-localisation with ST-GFP (Figure 

8 C ST6GAL r = 0.87, 8 E GNTV, r = 0.93) suggesting they are expressing within the medial/trans-

Golgi cisternae. Co-localisation with ST-GFP indicates that only GNTV and ST6GAL co-localise 

with ST-GFP, and so are located in the medial/trans-Golgi (Figure 8). 
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Figure 8: Co-localisation of mammalian glycosylation enzymes with cis- and medial/trans-Golgi markers. 
A) Negative marker control for cis-(MNS1-GFP, shown in green) and medial/trans-Golgi (ST-RFP, shown 
in magenta) localisation. The medial/trans-Golgi marker ST-GFP (shown in green) is co-expressed with 
the mammalian glycosylation enzymes in tobacco leaf epidermal cells: B) B4GALT1-RFP, C) RFP-
ST6GAL, D) GNTIV-RFP, E) GNTV-RFP (all shown in magenta). Size bars = 1 µm. R value n=1 as 
generated from individual Golgi body shown in inset image, minimum 3 representative Golgi body images 
samples displaying comparable localisation. Insets show enlarged structures for co-localisation analysis, 
line profiles generated via RGB profiler and cytofluorogram generated via JACoB. A) Negative control 
markers, Pearson’s Coefficient r = 0.59 B) B4GALT1 r = 0.66 C) ST6GAL r = 0.87 D) GNTIV r = 0.79, E) 
GNTV r = 0.93. Representative images are shown; n=3 with 5 technical replicas each.  
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3.3 Engineering of B4GALT1 to target the enzyme to the medial/trans-Golgi 
In order for the selected glycosylation enzymes to elicit any functional effect on post-translational 

N-linked glycosylation, they must express in an active state within the medial/trans-Golgi 

cisternae. The initial testing of the glycosylation enzymes indicated they do not all co-localise with 

ST-GFP (Figure 8), and only ST6GAL and GNTV were localised to the medial/trans-Golgi, and 

so the proposed glycomodification activity would be out of sequence to facilitate intended 

synthesis of mammalian glycans. 

 

An approach to this issue involved a sialyltransferase signal peptide from ST6GAL known to target 

proteins to trans-Golgi cisternae (Schoberer et al., 2018; Figure 8 C) which was fused to B4GALT1 

(B4GALT1SP-RFP, Table 2). B4GALT1 was selected as the most reliably expressing candidate 

among the glycosylation enzymes in addition to requiring localisation to the medial/trans-Golgi for 

optimal efficacy (Bosch et al., 2013). To test the suborganellar localisation of B4GALT1SP-RFP, 

the construct was co-expressed with the medial/trans-Golgi marker ST-GFP (Figure 9). 

B4GALT1SP-RFP and ST-GFP show co-localisation (Figure 9 A) and an overlapping line profile 

(Figure 9 B). Pearson’s Coefficient analysis shows a high degree of correlation indicating co-

localisation (Figure 9 C; r= 0.99 with values = 1 indicating full co-localisation). 
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Figure 9: Co-localisation analysis for B4GALT1SP-RFP and ST-GFP medial/trans-Golgi marker. 

A) Co-expression of B4GALT1SP-RFP (magenta) and ST-GFP (green) shows co-localisation of both 
constructs. Scale bars= 1 µm. R value n=1 as generated from individual Golgi body shown in inset image, 
minimum 3 representative images samples displaying similar localisation. Inset shows enlarged structures 
for co-localisation analysis B) Signal analysis by RGB Profiler plugin for Fiji indicates direct overlap of 
fluorescence signals, and so direct co-localization. C) Cytofluorogram, Pearson’s Coefficient r = 0.99, 
indicating high degree of co-localisation. Representative images are shown; n=3 with 6 technical replicas 
each. 
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3.4  Expression and subcellular localisation of LAL in tobacco leaves 
An RFP fluorescent tag was used to assess expression of the human glycosylation enzymes 

(section 3.2), and the same approach was applied to LAL protein expression. LAL was expressed 

in tobacco epidermal leaf cells in a transient manner, and localised to the plant Golgi body. A 

suborganellar view shows co-localisation with the medial/trans-Golgi marker ST-GFP (Figure 10 

B.). LAL-RFP and ST-GFP show visual co-localisation (Figure 10 A-C) and an overlapping line 

profile (Figure 10 D). Pearson’s Coefficient analysis shows good correlation (Figure 10 E; 

Pearson’s r = 0.88 with values = 1 indicating full co-localisation) indicating direct localisation to 

the medial/trans-Golgi. 
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Figure 10: Co-localisation of LAL-RFP with the Golgi marker ST-GFP. LAL-RFP (shown in magenta) is co-

expressed with the medial/trans-Golgi marker ST-GFP (shown in green). A) Displays a subcellular view of 

LAL-RFP with ST-GFP to indicate distinct localisation to the Golgi body and B) High resolution image with 

the Golgi body in side-profile showing co-localisation of LAL-RFP and ST-GFP. C) Inset shows enlarged 

structures for co-localisation analysis. R value n=1 as generated from individual Golgi body shown in inset 

image, minimum 3 representative Golgi body images samples displaying comparable localisation. D. Line 

profile intensity analysis on inset image for B) (analysis by RGB profiler plugin for Fiji) is shown. E) Further 

Cytofluorogram analysis indicates that signals converge and so co-localize, Pearson’s coefficient r = 0.88. 

Size bars = 10 µm. Representative images are shown; n=3 with 5 technical replicas each. 

 

 

 

3.4  Bioengineering of the LAL protein structure 
Problematic for biotechnological approaches is that full length human LAL as an RFP 

fluorophore fusion was found to express in an extremely low proportion of tobacco cells tested, 

with a minimal number of cells strongly expressing the construct. This made it especially 

important to increase cellular transformation efficiency and therefore protein expression levels in 

order to improve efficiency as a potential production system.  

 

In an attempt to identify any potential solutions within the original LAL protein sequence, SignalP 

analysis was run on the LAL aa sequence to identify potential explanations of low expression 

yields in the sequence (Figure 11). The original human LAL sequence was predicted to feature 

an endogenous signal peptide at aa 1-22. As this signal peptide would likely be cleaved as part 

of targeted localisation within the mammalian Golgi during synthesis it is possible that the plant 

system is lacking the correct mechanism for this process due to differences in host architecture, 

and this could lead to the poor expression identified. 
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Figure 11: Sequence analysis of LAL using SignalP. 

SignalP output of LAL sequence indicates a predicted signal peptide site position in the sequence between 

1-22aa with a probability of 0.7682.  

 

 

To test this, a modified LAL construct lacking the endogenous signal peptide was created and 

termed LALΔSP. LALΔSP was fused to a C-terminal RFP and co-expressed with the medial/trans-

Golgi marker ST-GFP (Figure 12). LALΔSP-RFP showed the same localisation as LAL-RFP 

(Figure 10) and co-localised with the medial/trans-Golgi marker ST-GFP (Figure 12 A). 

Cytofluorogram analysis resulted in a high Pearson’s coefficient r= 0.87 indicating co-localisation. 

The removal of the signal peptide does not seem to impact on localisation.  
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Figure 12: Co-localisation analysis of A) original sequence human LAL and B) LALΔSP. Scale bars= 5 
µm. A) Co-expression of LAL-RFP and ST-GFP indicates localisation of the two constructs with overlap. 
B) Inset shows enlarged structures for co-localisation analysis, R value n=1 as generated from individual 
Golgi body shown in inset image, minimum 3 representative Golgi body images samples displaying 
comparable localisation. D) Signal analysis with the RGB Profiler plugin for Fiji, indicating curves for 
signal co-localisation. E) Cytofluorogram for indicates signals convergence and so constructs do co-
express, Pearson’s coefficient r = 0.87. Representative images are shown; n=3, with 5 technical repeats 
each. 
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In order to quantitatively assess improvements in expression, cell counts were performed using 

a 10x objective lens to assess the proportion of cells expressing LALΔSP (Figure 13). Visual cell 

counts were undertaken of cells clearly expressing the LALΔSP construct (Figure 13, magenta 

bordered) and of cells presenting the marker protein ST-GFP (Figure 13, Green bordered) within 

the given field of view, for a sample number of 34 images from three separate biological samples. 

As the original sequence LAL construct expressed exceptionally poorly, surface cell counts could 

not be accurately conducted to enable comparison within the duration of the project, but should 

be included in any future work (section 4.4). Of 568 cells expressing infiltrated constructs, 447 

expressed only ST-GFP and 121 expressed also LALΔSP, an average of approximately 27% of 

cells actively expressing LALΔSP. The removal of the signal peptide therefore results in increased 

transformation efficiency and protein expression levels.  

  

 
Figure 13: Representative image for leaf surface under 10x objective zoom, merged image of cells 

expressing LALΔSP-RFP (magenta) construct alongside a ST-GFP (green) medial/trans-Golgi marker. 

Scale bar = 100 µm. n=3 with 10 technical replicas each.  
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4. Discussion 
The aim of this project was to work towards a proof-of-concept plant-based system for the 

production of humanized protein, utilizing LAL as an example protein. Several objectives directed 

towards this have been achieved within the scope of this research. Firstly the transient expression 

of mammalian glycosylation enzymes in tobacco leaf cells has been achieved, and a medial/trans-

Golgi cisternae specific targeting strategy implemented for B4GALT1. Secondly the expression 

and analysis of the subcellular localisation of LAL in tobacco leaf cells has been carried out and 

a strategy implemented to enhance LAL production. 
 

4.1 Protein expression with fluorophore fusions 
To study the subcellular and suborganellar localisation of LAL and the mammalian glycosylation 

enzymes the proteins were fused to fluorophores to allow visualization. For the glycosylation 

enzymes, both N- and C-terminal GFP/ RFP fluorophore fusions were tested.. The fusion 

terminus did not affect localisation significantly, but whereas RFP fusions localised to the Golgi 

body (Figure 7, 8), GFP-fusions were less successful, staying in the ER or localising otherwise 

outside of the Golgi body (Figure 6 and appendices 1). This could potentially be due to the GFP 

constructs having higher expression levels and the produced protein not being transported fast 

enough to the Golgi body. However, as imaging was performed 3 days after infiltration and the 

marker ST is reaching the Golgi body, this is unlikely. An additional possibility is that while GFP 

is prone to forming noncovalent dimers, RFP (here mRFP) is a monomer and this difference 

could impact on protein conformation and targeting mechanisms (Campbell et al., 2002).  

 

In an established cell expression system expression of LAL without fluorophores would be 

preferential without fluorescent tags as these would have to be removed before LAL could be 

used for ERT resulting in additional cost and potential differences between batches. All 

mammalian glycosylation enzymes within this project were preferentially given C-terminal 

fluorophore tags to asses localisation, as they are all type II membrane proteins, and natively 

possess a N-terminal signal-anchor domain that directs localisation within the mammalian Golgi 

and acts as a membrane anchor for the embedded enzyme (Saint-jore-Dupas et al., 2006). Use 

of a C-terminal fluorescent tag would therefore limit interference a N-terminal fluorescent tag 

could have on the original targeting domain. Enzymes were expressed as fluorescent protein 

fusions for the purposes of localisation, any assays on enzyme actively would be performed on 

untagged constructs. 
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4.2 Signal peptide targeting of expression 
Initial confocal investigation into sub-organellar targeting of the mammalian glycosylation 

enzymes indicated expression distinct from the intended sites of localisation (GNTIV & GNTV to 

the medial-Golgi, ST6GAL and B4GALT1 to the medial/trans-Golgi). Literature described the 

implementation of several targeting options to alter the localisation of B4GALT1(Vézina et al., 

2009; Schoberer et al., 2011). Firstly, a fusion of B4GALT1 with a xylosyltransferase 

transmembrane domain derived from Arabidopsis thaliana for targeting to the medial-Golgi was 

suggested (Vézina et al., 2009), and secondly a rat α2,6 sialyltransferase signal peptide for the 

purposes of targeting exogenous enzymes to the medial/trans-Golgi (Schoberer et al., 2011). As 

research suggested that medial/trans-Golgi expression of B4GALT1 was most effective, a 

sialyltransferase signal peptide was adapted from the N-terminus of ST6GAL, as this had 

already demonstrated effective localisation to the medial/trans-Golgi (Figure 8). Results 

indicated this strategy was effective for targeting expression of B4GALT1SP to the medial/trans-

Golgi (Figure 9). 

 

An additional Golgi-targeting system may increase efficacy for the enzymes GNTIV and GNTV. 

Literature (Bosch et al., 2013; Castilho et al., 2013) suggests the targeting of these enzymes to 

the medial-Golgi generates a greater yield of bi- and tri-antennary glycan structures (Figure 2 & 

table 3) than expression in the trans-Golgi. Expression of GNTIV and GNTV has to be analysed 

with a medial-Golgi marker such as FUT11. If the localisation requires changing to the medial-

Golgi an existing strategy for this is fusing the GNTV catalytic domain to the cytoplasmic tail of 

FUT11 or XylT (Castilho et al., 2011). 
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4.3 LAL protein expression in tobacco cells 
Initial infiltrations of human LAL as a fluorescent protein fusion had shown successful expression 

and localisation to Golgi bodies (Figure 7); but low transformation efficiency of the construct posed 

an issue to achieving efficient production of significant yields. This was problematic for a proof of 

concept or the downstream conversion of this system to a successful production vector as, in 

order for production to be commercially viable, transformants need to be expressing LAL in a 

majority of cells at high levels. A low transformation efficiency would increase costs of purification 

and processing of plant tissue to obtain product, decreasing commercial viability of this system. 

A potential intervention to resolve this issue was identified through aa sequence analysis of the 

original human LAL structure, which identified a signal peptide site between aa 1-22.  

 

Such a signal peptide is a common feature on precursor polypeptides of soluble lysosomal 

proteins, and is responsible in part for translocation of LAL to the lumen of the mammalian ER in 

non-deficient individuals (Li et al., 2019). Within mammalian cells, LAL undergoes distinct signal 

peptide cleavage steps and a series of post-translational modifications in order to generate a 

mature lipase capable of translocation from the ER to the lysosomal lumen (Li et al., 2019). The 

translated LAL protein is a 399 aa sequence, with an initial 27 aa signal peptide being cleaved as 

part of ER translocation and subsequent signal peptidase cleavage. The resulting 372 aa pro-

protein undergoes co/post-translational glycosylation within the ER before transport to the Golgi 

for addition of mannose 6-phosphate (M6P) residues, which facilitate lysosomal targeting of the 

mature LAL. Specific proteolytic cleavage of the first 49 aa from the N-terminus releases the 323 

aa enzymatically active mature lipase, the site of action for this is unknown (Li et al., 2019). 

However, the generation of exogenous LAL for use in human intravenous enzyme replacement 

therapy only requires presence of the M6P residues, which are attached during glycosylation. 

Presence of M6P facilitate binding of exogenous LAL to the M6P receptor and subsequent 

localisation to the lysosome, where the M6P receptor dissociates from LAL to generate a mature 

lipase (Gomaraschi et al., 2019). Presence of signal peptides do not play a functional role on the 

therapeutic targeting of exogenous LAL delivered as ERT. 
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Within a plant system there is a possibility correctly translated LAL may not undergo complete 

cleavage of the initial 27 aa signal peptide or proteolytic processing of the 49 aa sequence 

necessary to generate mature enzymatically active LAL. As the described translocation and 

cleavage activity is specific to mammalian cells, this was unlikely to have any functional role within 

the plant host. This was supported by the findings of this thesis as removal of the signal peptide 

from LAL resulted in an increased expression efficiency without disrupting localisation (Figure 10, 

12). Low expression of the original human LAL construct may be attributed to unnecessary 

clearance or inactivation caused by presence of the mammalian signal peptide. Differences in the 

ER environment or localisation of original LAL could lead to nonfunctional protein or poor levels 

of expression. Post-translational glycomodification within the plant Golgi would be essential for 

generating a therapeutically effective recombinant human LAL capable of uptake by the human 

lysosome, which would be achieved by co-expression of the proposed mammalian glycosylation 

enzymes to generate essential M6P structures.  
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4.4 Future work  
Following the signal protein targeting strategy for B4GALT1SP, targeting strategies for the 

glycosylation enzymes will be expanded to include targeting GNTIV and GNTV to the medial-

Golgi. This will provide proof of an effective strategy for expressing each of the exogenous 

mammalian enzymes in the desired Golgi cisternae, and would further validate the efficacy of this 

system. An addendum to this work would be a dual-marker quantitative analysis of localisation 

for all constructs expressing the glycosylation enzymes together with both medial/trans- (ST) or 

medial- (FUT11) and cis- (MNS1) markers for suborganellar localisation within the Golgi body, 

and later attempting to express multiple glycosylation enzymes together.  

 

Future work on LAL would include investigating expression levels for industrial production, 

including strategies for protein quantification in order to investigate potential yields of LAL, and 

the enzymatic activity of synthesized product. The first step would be conducting quantification 

assays such as Western blots or quantitative ELISA for protein abundance to ensure a detectable 

level of LAL synthesis, with the downstream goal of producing sufficient protein for enzyme activity 

assays. This could be achieved through a combination of embedded enzyme assays to measure 

objective catalytic activity on cholesterol esters, and structural analysis via mass spectrometry 

(Vézina et al., 2009). In tandem with this would be strategies for the extraction of LAL from plant 

tissue without losing catalytic activity, and strategies for improving this plant system itself to 

facilitate this. It is worth mention that any continuation of work on this aspect of the product should 

include the same quantitative assessment of the expression of unmodified LAL as was performed 

for LALΔSP in section 3.2 (Figure 13) to enable direct comparison between the two, as this was 

not completed for full length human LAL during the initial project. 

 

Further investigations of the glycosylation state and activity of synthesized LAL will be an essential 

step in validating this platform as viable for ERT application. Determinants of therapeutic efficacy 

will include specific N-linked glycan structures. Addition of M6P as part of N-linked glycosylation 

within the modified Golgi will be essential for end-target therapeutic effects, as this structure is 

essential for receptor-mediated endocytosis of extracellular LAL into the lysosome and 

subsequent generation of the mature lipase (Li et al., 2019; Gomaraschi et al., 2019)). Specific 

targeting of exogenous LAL to the lysosome via the macrophage mannose receptor on 

reticuloendothelial cells alongside the M6P receptor is an essential feature of the current LAL 

ERT Sebelipase Alfa© for LAL-D (Su et al., 2016), and any recombinant LAL would need to 

replicate this effect.  
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Several alternative strategies of targeted drug delivery to the lysosome for lysosomal storage 

disorders have been discussed in previous research, and may warrant further investigation to 

improve efficacy of LAL delivery and ERT for lysosomal storage disorders in general (Desnick et 

al., 2012). Use of octadecyl-rhodamine B modified liposomes have been suggested as a viable 

pharmaceutical carrier for the delivery of ERT to the lysosome for the treatment of lysosomal 

storage disorders, with the potential to alleviate low stability and poor delivery of therapeutic 

exogenous enzymes to resistant tissue sites (Koshkaryev et al., 2011). Alternative research has 

been undertaken into the use of a chimeric protein of the insulin-like growth factor II (IGF-II) fused 

to ERT cargo for delivery to the corresponding binding site on the bifunctional IGF-II/M6P 

receptor, and a second strategy making use of the 11aa human immunodeficiency Tat domain 

fused to ERT cargo for delivery via absorptive endocytosis (Grubb et al., 2010). Alternative 

targeting strategies warrant further investigation for application in treatment-resistant patients and 

specific tissues (i.e. impermeability of blood brain barrier) but also towards wider applicability of 

this system. 

 

Effective production of terminal sialylated proteins in this system likely will require co-expression 

of the Golgi CMP-Sialic acid transporter (CST) and the necessary precursor feed for CMP-sialic 

acid biosynthesis required (Schoberer et al., 2018), and would additionally require further 

investigation into inducible expression of multiple recombinant enzymes within the medial/trans-

Golgi cisternae. 

 

Strasser et al. (2008) discusses the endogenous activity of β1,2-xylotransferase (XylT) and α1,3-

fucosyltransferase (FucT) in generation of potentially immunogenic glycans and the 

downregulation of their activity via RNAi interference, which may be a viable strategy for long term 

risk reduction within this system. The acceptance of plant production systems has in the past 

been hampered by concerns on immunogenic hypersensitivity reactions to these glycan 

structures, especially in the context of therapeutic recombinant proteins. Additional concerns over 

the overall therapeutic efficacy of therapeutics bearing these glycans are warranted, as antibodies 

specific to these glycans may lead to rapid immune clearance of plant-made proteins bearing 

these glycosylation motifs, limiting therapeutic effect of product synthesized in this system (Vézina 

et al., 2009). However, it may be of theoretical interest to assess the glycosylation motifs present 

on LAL synthesized within a wild-type system to assess the structural impacts these impart. 
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Appendices: Off target expression of fluorophores  

 
Appendices figure 1: Identical to figure 6.  scale bar = 5 µm. Expressing Medial/Trans Golgi 

marker ST-RFP (magenta) construct alongside a GFP-B4GALT1 (green) 

 

 
Appendices figure 2: Identical to figure 6.  scale bar = 1 µm. Expressing Medial/Trans Golgi marker ST-

RFP (magenta) construct alongside a GFP-LAL (green) 

 
Appendices figure 3: Identical to figure 6.  scale bar = 5 µm. Expressing Medial/Trans Golgi marker ST-

RFP (magenta) construct alongside a GNTIV-CLVR (green) 
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Glossary 

Abbreviation Term Definition 

LAL Lysosomal Acid Lipase Essential human lysosomal enzyme for 

metabolism of dietary fats, LAL for 

enzyme replacement therapy (ERT) 

serves as a proof of concept for plant 

systems 

FA Fatty acids Product of LAL hydrolysis on dietary 

lipids 

TG Triglyceride Dietary lipid, substrate for LAL 

CE Cholesterol esters Dietary lipid, substrate for LAL 

LAL-D Lysosomal Acid Lipase Deficiency Dysfunction of LIPA gene leading to lack 

of endogenous LAL leading to disease, 

either Wolman’s or CESD 

CESD Cholesterol Ester Storage Disorder Metabolic dysfunction causes by partial 

inactivity of LIPA gene/lack of 

endogenous LAL activity leading to 

cellular lipid accumulation, spectrum 

disease with varying severity 

B4GALT1 Beta-1,4- Galactosyltransferase 1 Human post-translational N-linked 

glycosylation enzyme. Type II 

membrane bound protein, transfer of 

GlcNAc onto several acceptor 

substrates 
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ST6GAL Alpha 2,6-sialyltransferase Human post-translational N-linked 

glycosylation enzyme. Type II 

membrane bound protein, catalyses 

transfer of sialic acid from cmp-sialic 

precursors onto galactose containing 

substrate sites 

GNTIV N-Acetylglucosaminyltransferase-IV 

  

Human post-translational N-linked 

glycosylation enzyme. Type II 

membrane bound protein, responsible 

for production of tetra-antennary sugar 

chains and subsequent addition of 

galactose residues for later sialic acid 

residue addition. 

GNTV N-Acetylglucosaminyltransferase-V 

  

Human post-translational N-linked 

glycosylation enzyme. Type II 

membrane bound protein, responsible 

for production of tetra-antennary sugar 

chains and subsequent addition of 

galactose residues for later sialic acid 

residue addition. 

ST Sialyltransferase enzymes that transfer sialic acid to 

nascent oligosaccharide 

MNS1 Golgi-α-mannosidase I key enzyme in N‐glycan processing 

PTM Post Translational Modification the covalent and generally enzymatic 

modification of proteins following protein 

biosynthesis 

GFP Green Fluorescent protein Protein composed of 238 amino acid 

residues (26.9 kDa) that exhibits bright 

green fluorescence when exposed to 

light in the blue to ultraviolet range. 

RFP Red Fluorescent protein fluorophore that fluoresces red-orange 

when excited 
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TGN Trans Golgi Network Series of interconnected tubules and 

vesicles at the trans face of the Golgi 

stack. The medial/trans-Golgi network 

functions in the processing and sorting 

of glycoproteins and glycolipids at the 

interface of the biosynthetic and 

endosomal pathways. 

ER Endoplasmic reticulum Organelle comprised by a network of 

membrane tubules continuous with the 

nuclear membrane and site of ribosome 

attachment, major site of protein and 

lipid synthesis in Eukaryotic cells 

XylT β1,2-xylosyltransferase Endogenous plant specific glycosylation 

enzymes involved in generation of β1,2 

xylose residues 

FUT11 1,3-fucosyltransferase Endogenous plant specific glycosylation 

enzyme involved in generation of core 

α1,3-fucose residues 

UDP-GlcNAc uDP-N-acetylglucosamine Substrate form of N-Acetylglucosamine 

for attachment via the GnT family of 

enzymes  

COPI Coat Protein Complex I Protein complex that coats vesicles 

transporting proteins from the cis end of 

the Golgi complex back to the 

endoplasmic reticulum. 

NEB New England Biolabs Provider from some materials 
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