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ABSTRACT 
Biopharmaceutical products constitute a significant portion of the global bioeconomy. 

Compared to traditional synthetic small-molecule drugs, recombinant therapeutic proteins offer 
advantages like enhanced specificity and reduced side effects, and there has been tremendous 
growth in their innovation thanks to modern DNA technologies and AI-driven algorithms. While 
mammalian platforms such as Chinese Hamster Ovary (CHO) cells are commonly used for their 
high production titer and capability for complex post-translational modifications, thier high cost 
of goods manufactured can greatly constrain biopharmaceutical global accessibility. The yeast 
Komagataella phaffii is the prime candidate for next-generation biomanufacturing for reasons 
including simpler host biology, reduced time to market, and better sustainability. Nevertheless, 
product quality, such as size/charge variants and non-human glycosylation, can be of major 
concern for proteins secreted from this host organism. 

This thesis explores three different engineering approaches aimed at improving the 
quality of both aglycosylated and glycosylated proteins, with a particular focus on monoclonal 
antibodies, the leading class of protein biopharmaceuticals by both sales and innovation.  

Firstly, we demonstrated significant quality improvements through molecular sequence 
engineering of aglycosylated monoclonal antibody backbones. By making informed, 
conservative mutations to two or three amino acid residues, we greatly reduced product-related 
variants from proteolysis and N-terminal variations. We further showed the comparability 
between yeast- and CHO-secreted products, providing a framework for rapid product 
development with this unconventional yeast. 

Secondly, we applied CRISPR-Cas9 gene editing technology to humanize the 
glycosylation pathway of K. phaffii. We achieved homogeneous G0 glycosylation on a reporter 
peptide by resolving a previously unreported synthetic lethality via a transcriptomics-informed 
approach. Key challenges for monoclonal antibody glycosylation were also identified through 
further comprehensive pathway engineering. 

Lastly, we examined the performance of glycoengineered K. phaffii strains under varied 
process conditions. Employing a machine learning algorithm, we improved the desired glycan 
abundance on a subunit vaccine candidate. The process-robustness of engineered strains suggests 
the potential of this host as a viable commercial biomanufacturing host. 
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1. INTRODUCTION 

1.1.  Recombinant proteins as a biopharmaceutical modality 

Since the early 1980s, the global biopharmaceutical market has grown tremendously and 

accounts for more than US $343 billion (2021 estimate).1 Compared to traditional synthetic 

small-molecule drugs, biopharmaceuticals can have enhanced specificity and activity, thus 

reducing adverse side effects.2 Multiple therapeutic modalities are included under the 

biopharmaceutical umbrella. Recombinant proteins, expressed in non-native host organisms – 

dominate the market with more than 95% of the market sales and comprise the majority of newly 

approved products.1 New modalities such as nucleic acid-based and engineered cell-based 

products are emerging, but they are still undergoing continued technological development, and 

their market shares remain relatively low.3,4  

Types of pharmaceutical proteins also can vary from recombinant hormones, blood 

factors, to vaccines, but the predominant product class is monoclonal antibodies (mAbs), which 

have accounted for more than half of the global protein-based biologics sales since 2012 and 

steadily grown over the years.1 mAbs have been in clinical use since the 1980s for treatment of a 

wide range of diseases and conditions, especially cancer and autoimmune diseases.5  

1.2.  Komagataella phaffii as a workhorse for biomanufacturing 

Mammalian systems, such as Chinese Hamster Ovary (CHO) cells and Human 

Embryonic Kidney (HEK) cells, are the most frequently used expression system for 

pharmaceutical recombinant proteins, especially for genuinely novel active pharmaceutical 

ingredients (APIs). These systems can support high production titer, as mAb titers of more than 

10 g/L have been reported from recombinant CHO cell lines,6 and are capable of complex post-

translational modifications (PTMs), most notably glycosylation. The high production titer 
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upstream, combined with the development of mature downstream recovery and purification,7 

makes mammalian platforms, especially CHO, the preferred host for manufacturing new 

biologics. 

Nevertheless, next-generation biomanufacturing strategies are still being explored for 

both societal and commercial reasons. Motivating factors including improving access to these 

medicines for global populations,8 increasing demand for sustainable bioprocessing,9 reducing 

time to market as a key business advantage, and responding rapidly to global events like 

pandemics.10 For mAbs production in CHO, the complex culture media, stringent operating 

conditions to reduce risks of contamination, and viral inactivation/filtration of secreted products 

all contribute to the high cost of goods manufactured (COGm), which today can range from $30-

100 per gram.11 This greatly constrains access to these medicines in low- and middle-income 

countries (LMICs) – indeed, 80% of all doses for registered products are administered only in 

North America and Europe.12 Corporate commitments to reduce carbon footprints and 

geopolitical interests for enabling a circular bioeconomy also underscore the importance for 

continued developments to intensify, consolidate, and reduce energy, water, and raw materials 

used in bioprocessing.13,14 Finally, accelerated development demonstrated during the CoVID-19 

pandemic showed the potential to reduce the time from discovery to first-in-human clinical trials 

to four to six months, albeit with significant corporate and regulatory cooperation to 

accomplish.15 These examples emphasize the possibility for more timely development, clinical 

assessment and commercialization of innovative new biopharmaceuticals. Together, these factors 

motivate the need for continued innovations in the approaches to manufacture mAbs and other 

recombinant proteins with shorter development timelines, lower production costs, and improved 

sustainability. 
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Other expression platforms used for recombinant protein production include bacteria and 

fungi. Compared to mammalian cells, they can grow to much higher density on much cheaper 

media.16,17 Although Escherichia coli and other prokaryotic systems can achieve high volumetric 

productivity of recombinant proteins, their usage in producing complex pharmaceutical proteins 

is limited due to the lack of native cellular machinery for PTMs.17–19 Engineering efforts have 

been reported to facilitate the implementation of some PTMs in E. coli,20–22 but yeasts are 

commonly regarded as the non-mammalian host of interest for producing proteins with more 

complex modification. The biology of these single-cell eukaryotic organisms can potentially 

directly increase the volumetric output of production (through faster doubling times and reduced 

process requirements),10,23,24 and boasts other advantages including proteolytic maturation, 

glycosylation, and formation of disulfide bonds.25 Saccharomyces cerevisiae, Pichia pastoris, 

Hansenula polymorpha, Kluvomyces lactis, and Yarrowia lipolytica are among yeast expression 

systems that are already designated Generally Regarded As Safe (GRAS) by regulatory 

agencies.26 They contain an advanced secretory pathway with a stacked Golgi apparatus for 

producing PTMs in a manner similar to higher eukaryotes and secrete fewer native host cell 

proteins, simplifying downstream processing and facility design.27 In the case of pharmaceutical 

protein production, however, Komagataella phaffii is the alternative host of choice because of its 

high productivity, simple process, and past industry experience – indeed, it is routinely used to 

manufacture therapeutic proteins like insulin and subunit vaccines in both high income countries 

and LMICs.27,28  

1.3.  Critical product qualities of pharmaceutical proteins 

Compared to synthetic small-molecule drugs, pharmaceutical proteins are much larger 

and more complex. For example, common over-the-counter painkiller acetaminophen (Tylenol®) 
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only contains 20 atoms, while insulin, one of the smallest pharmaceutical proteins, contains 788 

atoms,29 and trastuzumab (Herceptin®), a common monoclonal antibody for cancer therapy, is 

comprised of more than 20,000 atoms.30 Because these proteins are produced from biological 

processes, molecular heterogeneity, imperfect cellular processing, and chemical and enzymatic 

alterations can naturally occur during production.31 Common product-related impurities include 

aggregation, fragmentation, C- and N-terminal modifications, oxidation, deamidation, N- and O-

linked glycosylation, glycation, conformation, and disulfide bond modifications.32 The complex 

structures of these proteins mean that these impurities are not easily characterized and can 

significantly impact biological activity, pharmacokinetic/pharmacodynamic (PK/PD) profiles, 

immunogenicity, and overall safety/toxicity if altered.32,33 Thus lie the reason behind why K. 

phaffii, despite its advantages in ease and reduced costs for large-scale manufacturing, fast 

growth, no risk of viral contamination, remains sidelined in producing complex pharmaceutical 

proteins.25 The yeast-like glycosylation imparted on expressed proteins can lead to 

immunogenicity and rapid clearance, making it unsuitable for many products.34 Proteolysis of the 

target sequences can also affect the yield and purity of desired proteins.35–37 Yeast also has a 

lower folding capacity compared to mammalian cells, which can result in the aggregation of 

incorrectly folded proteins.38 

1.4.  Diverging Glycosylation Pathways: Yeast vs. Human 

Many of the described impurities and product-related variants can be reduced or removed 

during downstream purification processes. Due to the purity requirements for pharmaceutical 

proteins, high-resolution chromatography methods are usually used in purification and can 

distinguish the desired product from its impurities based on their differences in charge (ion 

exchange chromatography), hydrophobicity (hydrophobic interaction chromatography), 
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molecular recognition (affinity chromatography), or size/shape (size exclusion 

chromatography).39 Yeast-produced glycan variants, however, cannot be removed by these 

methods, because the glycosylation pathways differ significantly between yeast and higher 

eukaryotes like human or CHO. 

The N-linked glycosylation pathway in the endoplasmic reticulum (ER) is conserved across 

most eukaryotic organisms.18,40 Glycan synthesis starts on the cytoplasmic side of ER with the 

phosphorylation of dolichol, a membrane anchor upon which two N-acetylglucosamines (GlcNAc) 

and five mannoses (Man) are added by glycosyltransferases, using nucleotide-activated sugars as 

substrates. The lipid-linked oligosaccharide (LLO) is then flipped from the cytoplasmic side to the 

lumen side of ER by flippase.41 Once inside the ER, the LLO is further modified by a series of 

glucosyltransferases until the oligosaccharide is consisted of three glucoses (Glc), nine mannoses, 

and two core GlcNAc’s (Glc3Man9, the core GlcNAc’s are often omitted in writing). The glycan 

is then transferred onto the appropriate asparagine residue in the nascent peptide by the 

oligosaccharide transferase (OST) complex.41 Two glucosidases cleave off the three glucoses, 

during which the membrane-bound chaperone calnexin selectively binds to GlcMan9 glycan and 

facilitates protein folding. Finally, an ER-resident mannosidase cleaves off one of the terminal 

mannoses before the glycoprotein is transported to the Golgi apparatus for further glycosylation.40 

The glycosylation pathway in the Golgi apparatus is vastly different between yeasts and 

mammalian cells. Upon entering Golgi, most glycoproteins carry Man8 glycan structure. In yeasts, 

the protein glycan is further modified by more mannoses into a hypermannosylated structure. The 

outer chain hypermannosylation starts with the addition of an α-1,6-mannose by Och1p. 

Depending on the yeast species, more than 50 α-1,2-mannoses can then be added by mannan 

polymerase complexes and mannosyltransferases, before phosphomannoses and α-1,3-mannoses 
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cap the hypermannosylated outer chain.18,42,43 The mannosylation of core mannose structure is 

much less extensive, and only phosphomannose and α-1,3-mannose addition is observed.40 

Compared to other yeasts, K. phaffii exhibits a lesser degree of hypermannosylation due to its 

inability to perform α-1,3-mannosylation.40  

In contrast to yeasts, mammalian cells process N-linked glycans to structures with more 

complex and diverse sugar moieties. Golgi-resident mannosidases I and II remove five mannoses 

from the glycan, while GlcNAc transferases I and II add two GlcNAc residues onto the core 

trimannosyl structure. The resulting GlcNAc2Man3 structure is often referred to as the G0 

glycoform (for the absence of galactose moiety on the glycan).44 Common further glycan 

modifications in higher eukaryotes include adding galactoses (and sometimes sialic acids, 

specifically N-acetylneuraminic acids) to the biantennary structure, adding core fucoses, and 

branching further into tri-antennary, tetra-antennary, and penta-antennary structures.40,45,46   

1.5.  Engineering Approaches for improving product quality 

In the biomanufacturing of pharmaceutical proteins, downstream processing is resource-

intensive and can account for up to 80% of production costs for a mAb process.47 It is therefore 

economically attractive to reduce impurities and variants early in production to reduce the 

burden on downstream purification. 

1.5.1. Improving product quality by sequence engineering 

Protein sequence is the earliest intervention step in ensuring the success of a therapeutic 

drug. When producing a recombinant protein in its non-native host, it is very likely that the non-

native environment is less than optimal for protein expression, folding, maturation, and secretion 

(depending on the host). Advances in molecular dynamics simulation,48 X-ray crystallography,49 

and, more recently, machine learning50 have equipped researchers with better tools to visualize 
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protein structures and potentially diagnose causes for product-related variants on a sequence 

level. Indeed, through understanding the host biology and modifying hotspots in the protein 

sequence, impurities and variants can be eliminated before they ever enter the process. Our lab 

has demonstrated the successful molecular engineering of several vaccine candidates to reduce 

their secreted product-related variants, thereby improving their production yield and 

manufacturability.51,52  

In Chapter 2 of this thesis, we discuss the adaptation of aglycosylated monoclonal 

antibodies for improved production in K. phaffii. Monoclonal antibodies are the leading 

therapeutic protein in both market sales and approval,1 making it an attractive candidate to 

demonstrate the possibility of adopting an alternative host for its industrial-scale production. We 

show that significant improvement in product quality can be achieved by making small, 

conservative, informed modifications to the IgG1 conserved region. By demonstrating the 

comparability between an engineered mAb secreted by K. phaffii and by CHO, we are able to 

provide further evidence supporting the adoption of alternative hosts for therapeutic protein 

production. 

1.5.2. Improving product quality by strain engineering 

Although molecular sequence engineering is able to eliminate product-related variants 

from the get-go, it is imperative to ensure that any amino acid modification does not negatively 

impact the efficacy and safety of recombinant therapeutic proteins. In the biopharmaceutical 

industry, sequence modifications to existing biologics also preclude the labeling of these 

engineered molecules as their respective biosimilars and can raise concerns during regulatory 

reviews.53,54 Furthermore, not all proteins are created equal, and some are a lot less tolerable to 

the change of production hosts than aglycosylated monoclonal antibodies. Many pharmaceutical 
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products, including antibodies, hormones, and growth factors, are glycoproteins that require 

proper glycosylation for folding, stability, serum half-life, and appropriate PK/PD 

properties.17,19,40,55 Since the native yeast glycosylation pathway significantly differs from its 

counterpart in mammals, amino acid mutations alone are insufficient to support the translation of 

a glycoprotein process to yeast. Thus, although protein sequence modifications can be an 

attractive option for improving manufacturability, especially in the adaptation of an existing 

technology to a new host, it may not always be a viable strategy. 

In addition to molecular sequence, the choice of strain (or cell line) also heavily impacts 

the quality of secreted proteins. Engineering the host cell is thus an alternative option for 

improving product quality in a minimally invasive manner. Our ability to engineer the host has 

grown tremendously thanks to advances in genetic engineering techniques. Compared to 

mammalian systems, yeasts have much smaller genomes and are more amenable to genome 

engineering.27 Nevertheless, compared to E. coli and S. cerevisiae, two model organisms with 

extensive studies on their basic biology and development on appropriate synthetic biology 

toolbox,56,57 K. phaffii is still in need of more complex and host-informed engineering tools that 

allow more efficient pathway engineering, especially regarding therapeutically relevant protein 

glycosylation.58,59  

In Chapter 3 of this thesis, we demonstrate the adaptation of a CRISPR-Cas9 system for 

multiplexed humanization of K. phaffii glycosylation pathway. Chapter 4 then builds upon this 

and describes our pathway engineering to achieve homogeneous G0 glycosylation on a reporter 

peptide by tuning down the activity of the commitment step enzyme. Chapter 5 details our 

subsequent efforts in engineering the glycosylation pathway to accommodate more complex 

proteins, including a vaccine subunit, a colony-stimulating factor, and a monoclonal antibody. 
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We demonstrate tuning multiple “knobs” to better balance pathway flux and competing kinetics 

and suggest that accessibility of N-linked glycosylation site is likely the pathway bottleneck. 

1.5.3. Improving product quality by process engineering 

In bioprocesses, cellular behavior can vary drastically responding to any environmental 

changes. Hence, in addition to molecular and strain engineering, process conditions also dictate 

product quality. Indeed, cultivation temperature, carbon source, and media supplementation, 

among many more bioprocessing independent variables, all have tremendous impacts on 

intracellular machineries.60–62 Like sequence modifications, these process factors have their 

limitations, especially for post-translational modifications like glycosylation, which requires 

catalysis of non-native enzymes. Furthermore, process condition optimization is a multivariate 

optimization problem – the media alone can consist of more than ten different components.63 

Standard One-Factor-At-a-Time (OFAT) and Design-Of-Experiment (DOE) approaches can be 

labor-intensive and may be constrained by local optima.64 Modern machine learning-based 

methods can overcome these challenges and have been successfully applied to both media 

composition and process parameter optimization.65,66  

In Chapter 6 of this thesis, we investigate the effects of process parameters on the glycan 

profile of recombinant proteins secreted by K. phaffii strains engineered with the humanized, 

heterologous glycosylation pathway. We show the pathway activity’s relative invariability with 

respect to temperature and carbon source concentration, contrasting with the responses observed 

in CHO cells under similar perturbations. We also explore machine learning as a tool for 

optimizing media supplementation and demonstrate the potential of this method for enhancing 

glycan homogeneity of glycosylated pharmaceutical proteins.  
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2. ADAPTING AGLYCOSYLATED MONOCLONAL ANTIBODIES FOR 
PRODUCTION IN K. PHAFFII 

 

  

Protein sequence is the starting point of any biomanufacturing process, and a protein 

“designed-for-success” can circumvent many quality issues down the line. In this chapter, we 

use monoclonal antibodies (mAbs) as a case study. Next-generation biomanufacturing of this 

major class of biopharmaceuticals using alternative hosts like Komagataella phaffii could 

improve the accessibility of these medicines, address broad societal goals for sustainability, 

and offer financial advantages for accelerated development of new products. Antibodies 

produced by K. phaffii, however, may manifest unique molecular quality attributes that could 

raise potential concerns for clinical use. We demonstrate here conservative modifications to 

the amino acid sequence of aglycosylated antibodies based on the human IgG1 isotype that 

minimize product-related variations when secreted by K. phaffii. We further show comparable 

biophysical properties and molecular variations between the sequence-modified NIST mAb 

secreted by K. phaffii and CHO cells. This suggests a path towards production of high-quality 

mAbs that could be expressed interchangeably by either yeast or mammalian cells. 
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2.1.  Background and Motivation 

Recombinant monoclonal antibodies (mAbs) are one of the most important classes of 

biopharmaceuticals and among the fastest-growing biologic medicines by the number of new 

approved products and biosimilars, numbers of patients treated, and total revenue.67 Advances in 

single-cell screening and machine learning algorithms to predict binding and manufacturability 

have accelerated the design, discovery and optimization of mAbs as therapeutics in the past ten 

years.68,69 Manufacturing these medicines presently relies on highly-standardized processes using 

Chinese hamster ovary (CHO) cells for recombinant expression and Protein A (ProA)-based 

chromatography for recovery, with new advances in continuous manufacturing emerging for 

clinical and commercial use.70  

The existing infrastructure to manufacture therapeutic mAbs has evolved through the 

continuous improvement of now-standardized “platform” processes using CHO cells.71 The 

space-time yields for state-of-the-art fed-batch processes can reach ~0.2-0.5 g/L/d with fully 

continuous processing achieving up to ~2-4 g/L/d.71,72 With these outputs, the costs of drug 

substance could approach ~$30 per gram, albeit with limited additional gains expected without 

new technologies for recovery.8,72 Ultimately, reducing COGSm (and improving sustainability of 

bioprocessing) requires maximizing space-time yields from the smallest facilities with reduced 

labor.73 Additional gains will result from removing process operations, increasing automation, 

and reducing biological variations through improved control or host biology.74,75 

Here we have considered an alternative approach to advance the utility of K. phaffii for 

producing high-quality, full-length aglycosylated human immunoglobulin IgG1. Aglycosylated 

antibodies have emerged as an important new engineered sub-class for these drugs.76 Advances 

in protein engineering make it possible to modulate the engagement of Fc receptors to minimize 
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immunological functions in vivo.77 In 2020, the FDA-approved eptinezumab (Vyepti®), an 

aglycosylated mAb manufactured by Alder/Lundbeck in K. phaffii for treatment of chronic 

migraines.78 Several other aglycosylated mAbs have been approved or are in clinical trials for 

indications ranging from diabetes to non-small-cell lung cancer.79 Given this emerging use of 

engineered sequences, we sought here to adapt the sequence of the common human IgG1 mAb to 

reduce the typical variations observed in yeast-expressed mAbs. We postulated that conservative 

strategies for protein engineering (similar to those that we have applied previously to subunit 

vaccine candidates51,52,80) could improve the quality attributes while introducing minimal or no 

new liabilities. Specifically, we present in this chapter studies on the vector designs, including 

the signal peptides, and the sequence-related liabilities in the human IgG1 mAb that affect the 

proteolysis of the heterodimer. We show that minimal variations (2-3 amino acids) can improve 

the quality attributes of seven aglycosylated variants of mAbs in K. phaffii. Finally, we 

demonstrate that the quality of the engineered mAb secreted by K. phaffii is comparable to that 

produced by industrial-grade CHO cells. 

2.2.  Results 

2.2.1. Characterization of product-related variants of a clinical mAb secreted from 

K. phaffii  

We aimed to define a generalizable strategy to express high-quality, aglycosylated mAbs 

in K. phaffii. Towards this goal, we first analyzed the common molecular variations manifest in a 

monoclonal antibody expressed by K. phaffii. We assessed the impact of the expression vector 

and recombinant protein sequence on mAb expression in K. phaffii for a commonly studied 

IgG1κ mAb – trastuzumab (trade name Herceptin). This molecule is well characterized, and has 
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been previously expressed in K. phaffii by us and others.81,82 It is also a useful model since most 

approved mAbs (and in clinical development) contain the IgG1κ constant region. 

We used an in-house custom vector to create expression cassettes for both the heavy and 

light chains of trastuzumab and integrate them into a modified strain of K. phaffii (AltHost S-63) 

to evaluate the expression of each component. We expressed the heavy chain using the canonical 

methanol-inducible PAOX1 as the promoter and integration locus. We also expressed the light 

chain using another previously identified strong, methanol-inducible promoter, PDAS2, as the 

promoter and integration locus.83 We constructed expression vectors for both light chain and 

heavy chain using the described custom vectors. Previous reports have shown that a hybrid 

secretion signal comprising the pre region of Saccharomyces cerevisiae OST1 signal sequence 

and the pro region of α-mating factor signal peptide (αSP) can significantly improve recombinant 

protein expression in K. phaffii by promoting co-translational translocation.84 We elected to use 

this preOST1-proαSP in our initial studies without the Glu-Ala-Glu-Ala (EAEA) sequence found 

at the end of the native αSP. The Golgi-resident dipeptidyl aminopeptidase STE13 can remove 

this EAEA sequence,85 but the efficiency of cleavage varies by molecule (leading to N-terminal 

variations on the recombinant protein).51,86 As αSP processing can occur without the EAEA 

motif,87 the four-amino acid sequence is often omitted.88,89 This dual expression system allowed 

us to test variations in both overall and relative copy number (Figure 2.1A). 

We analyzed the variations manifest in trastuzumab when secreted from K. phaffii 

following cultivation in flasks and purification by Protein A chromatography. Product-related 

variations in the drug substance of a biopharmaceutical can reduce productivity of the cell 

culture, increase the complexity and costs for purification, and may introduce risks for patients.90 

Variations of mAbs expressed by CHO cells can include N-terminal variations, modulated 
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glycosylation, sulfation, phosphorylation, hydroxylation, carboxylation, amidation, glycation, 

and misfolding, among others.91,92 Apart from variants resulting from native yeast glycans, 

detailed assessments of other variations of mAbs secreted from K. phaffii have not been well-

documented, however. 

The purified trastuzumab showed many product-related variants (Figure 2.1B). To 

differentiate these variants, we fractionated the purified protein with size exclusion 

chromatography (Figure 2.1C) and evaluated the predominant fractions by intact mass 

spectrometry (Figure 2.1D). There were three major product-related variants. First, we observed 

high molecular weight (HMW) variants of both the trastuzumab heavy chain and light chain. 

Observed mass shifts for the HMW variants of light chain were consistent with N-terminal 

extensions resulting from incomplete cleavage of the proαSP (Figure A2.1). The identities of the 

HMW species of heavy chain were more difficult to determine, likely due to the presence of 

glycans. To facilitate our analysis, we treated the purified mAb with PNGase to cleave N-linked 

glycans and confirmed the presence of similar N-terminal extensions due to incomplete cleavage 

of the proαSP on the heavy chain (Figure 2.2A). This portion of the proαSP should be removed 

in the Golgi apparatus of K. phaffii by cleavage at a dibasic motif KR by KEX2 protease.85 The 

proαSP contains both N- and O-linked glycosylation sites and these modifications may also 

contribute to the formation of HMW species when the N-terminal extension is not efficiently 

removed. This observation is similar to ones we have reported previously for subunit protein 

vaccine antigens secreted from K. phaffii.51 

Second, we observed a variant with a slightly higher apparent mass than the unmodified 

heavy chain by SDS-PAGE. Treatment with PNGase did not remove this variant, but incremental 

mass shifts of 161 Da are consistent with hexose addition. Furthermore, digestion with α1-2,3,6-
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mannosidase removed this variant, suggesting that the product variant may contain O-

glycosylation (Figure 2.2B). We attempted to identify potential sites of O-glycosylation on this 

variant by performing an in-gel tryptic digest and LC-MS/MS. We found only one tryptic peptide 

[STSGGTAALGCLVK] early in the IgG1 heavy chain constant region that appeared 

differentially O-glycosylated compared to the unmodified heavy chain (Figure A2.2). We tested 

several sequence variants that removed the Ser and Thr residues in this peptide, but we still 

observed O-glycosylated variants by SDS-PAGE (Figure A2.3), suggesting there may be other 

potential sites for O-linked mannosylation. The observed degree of O-mannosylation is low, and 

similar post-translational modification has been reported in mAbs produced by higher eukaryotes 

including CHO and COS cells as single-mannose additions on the light chain of IgG2.93  

Third, we observed a cleaved heavy chain fragment. We performed intact LCMS and 

identified the variant as a C-terminal fragment of the trastuzumab heavy chain (Figure 2.2C). 

Interestingly, this fragment begins near a dibasic motif (K/KVE…) that may also be a cleavage 

target for KEX2 protease. While KEX2 cleavage canonically occurs at the C-terminal side of a 

dibasic motif, additional mass adducts or losses may confound the intact mass analysis. 
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Figure 2.1. Characterization of K. phaffii-secreted trastuzumab product-related variants. 
(A) Vector design for the expression of trastuzumab light chain and heavy chain. (B) SDS-PAGE 
analysis of purified trastuzumab secreted from K. phaffii, as compared to an IgG standard. (C) 
Size exclusion chromatography trace of purified trastuzumab. Two fractionations of interest are 
highlighted and analyzed with LC-MS. (D) Mass spectrometry spectra of Fractions 1 and 2. 
Product-related variants including N-terminal variants, Fc cleavage, and non-human 
glycosylation are noted. 
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Figure 2.2. Characterization of glycosylation on K. phaffii-secreted trastuzumab. 
(A) Mass spectra of trastuzumab heavy chain pre- and post-PNGase treatment, which removes 
N-linked glycosylation. (B) SDS-PAGE analysis of purified trastuzumab with PNGase treatment 
and/or α1-2,3,6-mannosidase (JBM) digestion. O-linked glycosylation is identified with JBM 
digestion. (C) Mass spectrum of Fc cleavage, with heavy chain sequence analysis supporting the 
existence of a Kex2 cleavage site in the conserved HC region.  
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2.2.2. Effects of signal peptide on mAb quality  

Given our observations on incomplete cleavage of the signal peptide from the expressed 

heavy and light chains, we decided to test other signal peptides, including ones that direct native 

secretion of immunoglobins in other organisms, to assess how these could alter the N-terminal 

extensions observed. The signal peptide, which directs translocation of the polypeptide into the 

endoplasmic reticulum, can impact both secreted titer and quality, likely due to the difference in 

timing between translation and translocation and in subsequent processing in the yeast secretory 

pathway.94 The most commonly used signal peptide for expression of recombinant proteins in K. 

phaffii is the signal peptide from the Saccharomyces cerevisiae alpha mating factor gene (αSP).85 

Previous reports of mAb expression in K. phaffii have suggested that alternative signal peptides 

from the K. phaffii genome or from other eukaryotic organisms may yield higher secreted titers 

of mAbs.95 We first evaluated the expression of the trastuzumab light chain with seven additional 

signal peptides, and observed the highest secreted titers with αSP or the preOST1-proαSP. We 

then tested the expression of the trastuzumab heavy chain vectors with different signal peptides 

in strains containing expression cassettes for the light chain bearing these two signal peptides 

(αSP or preOST1-proαSP). Overall, we observed higher secreted titers of both chains when the 

light chain was expressed with the preOST1-proαSP (Figure 2.3A). The αSP, preOST1-proαSP 

and the signal peptide from human serum albumin (HSA-SP) yielded the highest secreted titers 

of the trastuzumab heavy chain (as measured by Protein A biolayer interferometry). These 

combinations yielded a 79-fold higher specific productivity compared to the murine 

immunoglobin signal peptide pre- region previously reported for expressing mAbs in K. phaffii 

(Figure 2.3B).95 There was no significant improvement in product quality evident by SDS-
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PAGE, though the titers for many of tested signal peptides were likely not high enough to 

observe the changes in product-related variants. These data together suggested the best constructs 

from this set of peptides tested still used the preOST1-proαSP signal sequence, and we chose to 

use this sequence for further engineering to improve product quality. 
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Figure 2.3. Conservation mutations in IgG backbone to improve product quality. 
(A) SDS-PAGE analysis of trastuzumab secretion with different signal peptides. (B) Secretion 
titer of trastuzumab with select three signal peptides, measured by bio-layer interferometry. (C) 
SDS-PAGE, (D) LC-MS protein variant analysis, and (E) BLI titer measurement of engineered 
trastuzumab, as compared to eptinezumab. (F) LC-MS-based protein variant analysis of the 
heavy chains of different monoclonal antibodies. 
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2.2.3. Effects of integration copy number on mAb quality 

We then examined the copy number ratio between the light chain and heavy chain vectors 

to explore its impact on the secretion of the mAb. It is typical to evaluate the secreted expression 

of several K. phaffii transformants to identify an optimal clone for production of a heterologous 

recombinant protein. In theory, transformants differ primarily by the copy number of the vector 

integrated into the host genome. Higher copy numbers can yield higher levels of the recombinant 

transcript, and in turn improve the secreted titer of simple recombinant proteins.96 High transcript 

levels of complex proteins, however, may activate other competitive pathways such as 

endoplasmic reticulum associated degradation (ERAD) and the unfolded protein response 

(UPR).97 Lower copy numbers may be beneficial, therefore, for more complex proteins. Previous 

studies have suggested that the light chain can properly fold and secrete without the heavy chain, 

but that the heavy chain has more complex folding requirements and requires the light chain for 

efficient folding and secretion.98 

We transformed a vector encoding the heavy chain of trastuzumab modified to remove 

the site for N-linked glycosylation (N300A) into a base strain of K. phaffii. We selected three 

transformants that exhibited high, medium, or low growth on selection plates, as an 

approximation for high, medium, and low copy numbers of the heavy chain vector. We then 

transformed a vector encoding the trastuzumab light chain into each of these transformants and 

identified 6-8 transformants from each that exhibited a range of growth rates on selections plates, 

as an approximation for the copy number of the light chain vector. We evaluated the secreted 

expression of all transformants and observed a positive correlation between secretion of the light 

chain and secretion of the heavy chain (Figure A2.4). To test if this correlation was universal or 

specific to trastuzumab, we performed the same series of transformations with a second human 
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IgG1 mAb that is currently in preclinical development (mAb1). Interestingly, we observed a 

negative correlation between secretion of the mAb1 light chain and the mAb1 heavy chain. 

These results suggest that the optimal ratio of light chain copy number to heavy chain copy 

number depends on the nature of the recombinant mAb and the K. phaffii strain background. 

Although different copy number ratio between light chain and heavy chain yielded different 

titers, we did not observe any correlation between copy number ratio and product-related 

variants, based on SDS-PAGE.  

2.2.4. Minimal, conservative changes to mAb sequence for quality improvement 

We then examined if product-related variants of trastuzumab could be reduced by 

modifying the sequence. We and others have shown that small, conservative changes to the 

amino acid sequence of therapeutic proteins can have large impacts on quality and 

manufacturability.51,52 Sequence engineering has also improved the quality and manufacturability 

of mAbs.99 We previously reported that addition of amino acid residues to the N-terminus of a 

recombinant protein can reduce N-terminal extensions, likely by increasing the steric 

accessibility of the KEX2 cleavage site.100 We hypothesized that this strategy may also reduce N-

terminal extension of the light chain and heavy chain of trastuzumab. We expressed and purified 

trastuzumab with EAEA, EA, or E residues added to the N-terminus of both the heavy chain and 

light chain (Figure 2.3C). We observed nearly complete elimination of N-terminal extension with 

EAEA addition, and significant reduction thereof with the addition of a singular E residue. 

Interestingly, we also observed reduction of the O-glycosylated heavy chain variant and the 

cleaved C-terminal heavy chain fragment. We analyzed each purified sample by intact LCMS 

and observed that residues attached to the N-terminus of the heavy chain and light chain 
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remained on the purified protein (Figure A2.5). This observation is consistent with our previous 

observations for several subunit vaccine antigens.100  

Next, we sought to further reduce or eliminate the C-terminal heavy chain fragment. We 

analyzed the sequence of the recently approved mAb for headache treatment, eptinezumab 

(Vyepti®), that is manufactured in K. phaffii.78 Eptinezumab has two sequence modifications 

(K207A, K208R) that removed the dibasic motif in the heavy chain constant region that may be 

the cause of C-terminal cleavage product observed for trastuzumab. We expressed eptinezumab 

in K. phaffii using preOST1-proαSP with a single E residue on the N-terminus of both the light 

chain and heavy chain and purified the modified eptinezumab by ProA chromatography. We did 

not observe any C-terminal heavy chain fragment (Figure 2.3C).  

To evaluate if this change could confer the same benefit to trastuzumab, we created a 

variant with the same mutations. We quantified the relative abundance of the two major heavy 

chain variants by LCMS and observed a large reduction in the abundance of the C-terminal 

heavy chain fragment – the detected fraction of cleaved heavy chain dropped from ~11% to <1% 

with the KKAR mutations (Figure 2.3D). We also evaluated the secreted titer of trastuzumab 

with and without both sequence modifications and observed that the modified trastuzumab 

molecule was secreted with slightly increased specific productivity (Figure 2.3E). The strain 

secreting the modified trastuzumab also grew to a higher cell density, which resulted in a ~60% 

increase in secreted titer. This result suggests that reduction or elimination of product-related 

variants also improved cellular processing and secretion of the mAb, likely because misfolded or 

incorrectly modified mAb molecules may trigger degradation pathways or stress responses in the 

yeast secretory pathway, reducing the overall secreted titer.101 
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We then tested the benefits of these changes for five additional IgG1 sequences, including 

NIST mAb, bamlanivimab, imdevimab, etesevimab, and atezolizumab. We mutated the 

conserved N-linked glycosylation site with N-to-A mutation in the heavy chain Fc region in 

NIST mAb, bamlanivimab, imdevimab, and etesevimab to reduce product quality variability due 

to glycosylation. Analysis with LCMS showed improvement in the fraction of full-length heavy 

chain in all mAbs tested (Figure 2.3F). Overall, these results demonstrate that small 

modifications to the human IgG1 backbone can greatly improve both the quality and titer of 

mAbs secreted from K. phaffii. 

2.2.5. Comparability of engineered mAbs secreted from yeast and CHO 

One potential use for yeast-based expression of aglycosylated mAbs would be to support 

rapid production for first-in-human clinical studies.10 It is feasible to consider changing the host 

used for further production or development of such mAbs since the analytical characterization of 

the resulting protein could support comparability of the two sources.102 To evaluate if these 

modifications to IgG1 backbone are transferrable to other expression systems, we compared the 

secreted aglycosylated NIST mAb with and without sequence engineering to those secreted by 

CHO. We saw a significant amount of N-terminal extension and heavy chain Fc cleavage in the 

unmodified yeast-secreted product by SDS-PAGE (Figure 2.4A). N-terminal E-addition and the 

dibasic site mutation essentially eliminated these product-related variants. Aglycosylated NIST 

mAbs secreted from CHO, both unmodified and engineered, showed no N-terminal extension or 

heavy chain cleavage, but they did exhibit C-terminal lysine clipping, a known post-translational 

modification by endogenous carboxypeptidases during CHO cultivation (Figure 2.4B).103 We 

then compared the secondary structures of both the yeast- and CHO-secreted products. Far-

ultraviolet circular dichroism spectroscopy showed converging confirmational profiles among 
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both CHO-secreted molecules and the engineered yeast-secreted product. Purified un-engineered 

yeast product showed a different CD profile, likely due to N-terminal extension and heavy chain 

cleavage (Figure 2.4C). These data show that the modified IgG1 sequence can be expressed in 

both K. phaffii and CHO cells with highly similar structures and minimal differences.  
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Figure 2.4. Comparability of engineered mAbs secreted from K. phaffii and CHO. 
Comparison of secreted aglycosylated NISTmAb from both hosts in (A) SDS-PAGE analysis, 
(B) LC-MS, and (C) circular dichroism. 



39 
 

2.3.  Discussion 

In this chapter, we developed a modular approach to express aglycosylated antibodies in 

K. phaffii. By using a dual integration system with our customized vectors, we secreted full-

length trastuzumab, but several apparent product-related variants were evident with the original 

sequence. After characterizing the variants and identifying them as an N-terminal extension and 

heavy chain Fc cleavage, we modified the amino acid sequence for the human IgG1 in two 

places to eliminate most product-related variants after affinity purification with Protein A. These 

sequence changes resulted in higher titers of trastuzumab in flasks, likely due to the reduction of 

variants. These engineering changes also improved the quality of five other aglycosylated 

variants of IgG1’s used as biopharmaceuticals when expressed in K. phaffii, greatly reducing N-

terminal signal peptide extension and Fc cleavage.  

These conservative modifications have prior clinical precedents that reduce their potential 

risks for clinical or commercial use. The modification of the dibasic site motif has been used in 

Vyepti® (eptinezumab). Across IgG subclasses, this motif presents as KK in IgG1, KR in IgG3 

and IgG4, and KT in IgG2.104 The clinical precedent and the intrinsic variability demonstrate 

tolerance for mutations at this motif.  The beneficial addition of a single N-terminal amino acid is 

similar to the intrinsic modification found on recombinant proteins produced by bacteria such as 

E. coli. Due to the absence of a secretory pathway (and thus no secretion signal peptide 

processing) in prokaryotic hosts, an extra N-terminal methionine (which initiates recombinant 

protein translation) is present in the final drug product.105 Myalept® (met-leptin), Neupogen® 

(met-G-CSF), and Protropin® (met-hGH, with second generation product Nutropin®, hGH) are 

among commercial recombinant methionyl pharmaceutical proteins.1 The N-terminal methionine 

from bacteria-produced proteins can be cleaved by peptidases, but residual variants with single 
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amino acid N-terminal extensions have been present in biologic medicines. We have previously 

shown that the identity of this single amino acid can also vary – including methionine – to give 

similar reductions of N-terminal variations resulting from incomplete signal peptide cleavage.100 

With these combined conservative changes, we showed the quality of secreted 

aglycosylated mAb products were highly comparable between yeast and CHO, the industry 

standard. In fact, yeast-secreted NIST mAb did not exhibit any C-terminal lysine clipping, a 

common product-related variant in CHO cultures.106 The engineered, aglycosylated NIST mAb 

showed similar secondary structures as the unmodified NIST mAb expressed by CHO, indicating 

that these minimal sequence changes did not significantly alter the overall protein conformation. 

The K. phaffii-secreted product did exhibit minor O-linked mannosylation. Similar mannosylated 

variants have been reported to be present in clinical-stage drug products, with no significant 

impact to biological activity.107 The impact of O-linked mannosylation differs by molecule, but 

single-mannose addition has been shown to not induce immunogenic reaction,108 as higher 

eukaryotes could have similar modifications.93  Nevertheless, further characterization and 

engineering could be pursued to minimize this post-translational modification common to yeast. 

The feasibility of O-linked glycoengineering has been demonstrated,109 and the homogeneity of 

resulting O-glycome could be advantageous for “biobetter” development.110  

We demonstrated the ability to adapt aglycosylated monoclonal antibodies for high-

quality production in K. phaffii. The comparability between yeast- and CHO-secreted products 

provides additional context to advance alternative hosts for mAb production. A widespread 

transition in commercial manufacturing of mAbs in yeast remains underdeveloped, but the 

characterizations and engineering presented here provide a new framework for advancing rapid 
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development cycles for new biologics and for global expansion of production for low-cost, high-

quality mAbs.  

2.4. Methods 

Yeast vectors and strains 

The custom vector was constructed by synthesis of DNA fragments (IDT) and Gibson 

assembly (New England Biolabs). Genes containing mAb light and heavy chains were codon 

optimized, synthesized (Integrated DNA Technologies), and cloned into the custom vector. 

Modification of the vector, including replacement of signal peptides and addition of mutations to 

the IgG1 sequence were performed using PCR and site-directed mutagenesis (NEB). All yeast 

strains were derived from wild-type Komagataella phaffii (NRRL Y-11430). After initial 

screening of signal peptides, all strains were derived from a modified base strain (AltHost 

Research Consortium Strain S-63 (RCR2_D196E, RVB1_K8E)) described previously.111 K. 

phaffii strains were transformed as described previously.112 

Yeast cultivations 

Strains for initial characterization and titer measurement were grown in 3 mL culture in 

24-well deep well plates (25°C, 600 rpm), and strains for protein purification were grown in 100 

mL culture in 500 mL shake flasks (25°C, 300 rpm). Cells were cultivated in complex media 

(potassium phosphate buffer pH 6.5, 1.34% nitrogen base w/o amino acids, 1% yeast extract, 2% 

peptone).  Cells were inoculated at 0.1 OD600, outgrown for 24 h with 4% glycerol feed, 

pelleted, and resuspended in fresh media with 1% methanol and 40 g/L sorbitol to induce 

recombinant gene expression. Supernatant samples were collected after 24 h of production, 

filtered, and analyzed. 

CHO vectors and strains 
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The heavy and light chain coding sequences for NISTmAb (with or without the described 

mutations) were codon optimized113 for expression in C. griseus and inserted via restriction 

digestion into two otherwise identical expression plasmids that differ only in their metabolic 

selection markers. Each respective pair of expression plasmids was co-transfected into Chinese 

Hamster Ovary host cells, previously described elsewhere.114 Selective pressure was applied 

twenty-four hours post-transfection through a complete media exchange into chemically defined 

medium lacking critical metabolites. Transfectant pools were cultured at 36°C and 5% CO2 and 

resuspended into fresh selection medium every three to seven days until the cell pools returned 

above 90% viability. 

CHO fed-batch material generation 

CHO-derived NISTmAb was produced in a 14-day fed-batch process. Recovered 

transfectant pools were seeded at a target density of 1x106 cells/mL into a proprietary chemically 

defined production medium115 with an initial working volume of 100 mL in a 500 mL flask. Fed-

batch cultures were cultivated under shaking conditions at 5% CO2 and 35°C until day 7, when 

the temperature was lowered to 31°C. Beginning on day two, daily fixed volumes of a 

proprietary chemically defined complex feed were added to sustain the culture duration. On day 

fourteen, cell culture supernatants were harvested by centrifugation and filtration before final 

storage at -70°C. 

Protein purification  

The filtered supernatant samples were diluted, 1:1 with 1x phosphate-buffered saline 

(PBS, pH 7.4) for 3-mL culture or 10:1 with 10x PBS for 100-mL culture, and purified on the 

GE ÄKTA pure system with a 1-mL ProA column (HiTrap Protein A HP, Cytiva). After sample 
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loading, the column was equilibrated with and washed with 1x PBS and eluted with 100mM 

citric acid (pH 2.8). Eluted products were pH adjusted with 1M Tris-HCl (pH 9.0). 

Analytical assays for protein characterization 

Purified protein concentrations were determined by absorbance at A280 nm. SDS-PAGE 

was carried out as described previously.74 Supernatant titers were measured by Protein A biolayer 

interferometry. Specific productivity was defined as relative titer normalized by cell density, 

measured by OD600. Size exclusion chromatography, intact mass spectrometry, and far-

ultraviolet circular dichroism were performed as described previously.52  
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3. APPLYING CRISPR-CAS9 TECHNOLOGY FOR GENOME EDITING IN 
K. PHAFFII 

 

  

Protein sequence modifications, albeit an attractive option for improving 

manufacturability, are not always a viable strategy. Engineering the host cell is thus an 

alternative strategy for improving product quality in a minimally invasive manner, and 

advances in genetic manipulation techniques have significantly increased the speed and 

precision with which this can be achieved. With CRISPR-Cas9 gene editing technology, we 

demonstrate in this chapter its multiple applications, especially multiplexed humanization of 

K. phaffii glycosylation pathway. We also show tunable regulation of cell growth, based on a 

process-friendly native promoter identified with RNA sequencing. 
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3.1. Background and Motivation 

Model microorganisms like E. coli and S. cerevisiae are commonly used for 

manufacturing complex molecules. Recently, interest has risen in the development of non-model 

microorganisms, including bacteria, yeast, and filamentous fungi as hosts for biomanufacturing 

and chemical processing, owing to specialized phenotypes like unique metabolic chemistries or 

high capacity for pathway engineering.116 The lack of broad gene editing tools, however, 

impedes the agile development of new potential hosts for producing high-value molecules.117 K. 

phaffii falls under the category of these less developed, alternative hosts. To date, efforts to 

elucidate and engineer complex phenotypes have required excessive trial and error using slow, 

inefficient methods of genetic disruption. Despite the time- and resource-intensive process, 

genetic engineering of K. phaffii has proven to be a widely utilized strategy for improving the 

quality of secreted proteins. Multiple auxotrophic strains have been developed by knocking out 

genes encoding crucial metabolic function,118 and they have seen utilization in the humanization 

of glycosylation pathway.119 Flippase recombination is also used to recycle auxotrophic or 

antibiotic markers, and protease-deficient strains can be created to reduce unwanted proteolytic 

activity on target recombinant proteins.120 

Homologous recombination, however, is not efficient in K. phaffii – unlike S. cerevisiae, 

in which recombination could be accomplished with only 40 base-pair homology, allowing for 

the construction of genetic perturbation cassettes by simple polymerase chain reaction (PCR) – 

and occurs at a much lower frequency than non-homologous end joining (NHEJ).120 To enhance 

the efficiency of recombination, CRISPR-Cas9 system can be utilized to induce targeted double-

stranded break, putting additional selection pressure on cells to adopt homology-directed DNA 

repair.121 This genome editing system has thus become the technique of choice for both 
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functional genetics and genome engineering in microbial hosts, enabling parallel, targeted 

genomic disruptions without genomic integration of selection markers or additional genome 

scarring.122 In the CHO space, examples include the construction of targeted integration sites for 

heterologous protein expression to reduce drifts in product quality compared to random 

integration and glycosyltransferase knockout screen for increased glycan homogeneity.123 Similar 

systems have been adapted to K. phaffii, but their use cases have largely been limited to simple 

knockouts and fluorescent reporter protein expression.124 More recent literature have reported the 

engineering of metabolic pathways in K. phaffii for secondary metabolite production.125,126 

We demonstrate in this chapter a CRISPR-Cas9 genome editing strategy in K. phaffii and 

the utilization thereof to start addressing product quality issues identified in Chapter 2. More 

specifically, we describe the engineering of K. phaffii native glycosylation pathway through 

multiplexed genome editing. This paves the way to further explore glycosylation humanization in 

Chapter 4 and that of more complex, therapeutically relevant proteins in Chapter 5. We also 

discuss our search for tunable native promoters that can be controlled in a process-friendly 

manner and show the potential of this system to control heterologous pathways. Lastly, CRISPR-

Cas9 technology is employed to upregulate a peptidase to examine its impact on protein 

processing. 

3.2. Results 

3.2.1. Multiplexed editing of K. phaffii glycosylation pathway 

Our lab has developed a simple, highly efficient CRISPR-Cas9 system that, unlike prior 

work, which has relied on RNA polymerase II for the expression of sgRNA,124 uses native RNA 

polymerase III system and the associated tRNA expression. The system can generate knockouts 

of K. phaffii genes with up to 100% efficiency.112 Because several tRNA’s have proven to be 
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equally highly effective in generating knockouts, we theorized that these tRNA-sgRNA cassettes 

could function orthogonally and enable multiplexed genome engineering. The yeast 

glycosylation pathway is a prime candidate for such multiplexed engineering, because it is a 

multi-step pathway that requires as many as 18 different genetic modifications for terminal 

sialylation.54 This was largely achieved via recycling auxotrophic markers, which leaves genome 

scarring that could lead to altered metabolic activity and genome instability. CRISPR-Cas9 

technology circumvents this issue because it does not depend on the genomic integration of 

selection markers for editing and thus leaves no scars.  It has also been reported that the 

expression of these heterologous glycosylation pathway enzymes and the knockouts of native 

mannosyltransferases created growth defects in engineered strains,127 so speed is an additional 

advantage of multiplexed editing.  

We set our engineering target to be the production of GlcNAcMan5 glycan on the 

reporter peptide K3, a highly soluble peptide derived from the Kringle 3 domain of human 

plasminogen with one single highly accessible N-linked glycosylation site. This peptide has also 

been used in previous glycoengineering efforts as the reporter molecule.128 Three heterologous 

enzymes are needed to produce the desired glycan – mannosidase I (from Caenorhabditis 

elegans), UDP-GlcNAc transporter (from Kluyveromyces lactis), and UDP-GlcNAc transferase 

(from Homo sapiens), denoted as MNS1, MNN2 (also known as YEA4), and GNT1, respectively. 

We elected to express these heterologous genes under methanol-inducible promoter PAOX1 to 

minimize the impact of their expression on biomass accumulation. 

We first knocked out K. phaffii native OCH1 and observed slow growth. We then 

constructed an RNA Pol-III cassette to express three sgRNAs for the simultaneous integration of 

MNS1, MNNS2, and GNT1. The feasibility for multiplex gRNA cassettes to be expressed under a 
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single RNA Pol-III has been demonstrated in S. cerevisiae.129 We thus constructed the 

multiplexed plasmid and cotransformed it with linear DNA integration cassettes for the 

heterologous genes into wildtype, Δoch1, and Δku70 cells (Figure 3.1A). KU70 is a conserved 

gene across species responsible for NHEJ, and its knockout has been reported to enhance the 

efficiency of homology-directed repair (HDR).130 We observed that complete multiplexing was 

in achieved in all three strains with efficiency of up to 40%. Among all loci screened, nearly 50% 

of possible edits were successful, with only small frequencies of indels, off-target integrations, or 

mixed colonies (Figure 3.1B). Interestingly, Δku70 genotype did not perform better than 

wildtype in integration efficiency. We thus decided to not move forward with characterizing the 

Δku70 strain because it should not perform any differently from strains with intact KU70.  

We therefore transformed K3 peptide into a wildtype strain, a ∆och1 strain, and the 

glycoengineered strain, cultivated clones in batch culture, and evaluated the glycosylation pattern 

on secreted K3 by intact protein mass spectrometry. The glycoengineered strain produced K3 

with uniform glycosylation, markedly different from the yeast’s native, heterogeneous 

hypermannosylation (Figure 3.1C). Analysis by LC-MS and treatment with PNGase revealed a 

nearly uniform, modified glycan structure (Figure 3.1D). These data show the successful 

engineering of a complex phenotype of interest in a specialized microorganism in only two steps. 

Equivalent modifications with traditional tools would require four transformations, using either 

four orthogonal antibiotic or auxotrophic markers, or through recycling of a subset of these 

markers, which would even more prolong the engineering timeline. 
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Figure 3.1. Multiplexed engineering of K. phaffii glycosylation pathway. 
(A) Schematic for co-transformation of a CRISPR-Cas9 plasmid carrying three single-stranded 
guide RNAs and linear DNA fragments for simultaneous genome editing. (B) Screening of 
multiplexed engineering in both ∆ku70 and wildtype strains. (C) SDS-PAGE analysis of secreted 
K3 peptide in different strain backgrounds. (D) LC-MS analysis of K3 peptide in ∆och1 or 
glycoengineered strain with and without PNGase digestion. Man5 glycan was the predominant 
glycosylation in glycoengineered strain. 
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3.2.2. Identification of K. phaffii native, process-friendly promoters 

Impaired growth rate, a direct result from ∆och1, is an undesirable phenotype for a host 

like P. pastoris, which prides itself on its ability to rapidly accumulate cell weight during 

cultivations.131 To circumvent the detrimental effect of OCH1 knockout, a genetic switch that 

induces OCH1 expression during biomass accumulation phase but represses it during protein 

production phase would be highly advantageous. The most common strategy for tuning gene 

expression is through altering transcript levels, typically achieved by promoter engineering.132 

Unlike in S. cerevisiae, synthetic biology toolkit development in P. pastoris has been slow. This 

is partially because S. cerevisiae is the fungal host of choice for producing chemicals via 

metabolic engineering, a field that has seen dramatic advancement over the past two 

decades.133,134 Genetic elements including promoters, terminators, and riboswitches are 

developed, characterized, and utilized to optimize metabolic flux for the production of desired 

products, while genome engineering tools such as CRISPR-Cas9 have been widely employed to 

facilitate this process.135–139 In comparison, P. pastoris has been used mainly for protein 

production, and its synthetic biology toolbox, as a result, is largely limited to and tailored for this 

purpose only.140,141  

As a methylotrophic host, P. pastoris is capable of oxidizing methanol for energy 

production and cell growth.140 AOX1 gene in P. pastoris codes for alcohol oxidase I, which 

catalyzes the first step of methanol metabolism. Its gene expression is repressed in glucose or 

glycerol media and strongly induced in methanol media. For this reason, the tightly regulated 

PAOX1 has gained wide popularity for recombinant protein production.142 A library of PAOX1 

variants of different strengths has been generated for fine-tuning gene expression to improve 

yield and quality of heterologous proteins.143 Other methanol inducible promoters, including 
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dihydroxyacetone synthase II promoter (PDAS2) and formaldehyde dehydrogenase I promoter 

(PFLD1), are also used in heterologous protein production.144 Because of the safety concerns with 

methanol flammability in large-scale fermentation, novel promoters and promoter systems have 

been developed, either using other inducing chemicals such as ethanol or through transcriptional 

factor engineering.145–148 These native carbon source dependent promoters are favorable because 

they allow for the separation of biomass accumulation from protein production and because they 

utilize the native regulation mechanisms, which have evolved to support high cell viability.149  

Inducible promoters such as PAOX1 are suitable for protein production, but successful 

OCH1 control requires an opposite regulation scheme. To date, only a handful of repressible 

promoters are characterized in P. pastoris. Delic et al. reported five repressible promoters in P. 

pastoris and used PTHI11, a promoter in thiamine metabolism and the promoter with the largest 

dynamic range out of the five characterized, to achieve a ten-fold repression with the addition of 

thiamine into the culture media.150 This promoter was later used for dynamic control of native 

ergosterol biosynthesis for secondary metabolite production, demonstrating a practical 

application of conditional promoters in P. pastoris.151  

The native conditional promoter discovery in P. pastoris is typically achieved either 

through the understanding of native metabolism or through gene homology to another organism, 

in this case usually S. cerevisiae.145,150,152 Even with high-throughput methods such as DNA 

microarray, as reported in more recent publications, the number of conditional promoters is still 

limited.140,150,153 With the decreasing cost of high-throughput sequencing, RNA-sequencing, or 

RNA-Seq, has become the preferred method to characterize the host transcriptome. Compared to 

other methods such as DNA microarray, RNA-Seq has higher sensitivity and larger dynamic 
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range.154 This technology has been used in P. pastoris to define the transcriptomic landscapes in 

common media conditions.83,155  

Our group had previously collected RNA-Seq transcriptomic data of wild-type P. pastoris 

in more than 40 different media conditions by using different carbon sources and doping various 

additives in glycerol media. The selected additives were largely limited to sugars and common 

vitamins to keep discovered promoters process-friendly and not significantly raise the cost of 

media. Glycerol was chosen to be the basis of comparison to other carbon sources and additives, 

because it has high utilization rate and biomass yield, making it particularly useful for culture 

outgrowth.140 Differential expression analyses were carried out on this dataset to identify 

promoter candidates for further characterization (Figure 3.2A). Through this process, we were 

able to identify promoters whose downstream genes show significantly up or down regulation in 

different media conditions compared to glycerol media. 

We elected to study one particular promoter PINO1 for its potential in regulating gene 

expression. This promoter was selected because the INO1 gene showed an over 30-fold down-

regulation in glycerol media containing inositol, the strongest down-regulation observed in all 

media conditions with additives. With CRISPR/Cas9, we replaced the promoter for GUT1, 

encoding glycerol kinase, which catalyzes the first step of glycerol metabolism,156 with PINO1 in a 

K. phaffii ∆ku70 strain. We theorized that its repression would significantly reduce the cell 

growth rate on glycerol. By plating serial dilutions of ∆ku70 strains, both unedited and 

∆PGUT1::PINO1, on minimal glycerol agar plates, we observed decreasing growth rate of 

∆PGUT1::PINO1 strain with increasing inositol concentration, while the presence of inositol had no 

noticeable effect on the unedited strain. Full repression of GUT1 expression was achieved at 0.5 

mM inositol concentration (Figure 3.2B). 
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Motivated by the successful repression of GUT1 by PINO1, we attempted to demonstrate 

glycosylation control with the same promoter. We replaced the promoter region for OCH1 with 

PINO1, and plated serial dilution of this strain on minimal glycerol agar plates with different 

inositol concentration. We, however, were not able to see any significant change in growth after 

incubating the plates at 30°C for multiple days. A closer look at the expression level of GUT1, 

INO1, and OCH1 in wild-type K. phaffii in glycerol media with and without inositol revealed the 

cause of the lack of response to inositol. The level of GUT1 transcripts is on the same order of 

magnitude as that of INO1 transcripts when INO1 expression is induced, while OCH1 is 

expressed at a much lower level on par with INO1 expression level when INO1 is repressed 

(Figure 3.2C). Thus, even when OCH1 expression in the ∆POCH1::PINO1 strain is fully repressed, 

its expression level is still comparable to that in wild-type, resulting the absence of significant 

change in growth on agar plates supplemented with inositol. 

A possible solution remains to be explored – engineering the Kozak sequence of PINO1. A 

Kozak sequence is the stretch of DNA nucleotides that extends approximately from position -6 to 

+6, where position +1 is the start of gene coding sequence. In S. cerevisiae, varying Kozak 

sequence has been shown to change translational efficiency.157 Our lab has demonstrated a more 

than ten-fold change in yeast enhanced green fluorescent protein (yEGFP) expression via varying 

the promoter Kozak sequence.158 Varying Kozak sequence is unlikely to affect the regulatory 

elements of the INO1 promoter, because Kozak sequence is only the few base pairs around the 

start codon, while regulatory elements are usually further upstream. 
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Figure 3.2. Control of cell growth on minimal glycerol media with native tunable promoter. 
(A) Process schematic for the identification of native differentially regulated genes in different 
media conditions. (B) Suppression of cell growth on minimal glycerol media with inositol by 
replacing native GUT1 promoter with PINO1. Full suppression is achieved at 0.5 mM inositol 
concentration. (C) Expression levels of several genes of interest, including GUT1, OCH1, and 
INO1. PINO1 is a good candidate for regulating GUT1 expression, but a poor one for OCH1 
regulation. 
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3.2.3. Upregulation of a peptidase for protein processing 

In Chapter 2.2.1, we discussed the issue of N-terminal extension from the deletion of 

Glu-Ala-Glu-Ala (EAEA) sequence found at the end of the native αSP. In our dual expression 

system for aglycosylated mAbs, we used a hybrid secretion signal comprising pre-OST1 and pro-

αSP (without this EAEA motif). The Golgi-resident dipeptidyl aminopeptidase STE13 is 

responsible for the removal of this sequence,85 but the efficiency of cleavage varies by molecule 

(leading to N-terminal variations on the recombinant protein).51,86 Although we were able to 

demonstrate N-terminal glutamate addition could significantly improve signal peptide 

processing, an alternative strategy could be upregulation of STE13, which, in theory, improves 

the processing of EAEA at the C-terminus of αSP. 

We constructed three different STE13 expression cassettes with methanol-inducible 

promoters, upstream of genes GQ67_02654, GQ67_03437, and DAS2. We chose these promoters 

based on their native gene expression in media with glycerol versus methanol as the sole carbon 

source (Figure A3.1). All three promoters have similar basal gene expression in glycerol media 

but different induced expression in methanol media. We then used CRISPR-Cas9 system to 

integrate these cassettes into the K. phaffii genome as an extra copy of STE13 to minimize any 

phenotypic disruption during biomass accumulation phase in glycerol. For molecular 

demonstration, we chose three different molecules: (1) bovine serum albumin (BSA), (2) a 

SARS-CoV2 receptor binding domain (RBD) variant, and (3) the same SARS-CoV2 RBD 

variant with a SpyTag159 at its N-terminal. These proteins were chosen because we have 

previously seen the quality difference before and after appending EAEA at the N-termini (BSA, 

internal unpublished data, and RBD100); on the other hand, because of the flexibility of SpyTag, 

the EAEA sequence on αSP was properly processed by STE13.100 However, when we 
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transformed these recombinant proteins with and without EAEA addition at the N-termini, we 

did not observe any secretion of recombinant proteins by SDS-PAGE, despite strong secretion of 

these proteins in unmodified strains. We hence hypothesize that the overexpression of STE13 

negatively impacts protein secretion, possibly due to the disruption in late endosome trafficking, 

but the exact molecular mechanism remains to be studied. 

3.3. Discussion 

In this chapter, we reported the application of a simplified, multiplexed method for 

expression of sgRNAs in K. phaffii. The rapid engineering of glycosylation pathway can also be 

applied to a broad range of applications, including introduction of mammalian chaperones to 

enhance folding of complex molecules, generation of protease-deficient strains to improve yields 

of full-length product,23 reduction and redirection of vacuolar and endoplasmic reticulum-

associated protein degradation pathways,160 enhancement of lipid synthesis and vesicular 

machinery,161,162 and introduction of novel metabolic pathways.163 It is worth noting that since 

we achieved the integration of three heterologous glycosylation genes, MNS1, MNN2, and GNT1, 

the expected predominant glycan structure on the secreted K3 peptide should be GlcNAcMan5, 

but we were only able to achieve Man5 glycosylation, and a significant amount of high-mannose 

structure persists on the secreted peptide. One possible reason is due to the induced co-

expression of this humanized pathway and recombinant protein. As a result, there is no pre-

existing machineries in place to properly glycosylate K3 peptide once its expression is induced 

by methanol. Chapter 4 will explore the constitutive expression of the heterologous glycosylation 

pathway for the homogeneous glycosylation of K3. 

We also applied the CRISPR-Cas9 technology to two different engineering targets. First, 

RNA sequencing helped guide the identification of differentially expressed genes under process 
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friendly and economically viable control strategies. We achieved inositol-controlled growth rate 

modulation with a such promoter, and this promoter can be further engineered (through Kozak 

sequence mutations, for example) to regulate a wide range of gene expression. Second, we aimed 

to target a peptidase of interest for upregulation to examine its impact on protein processing, in 

hopes that some of the protein quality improvements achieved in Chapter 2 (via sequence 

engineering) can be attained by genetic engineering. The upregulation of this peptidase STE13, 

however, hindered protein expression. To our knowledge, the upregulation of STE13 is poorly 

studied – the only phenotypic response being from a large-scale survey in S. cerevisiae, where it 

slows down vegetative growth164 – and its impact on secretion even less so. This highlights the 

need for better mechanistic understanding of protein secretion in this alternative host and how it 

interacts with other cellular systems, possibly by adopting similar genome-wide gene 

perturbation survey coupled with high-throughput readout for protein secretion titer and quality.  

3.4. Methods 

CRISPR Plasmid construction 

 Guide RNAs targeting specific genome loci were designed using the ATUM gRNA 

Designer tool (www.atum.bio). 60-bp single stranded DNA fragments were synthesized 

(Azenta), containing 20-bp gRNA sequence and 20-bp homology on either side, and cloned into 

a Cas9-expressing plasmid via NEB Hifi Assembly. The propagation of plasmids was carried out 

in DH5α E. coli cells (NEB).  

Gene knockout  

 Competent cells were prepared as described elsewhere165 and transformed with 250 ng of 

circular plasmid DNA. Cells were allowed to recover in 1:1 YPD:1M sorbitol (Sigma-Aldrich) 

for 3h at 30°C without shaking before plating on YPD agar (BD Difco) plates supplemented with 

http://www.atum.bio/
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200 μg/mL G418 Geneticin (Thermo Fisher Scientific). Plates were incubated for 2 days at 30°C 

before colonies were picked at random for genomic DNA extraction. DNA was extracted as 

previously described166 and purified using the MagJET gDNA Kit (Thermo Fisher Scientific). 

The knockout locus of interest was then PCR amplified and Sanger sequenced (Azenta or 

Quintara Biosciences) to confirm successful knockout. 

Multiplexed engineering 

 Glycosylation genes MNS1, MNN2, and GNT1 were targeted to intragenic regions of the 

genome adjacent to genes GQ67_04576, PFK1, and ROX1, respectively using 500 bp flanking 

sequences for homologous recombination. Genes were codon optimized for K. phaffii (Pichia 

pastoris), synthesized (IDT), and subcloned for storage. All genes were placed between the K. 

phaffii AOX1 promoter, and the S. cerevisiae CYC1 terminator. Linear inserts were amplified 

using PCR and column purified. The multiplexed guide RNA cassette was synthesized in three 

sections separated by tRNA to avoid self-homology of the structural component of sgRNAs. 

Fragments were assembled into a multiplexed RNA Pol-III cassette using Golden Gate assembly 

(NEB). The multiplexed RNA Pol-III cassette was then cloned into the previously constructed 

Cas9 expression vector using Gibson assembly. 

Wild type, Δoch1, and Δku70 cells were transformed in duplicate with a mixture of 250 

ng of plasmid pND413 and 2.5 μg of each linear insert encoding each glycosylation gene. 

Sixteen colonies were randomly selected for genomic DNA extraction. All three targeted loci 

were amplified from each genomic DNA sample and Sanger sequencing was performed to 

confirm integration of linear inserts at the correct loci. Off-target integrations were identified by 

amplification using heterologous gene specific primers in samples with an otherwise unedited 

target locus.  
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K3 glycan profile characterization 

 Wild type, Δoch1, and glycoengineered cells were transformed165 with a vector for 

multicopy expression of human K3 plasminogen peptide. Strains were grown in 24-well deep 

well plates (25°C, 600 rpm) using glycerol-containing media (BMGY-Buffered Glycerol 

Complex Medium, Teknova) supplemented to 4% (v/v) glycerol. After 24h of biomass 

accumulation, cells were pelleted and resuspended in BMMY (Buffered Methanol Complex 

Medium, Teknova) containing 3% (v/v) methanol. After 24 hours of production, supernatant was 

harvested for analysis by 16% Tricine SDS-PAGE (Thermo Fisher Scientific). K3 peptide was 

purified using HisTrap columns (GE), deglycosylated with PNGase F (NEB), and glycosylation 

verified by LCMS (Agilent QTOF-6530). 

Media screening and transcriptome analysis 

 A rich-defined media167 was used as the base media for screening carbon source or 

additives. Table B3.1 details the list of carbon source and additives. 

 Cells were inoculated at 0.1 OD600 at 3 mL plate scale and harvested after 18 h of 

biomass accumulation in the described rich-defined media. RNA was extracted and purified 

according to the Qiagen RNeasy 96 kit. RNA quality was analyzed on an Agilent BioAnalyzer to 

ensure RNA Quality Number >6.5. RNA was reverse transcribed with Superscript III 

(ThermoFisher) and amplified with KAPA HiFi HotStart ReadyMix (Roche). RNA libraries were 

prepared using the Nextera XT DNA Library Preparation Kit with the Illumina DNA/RNA UD 

Indexes Set A. sequenced on an Illumina Nextseq to generate paired reads of 50 (read 1) and 50 

bp (read 2). Sequenced mRNA transcripts were demultiplexed using sample barcodes, aligned to 

the wildtype Komagataella phaffii genome (strain Y11430) and exogenous transgenes, and 
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quantified using Salmon version 1.6.0.168 Gene level summaries were prepared using tximport 

version 1.24.0169 running under R version 4.2.1. 

Inositol-repressible promoter functional test 

 Cells were grown overnight in YPD at 30°C and diluted with sterile water (Invitrogen) to 

0.6 OD600 the following day. The diluted liquid culture was then serial-diluted 10, 102, 103, 104, 

and 105 times with sterile water. 5 μL of the original dilution and each serial dilution 

(corresponding to approximately 105, 104, 103, 102, 101, and 1 cell(s)) were stamped onto minimal 

glycerol media (6.7 g/L BD Yeast Nitrogen Base w/o Amino Acids, 10 mg/L L-histidine, 20 

mg/L L-methionine, 20 mg/L L-tryptophan, 10 mL/L glycerol) plates with 0, 0.2, 0.5, or 1 mM 

inositol without selection. Plates were incubated for at least 2 days at 30°C before examination. 
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4. ENGINEERING G0 PATHWAY FOR HOMOGENEOUS GLYCOSYLATION 
ON K3 PEPTIDE 

 

  

Glycosylation is a common post-translational modification and is vital for the safety 

and efficacy of many therapeutic proteins. Although K. phaffii has dedicated machineries for 

performing glycosylation, its native high-mannose structures can negatively impact 

recombinant protein folding and stability and raise immunogenicity concerns. In the previous 

chapter, we demonstrated the feasibility of using CRISPR-Cas9 to humanize the yeast 

glycosylation pathway in a multiplexed fashion, but additional engineering is needed to 

increase glycan profile homogeneity. In this chapter, we demonstrate constructing a 

constitutively expressed heterologous glycosylation pathway in K. phaffii. We achieved 

homogeneous G0 glycosylation on a reporter peptide by using a spontaneously occurring 

enzyme mutant or tuning down the pathway expression to a host-appropriate level. Informed 

by RNA sequencing, we further show that growth defects from glycoengineering can be 

partially rescued by gene knockouts in the MAPK cascade.  
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4.1.  Background and Motivation 

The recombinant biopharmaceutical market is currently comprised of over 300 products.1 

Although new kinds of therapeutics such as nucleic acid-based products have made their entry, 

the market is still dominated by recombinant proteins, many of which require glycosylation for 

their folding, stability, and efficacy.79,170 Mammalian cells such as Chinese Hamster Ovarian 

(CHO) cells are typically the preferred platform for the expression of monoclonal antibodies and 

other glycoproteins, because their glycosylation machinery can produce human-like glycan 

profiles, ensuring the safety and efficacy of these protein therapeutics. Nevertheless, high 

production costs, the requirement for complex media, and risk of viral contamination in 

mammalian expression systems have spurred the interest in utilizing alternative expression hosts 

such as yeasts.10,15  

Unlike CHO cells, which produce human-like glycans, yeasts produce high-mannose 

glycan structures that can lead to target molecule’s fast clearance and poor efficacy.171 Thus, the 

emergence of glycoengineered Komagataella phaffii is promising for the possibility of using this 

fast-growing methylotrophic yeast for pharmaceutical glycoprotein production. Humanization of 

the K. phaffii glycosylation machinery involves the inactivation of the native glycosylation 

pathway and the integration of heterologous glycosylation genes.172 The selection of these 

heterologous genes has notably come from screening combinatorial libraries of subcellular 

localization sequences and catalytic domains, often driven by strong constitutive promoters like 

GAPDH promoter to maximize their effectiveness.128 However, glycoengineered strains suffer 

fitness defects, including slower growth,127 decreased stationary phase cell density,173 and 

increased propensity for lysis.174 Nevertheless, the cellular effect of glycoengineering, to the best 

of our knowledge, remains poorly characterized on a molecular level.  
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In this chapter, we describe the reconstruction of humanized glycosylation pathway to 

GlcNAc2Man3 (G0) glycan structure. We discovered a previously unreported synthetic lethality 

– the overexpression of C. elegans α-1,2-mannosidase I MNS1 is incompatible with the deletion 

of native α-1,6-mannosyltransferase OCH1. We demonstrate that viable glycoengineering can be 

achieved via utilizing a spontaneous mutant of MNS1 or expressing the wild-type MNS1 with a 

less active promoter and that other glycosidases and glycosyltransferases in the humanized 

glycosylation pathway can be driven by weaker, native biology-informed promoters without 

compromising glycan homogeneity. Through RNA sequencing, we further show that the 

decreased growth rate stems from less active metabolism and upregulated MAPK cascade. Gene 

knockouts in the yeast MAPK cascade could partially rescue the growth defects phenotype.  

4.2.  Results 

4.2.1. Discovery of a synthetic lethality during pathway humanization 

Previous G0 glycoengineering strategies used combinatorial libraries to screen fusion 

constructs of different cytosolic, transmembrane, and stem (CTS) domains and catalytic domains 

for highly effective glycosidases and glycosyltransferases. Most of these fusion protein 

sequences were constructed using the cDNA libraries of the host organisms, and often expressed 

under the control of strong constitutive or methanol-inducible promoters such as GAPDH and 

AOX1 promoters.128 As different organisms have different codon usage preference, the native 

sequences of glycosylation enzymes from higher eukaryotic organisms (including Homo sapiens, 

Rattus norvegicus, and more) could contain codons rarely used in K. phaffii. Codon optimization 

and gene synthesis technologies have seen vast improvement in recent years and can improve 

recombinant protein and heterologous pathway expression.175 Furthermore, existing engineering 

approaches often depend on the repeated recycling of multiple auxotrophic or antibiotic 
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markers,59 which leaves genomic scars and potentially alters cellular amino acid metabolism. To 

circumvent this problem, the CRISPR-Cas9 system has been adapted and optimized for K. 

phaffii, allowing for fast and markerless genome editing.112,124  

Unlike previous glycoengineering strategies, which started with the knock-out of the 

native alpha-1,6-mannosyltransferase OCH1 (the gene responsible for the initiation of outer 

chain hypermannosylation), we decided to leave the knock-out as the last step of engineering 

efforts. Through our previous experience with working with Δoch1 cells, strains with this 

genotype have significantly reduced growth rate, which slows down the sequential genome 

editing required for glycosylation pathway humanization.112 The first step in our 

glycoengineering strategy involves the cleavage of K. phaffii native Man8 to Man5 glycan 

structure via a heterologous α-1,2-mannosidase. The fusion protein consisting of S. cerevisiae 

MNS1 localization sequence and C. elegans mans-1 catalytic domain has been reported to be 

among the best performing fusion constructs and was thus selected to initiate the humanized 

pathway.128 We codon-optimized the mannosidase fusion construct and a subsequent K. lactis 

uridine diphosphate (UDP)-GlcNAc transporter YEA4 for expression in K. phaffii and integrated 

these two genes under the control of strong constitutive promoters PGAPDH and PTEF1, 

respectively, using a previously reported CRISPR-Cas9 system.112 The subsequent attempt at 

GNT1 integration yielded no successful transformant with either promoter. We assayed the 

transcriptome of wild type K. phaffii in common laboratory conditions, and RNA sequencing 

showed that genes like GAPDH and TEF1 are natively expressed at tens to hundreds of folds 

stronger than native glycosylation genes (Figure 4.1A). We thus theorized that the 

overexpression of GNT1 under the control of PGAPDH or PTEF1 was growth inhibiting and 

switched the promoter for GNT1 expression to either ENO1 promoter or MNN4 promoter. The 
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native expression of ENO1 is comparable to that of GAPDH and TEF1, so PENO1 serves as 

another test case for strong constitutive expression of the heterologous glycosylation genes. 

MNN4 is a native putative regulator of phosphomannosylation of N-linked glycans,176 so using 

its promoter to drive GNT1 expression could allow us to mimic native glycosylation pathway 

expression. We were able to obtain successful GNT1 integrants with both PMNN4 and, 

surprisingly, PENO1. This could be due to the differential expression of native ENO1 upon 

glycoengineering, which changes the strength of the promoter compared to that in a wildtype 

background.  

Following the integration of MNS1, YEA4, and GNT1, we decided to benchmark the 

generated glycoengineered strains using the K3 peptide. We transformed K3 into the 

glycoengineered strains and targeted OCH1 for knockout. OCH1 knockout was achieved through 

replacing its open reading frame with that of blasticidin-S deaminase, which confers Δoch1 cells 

resistance to blasticidin. We then evaluated the glycan profile of K3 peptide secreted from 

blasticidin-resistant transformants with mass spectrometry. However, we were unable to detect 

the presence of GlcNAcMan5 glycan. Since the glycan profile was mainly consisted of high 

mannose Man8 to Man11 structures (Figure A4.1), we suspected that the heterologous Mns1p, 

responsible for cleaving Man8 to Man5, lost its enzymatic activity. By sequencing the integrated 

MNS1 construct of the cultured clones, we discovered that there were spontaneous mutations in 

its coding sequence. After confirming that no MNS1 mutations existed in the parent strains (with 

intact OCH1), we repeated the OCH1 knockout in glycoengineered strains expressing all three 

heterologous genes (with GNT1 controlled by either PENO1 or PMNN4), both with and without K3 

integration. In total, we sequenced the MNS1 integration of 82 clones and discovered mutations 

at 23 unique amino acid residues (Figure A4.2). The spontaneous occurrence of unlinked 
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mutations in the MNS1 coding sequence could mean the incompatibility between OCH1 

knockout and overexpression of MNS1 with PGAPDH. It is possible that its knockout, when 

combined with the integration and overexpression of codon-optimized α-1,2-mannosidase MNS1, 

alters the glycosylation landscape of native glycoproteins, which include structurally integral cell 

wall mannoproteins, to a lethal extent, and only cells that had rendered MNS1 inactive through 

spontaneous mutations could survive. 

Because this incompatibility, to the best of our knowledge, has never been reported 

before, we investigated if further humanization, namely integration of MNS2 and GNT2 for G0 

glycosylation, could resolve the incompatibility. We followed the same engineering strategy as 

we did with GNT1 and constructed two lineages of OCH1-intact glycoengineered strains, with 

GNT1, MNS2, and GNT2 expressed under PENO1 or PMNN4, in addition to the already integrated 

PGAPDH-MNS1 and PTEF1-YEA4. We attempted OCH1 knockout in these strains and assessed the 

MNS1 coding sequence. Unfortunately, unlinked mutations were still detected in all successful 

knockout transformants. Combining all OCH1 knockouts across different glycoengineered 

strains, we screened a total of 158 colonies, 121 of which were frameshift mutations, and the 

remaining 37 were amino acid substitutions. These mutations occurred throughout MNS1 ORF at 

47 unique amino acid residues (Figure 4.1B) and showed that further glycoengineering till G0 

glycan did not resolve the synthetic lethality between MNS1 and Δoch1.   
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Figure 4.1. Resolution of a synthetic lethality during glycosylation pathway construction. 
(A) Expression levels of select representative native gene sets. Note that K. phaffii native protein 
glycosylation pathway genes (with some highlighted in green) are expressed at much lower 
levels than those of commonly used promoters (highlighted in red) for heterologous gene 
expression. (B) Spontaneous mutations in the MNS1 open reading frame after OCH1 knockout. 
(C) Logo plot of amino acid residues surrounding M260 across different organisms. (D) Mass 
spectrum of K3 peptide secreted from a GlcNAcMan5-glycoengineered strain. (E) Mass 
spectrum of K3 peptide secreted from a G0-glycoengineered strain. 
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4.2.2. Identification of a spontaneous MNS1 mutant 

We examined the mutation sites within MNS1 more closely. Through the sequence 

homology between the C. elegans mans-1 and its homologs in other eukaryotic organisms, we 

identified in the fusion protein construct E373 and T484 as the proton donor active site and 

calcium ion cofactor binding site, respectively. Frameshift mutations result in a completely 

different translation from the original, abolishing the enzymatic function, so the frameshift 

mutants were not investigated further. Most point mutations are substitutions of hydrophobic 

residues to charged residues, or vice versa, in conversed regions across species. However, we 

identified one mutant with methionine residue at position 260 mutated to isoleucine that could be 

of interest for further study. By comparing mannosidase homologs across different eukaryotic 

organisms, including C. elegans, Drosophila melanogaster, Homo sapiens, Penicillium citrinum, 

Mus musculus, and more, we found that the methionine residue is not highly conserved across 

species, and leucine is the most frequent amino acid, followed by arginine and glycine (Figure 

4.1C). Given the structural similarity between leucine and isoleucine, we decided to investigate 

this MNS1 M260I mutant further because it could potentially retain its enzymatic activity. 

The MNS1 M260I mutant was identified in the Δoch1 glycoengineered strain expressing 

YEA4 and GNT1 under the control of PTEF1 and PMNN4, respectively. We cultivated this mutant 

clone in a batch culture, purified the secreted 6His-tagged K3 peptide using affinity-based 

chromatography, and analyzed its glycan profile via intact protein LC-MS (Figure 4.1D). This 

glycoengineered strain with mutated MNS1 produced predominantly GlcNAcMan5 glycan, with 

some high-mannose glycan structures ranging from Man7 to Man11. The presence of high 

mannose glycans indicated insufficient cleavage of mannoses by Mns1p, and this decreased 

enzymatic activity could explain why the M260I mutant was able to survive even when 



69 
 

expressed under the control of strong constitutive PGAPDH. To test if this spontaneously occurring 

mutant would enable G0 glycoengineering, we reverted the defective MNS1 in previously 

constructed Δoch1 G0 strains and re-integrated mutant MNS1 under the control of PGAPDH. Post-

transformation confirmation of MNS1 mutant did not show any new mutations, and the glycan 

profile of its secreted K3 peptide was predominantly G0 (Figure 4.1E).  

4.2.3. Generation of viable G0 strains with attenuated MNS1 expression 

Seeing that mutant MNS1 enabled G0 glycoengineering, likely because of its reduced 

enzymatic activity, we investigated whether viable transformants could be obtained by 

expressing wildtype MNS1 with weaker promoters. Less active promoters can allow for similar 

level of overall mannosidase activity, but they could have the advantage of using less cellular 

resources. To test if less active promoters can support the expression of wildtype MNS1 without 

inducing cytotoxicity, we built wildtype MNS1 constructs expressed under the control of 

additional seven promoters, selected based on their native gene expression – PENO1, PPPA2, PCDA2, 

PMNN4, PMNN10, PBCK1, and P1500 (Figure 4.2A). These constructs were then integrated into Δoch1 

G0-glycoengineered strains without MNS1, whose original integration was reverted after 

detecting mutations in the ORF. Table B4.1 shows successful integration of all attempted MNS1 

integration. Wildtype MNS1 expressed under strong ENO1 promoter cannot be integrated into 

either G0 strain, consistent with our previous experience with the synthetic lethality between 

Δoch1 and strong constitutive expression of MNS1. G0 strain with GNT1, MNS2, and GNT2 

under the control of PMNN4 can tolerate a higher expression level of wildtype MNS1, indicating a 

possible inverse connection between highest tolerable MNS1 expression and cellular stress from 

heterologous pathway overexpression. Surprisingly, PMNN4 and PMNN10, two promoters from the 

K. phaffii native glycosylation pathway, did not generate viable transformants when used to 
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express MNS1, especially in the G0 strain with high pathway expression. One possible 

explanation is that the native glycosylation pathway could be upregulated in the glycoengineered 

strains, so the expression level of MNS1 was in fact higher than what we had expected based on 

MNN4 and MNN10 gene expression in wildtype K. phaffii strain. We then cultivated the G0 

strains with successful MNS1 integration and assayed the glycan profile of their secreted K3 

peptide. All viable MNS1 constructs were able to generate homogeneous G0 glycan, and the 

presence of high-mannose structures was reduced in most G0 strains with wildtype MNS1 

compared to with mutant MNS1, despite that a strong constitutive PGAPDH was used to drive the 

expression of the mutant (Figure 4.2B). This further confirms that M260I mutation reduces the 

enzymatic activity of MNS1, and that this reduction in activity can be achieved via using less 

active promoters with wildtype sequence. 
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Figure 4.2. Attenuating MNS1 expression enables G0 glycoengineering. 
(A) Activity of promoters for wildtype MNS1 expression. (B) Glycan profiles based on intact 
protein LC-MS of secreted K3 peptide from different G0 strains. (C) Growth rates of different 
G0 strains, compared to wildtype and “partially glycoengineered” strains. Wildtype growth rate 
is significantly different from all other strains (p < 0.0001, one-way ANOVA). Red brackets: 
growth comparisons among PENO1-GNT1/MNS2/GNT2 strains. Green brackets: growth 
comparisons among PMNN4-GNT1/MNS2/GNT2 strains. * p < 0.05, ** p < 0.005, *** p < 
0.0005, **** p < 0.0001, one way ANOVA. 
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4.2.4. Further characterization of G0 glycoengineered strains 

Because glycoengineered strains have been reported to exhibit growth defects,127 we 

examined the growth rate of our strains and compared them to wildtype K. phaffii strain. We 

included G0 strains of both PENO1 and PMNN4 engineering lineages and their parent strains (with 

the original MNS1 integration reverted). At room temperature, the growth rate of 

glycoengineered strains is less than half of wildtype growth rate, with the slowest growing 

glycoengineered strain at approximately 30% of wildtype (Figure 4.2C). Because we saw the 

incompatibility between Δoch1 and highly expressed MNS1, we compared G0 strains before and 

after MNS1 re-integration. Compared to their respective parent strains, six of nine strains showed 

significant growth rate decrease upon MNS1 knock-in, but there is no apparent correlation 

between growth rate and MNS1 promoter strength. Furthermore, comparing strains with the same 

MNS1 constructs but differentially expressed GNT1, MNS2, and GNT2 (using either PENO1 or 

PMNN4), we did not observe any significant difference in their growth rate. To better understand 

the major engineering changes that impact growth, we performed additional growth rate assays 

(Figure A4.3). We observed that the integration of heterologous pathway genes resulted in more 

than 40% decrease in growth rate in wildtype K. phaffii. In Δoch1 strain, however, pathway 

integration had no negative impact on growth, and G0-engineered strains had higher growth rates 

than Δoch1 strain. This partial recovery of growth defects is contrary to previous reports of 

serious cellular burden upon MNS2 and GNT2 integration127 and likely stems from using 

attenuated expression cassettes for the heterologous pathway. We also examined K3 peptide 

secretion from select glycoengineered strains – different MNS1 constructs or expression levels of 

other heterologous pathway enzymes did not seem to greatly impact K3 peptide secretion (Figure 

A4.4).  
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We then characterized the cell walls of these glycoengineered strains against wildtype 

strain. First, different sugar moieties on glycoproteins would interact differently with Alcian 

blue, a polyvalent cationic dye that binds to negative charges, such as those from 

phosphomannoses, at the cell wall.176 We thus compared the Alcian blue staining of different 

strains and observed that wildtype strain had intense staining, because of the phosphomannoses 

present on the mannan chain of cell-surface proteins (Figure 4.3A). The knockout of OCH1 

inhibits outer chain extension, where most of the phosphomannoses reside, and significantly 

decreases Alcian blue staining. Integration of MNS1 cleaves down mannose sugars, further 

precluding phosphomannose addition and decreasing staining. However, after the subsequent 

introduction of GNT1, MNS2, and GNT2, the resulting glycoengineered strain showed 

significantly more Alcian blue staining compared to both ∆och1 and MNS1-integrated strains. 

This was unexpected because Alcian blue should not have high binding affinity to the terminal 

GlcNAc on G0 glycan due to its neutral charge. One possible explanation is that although the 

secreted K3 peptide did not exhibit any phosphomannosylation on its glycan profile, some 

degree of phosphates could still be present on the cell-surface proteins. The integration of a 

complete G0-humanized glycosylation pathway could have triggered the upregulation of native 

phosphomannosylation pathway, leading to increased negative charge on the cell surface and 

increased Alcian blue staining. The glycan profile of the cell surface proteins thus remains to be 

further studied to directly confirm this hypothesis. 

The resistance of different strains to Congo red and Calcofluor white was also examined. 

These two chemicals interfere with the construction and stress response of fungal cell wall, and 

their susceptibility can thus serve as good representation of cell wall integrity.177 We notably 

observed that ∆och1 and MNS1 integration greatly decreased the wildtype strain’s tolerance 
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against Calcofluor white, but the integration of additional genes to G0 helped partially restore 

this phenotype (Figure 4.3B). This observation could serve as one piece of evidence for the 

upregulation of phosphomannosylation pathway upon further engineering of the K. phaffii native 

glycosylation pathway, since the decoration of additional phosphomannose moieties on cell-wall 

proteins should confer the cells increased resistance to Calcofluor white. Congo red 

susceptibility assay showed similar results, ∆och1 and MNS1 integrated strains showed zero 

growth, while G0-glycoengineered strains showed minimal growth.  
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Figure 4.3. Cell wall characterization of glycoengineered strains. 
(A) Alcian blue binds to negative charges on the cell wall (such as mannosylphosphates), 
resulting in the blue coloring of OCH1-intact strains. Surprisingly, increased staining is also 
observed in strains expressing GlcNAc transferases. (B) Cell wall integrity assay of the same 
strains by either Calcofluor white (with Evans blue) or Congo red. 
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4.2.5. Transcriptomic analyses of G0 glycoengineered strains 

To better understand the impact of glycoengineering, we collected the transcriptomes of 

several G0-glycoengineered strains and compared them to those of partially glycoengineered 

strains (with all genome edits required for G0 except for MNS1 integration) and of wildtype K. 

phaffii. By principal component analysis, we see that the first component, which accounts for 

51% of the variance in the data, separates glycoengineered and wildtype K. phaffii strains (Figure 

A4.5). It also worth noting that although we have observed cellular toxicity from the 

overexpression of MNS1, its expression level in viable glycoengineered strains does not seem be 

correlated with either principal component in this two-dimensional projection of transcriptomic 

dataset, even in the strains with the complete humanized glycosylation pathway except for 

MNS1. We then performed pathway enrichment analysis of the best performing glycoengineered 

strain (with PCDA2-MNS1 integration) compared to wildtype. We observed that in wildtype strain, 

pathways related to electron transport train, metabolic processes, and redox activity are 

upregulated, while those related to signal transduction are upregulated in the G0 glycoengineered 

strain (Figure 4.4A). This would explain the difference between growth rate since the wildtype 

strain exhibits high energy generation and metabolism, while signal transduction (the mitogen-

activated protein kinase (MAPK) cascade) mediates cell growth and stress response.178 Similar 

pathway enrichment comparisons were carried out in other assayed glycoengineered strains 

against wildtype strain, and they showed similar pathway expression profiles.  

Based on this finding, we targeted select heavily upregulated but relatively non-essential 

genes in the MAPK pathway for knockout to examine if such genetic perturbations could 

partially restore cell growth (Table B4.2). Three of seven genomic perturbations had positive 

impact on cell growth, with ∆msb2 yielding a 15% increase in growth rate (Figure 4.4B). Future 
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studies could include assaying K3 peptide secreted from these knockout strains to ensure the 

proper function of their glycosylation pathway. 

Because principal components from PCA are linear combinations of all variables, we 

aimed to identify the truly differentially expressed genes in the dataset using sparse PCA (sPCA). 

This method employs additional regularization techniques to introduce sparsity in the loading of 

principal components, thus isolating high contributing variables to each PC.179 By applying 

sPCA, we were able to construct five modules with 110 genes (as opposed to more than 3,200 

genes in the complete transcriptome, Table B4.3) that best characterize the difference in the 

dataset. Through functional enrichment analysis,180 modules 1 and 2 and each sample’s 

respective scores confirm the results from pathway enrichment analysis above: module 1 

comprises of essential pathways in the central metabolism, while module 2 is enriched with 

MAPK cascade (Figure 4.4C). Additional metabolic pathways are enriched in modules 3 and 4, 

but there is no apparent correlation between their scoring and sample type (Figure A4.6).  

We then examined the transgene expression level of these glycoengineered strains, 

especially that of MNS1, the first gene in the humanized glycosylation pathway. All tested MNS1 

cassettes were integrated at the same intergenic locus with different promoters, but we observed 

an unexpected “baseline” expression level of MNS1 that was above the expected values for 

weaker promoters (Figure 4.5A). In the G0 strain with PCDA2-driven MNS1, the expression level 

of MNS1 match up with CDA2 in wildtype or in glycoengineered strains. However, in PGAPDH-

MNS1mut G0 strain, MNS1 had a lower expression level, while in all other glycoengineered 

strains, MNS1 was more strongly expressed than expected. We thus hypothesized that MNS1 

expression is, to some degree, influenced by neighboring gene expression. The gene upstream of 

MNS1 integration is expressed at, on average, approximately 8.7 L2TPM in both wildtype and 
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glycoengineered strains, and although there is a predicted terminator, based on RNA hairpin 

secondary structure and a poly-T sequence,181 read-throughs of RNA polymerase could happen 

and impact the downstream gene expression.138,182 Although unexpected, the altered expression 

of MNS1 does not change the fact that PGAPDH-driven wildtype MNS1 was cytotoxic, evidenced 

by the fact that mutant MNS1, driven by the same promoter, was expressed at least 2.5 fold 

stronger than the strongest viable wildtype MNS1 construct and almost 10 fold stronger than the 

median.  

To address this issue, we selected new integration loci for the expression of MNS1 with 

less active promoters. These new loci had upstream/downstream gene expression closely 

matching with the promoter strength to allow for better examination of the impact of MNS1 

promoter on glycan profile (Figure A4.7). After expressing K3 peptide in these new G0 strains, 

we analyzed its glycan profiles with intact protein LC-MS. We observed that integrating MNS1 at 

these new loci does not seem to strongly impact G0 glycan homogeneity (Figure 4.5B). 

Nevertheless, future studies should include additional characterization of these strains, including 

growth rate, cell wall integrity, transcriptomics etc. to confirm the further downregulation of 

MNS1 and fully assess the impact of promoter strength. This also shows that in adopting K. 

phaffii as a host for routine genome engineering, we still need to further explore and identify 

optimal landing pads for the knock-ins of heterologous genes with consistent predictability.  
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Figure 4.4. Transcriptomic analysis of glycoengineered strains. 
(A) Pathway gene set enrichment map of wildtype vs. glycoengineered strains. (B) Restoration 
of growth rate defects of a glycoengineered strain through gene knockouts in the MAPK cascade 
signal transduction pathway. (C) Gene set enrichment analysis dotplot of modules 1-4 generated 
from sparse PCA analysis. Genes in module 5 did not show any significant enrichment of gene 
sets. 
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Figure 4.5. Selection of alternative integration loci for MNS1 integration. 
(A) While the expression of native genes in wildtype vs. glycoengineered strains is largely 
consistent, the expression of MNS1 exhibits a mismatch with the expected promoter activity 
level. (B) Glycan profiles based on intact protein LC-MS of secreted K3 peptide from different 
G0 strains with MNS1 integrated at new loci. 
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4.2.6. Extension of humanized pathway for galactosylation 

Beyond G0, there are two major glycoforms – Gal2GlcNAc2Man3 (commonly referred 

to as G2) and Sia2Gal2GlcNAc2Man3 (or Sia2G2), where Gal refers to galactose, and Sia refers 

to sialic acid or, more specifically, N-acetylneuraminic acid (Neu5Ac). These two glycoforms 

have important therapeutic values - for example, terminal galactose in G2 glycoform enhances 

complement dependent cytotoxicity in monoclonal antibodies, and terminal sialic acid greatly 

prolongs protein half-life for erythropoietin.54,91 Since native P. pastoris glycans do not undergo 

galactosylation or sialylation, the precursors of these modifications, UDP-galactose and CMP-

sialic acid, must be de novo synthesized. 

G2 glycan requires the additional of two terminal galactoses by a galactosyltransferase 

with UDP-galactose as the reaction substrate. UDP-galactose can be generated from the 

epimerization of UDP-glucose, and this can be achieved by Schizosaccharomyces pombe UDP-

Gal 4-epimerase UGE1. UDP-galactose is then transported to the Golgi lumen through 

Drosophila melanogaster UDP-galactose transporter senju and added onto the G0 glycan via H. 

sapiens galactosyltransferase GALT. Previous glycoengineering literature reported a tripartite 

fusion protein consisting of a Golgi single-pass membrane tether from S. cerevisiae MNN2, the 

Gal/Glu epimerase UGE1, and the transferase GALT.127 This approach relies on the diffusion of 

UDP-glucose, a byproduct of ER-resident glycosylation pathway, from ER to Golgi, where it is 

isomerized to UDP-galactose and transferred onto G0 glycan. In addition to this tripartite protein 

construct, we decided to include another fusion protein construct which integrates the epimerase 

on the cytosolic tail, UDP-galactose transporter for subcellular localization, and the transferase 

for galactose addition. For this protein construct, we attached preαSP at the N-terminus to 

facilitate entry into ER. We integrated these constructs, with either PGAPDH or PMNN4, into a G0-
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engineered strain (with PGAPDH-MNS1mut) and assessed if any galactosylation can be detected 

on secreted K3 peptide via intact LC-MS. From all constructs tested, only PGAP-driven Golgi-

resident construct resulted in mass spectrometry peaks that could be galactosylation (Figure 

4.6A, Figure A4.8A). However, due to the identical mass between galactose and mannose, 

additional tests would be needed to confirm the identity of glycan.  

Glycan confirmation can be done via digesting the glycoprotein with different 

exoglycosidases to release sugar moieties at the reducing end of glycans. To differentiate 

terminal galactose from mannose, we digested the secreted K3 peptide with either β1-4 

galactosidase, α1-2,3- and α1-6-mannosidases, or a combination or all three. After digestion with 

galactosidase, two of the predominant peaks disappeared, whereas the same peaks persisted after 

mannosidase digestion (Figure 4.6B). We thus were able to confirm the presence of terminal 

galactose on the K3 peptide. The degree of galactosylation, however, is low, likely because the 

reserve of UDP-glucose diffused from ER to Golgi was not enough to support the flux of UDP-

galactose needed. Additional genetic perturbation is likely needed to enhance galactosylation, 

such as the introduction of an additional transporter to increase concentration of sugar precursor 

in the Golgi. 

Additionally, the other proposed galactosylation construct that combines epimerase, 

transporter, and transferase did not produce any galactosylated product (Figure A4.8B). We 

reasoned that this could be due to either the misfolding of the protein or incorrect subcellular 

localization. Based on previous reports, UDP-galactose transporter senju is capable of Golgi 

localization, but, in our fusion protein, the N-terminal addition of epimerase likely disrupted the 

transporter’s proper localization. The removal of preαSP did not generate any galactosylated K3 

molecules, either (Figure A4.8C, D). To mediate this issue, future work could include utilizing 
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synthetic protein scaffold to colocalize isomerase and transferase to the transporter. This strategy 

has been used in E. coli for metabolic engineering, where increasing local substrate 

concentration can increase enzyme turnover and enhance productivity.183 In the case of protein 

galactosylation, similar colocalization can increase enzyme efficiency and, thus, degree of 

galactosylation. 
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Figure 4.6. Extension of G0 glycosylation pathway for galactosylation. 
(A) Mass spectrum of secreted K3 peptide in a galactosylation-engineered strain. Note the 
identical mass shift between galactose and mannose. (B) Exoglycosidase digestion of purified 
K3 sample. Digestion by galactosidase, and not by mannosidase, resulted in a mass shift of the 
suspected galactosylation peak, thus confirming active galactosylation machinery in the 
glycoengineered strain. 
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4.3. Discussion  

In this chapter, we demonstrated the engineering of K. phaffii native glycosylation 

pathway via integrating constitutively-expressed heterologous genes. By switching from 

methanol-induced pathway expression to constitutive expression, all enzymes within the 

heterologous pathway are active and we achieved homogeneous G0 glycosylation on human 

plasminogen K3 peptide. Furthermore, in constructing the heterologous pathway, we identified a 

previously unreported synthetic lethality between ∆och1 and MNS1, evident by the spontaneous, 

unlinked mutations in MNS1 open reading frame after OCH1 knockout. Previous literature did 

not report such mutations in their glycoengineering efforts, but during the screening of 

combinatorial libraries of transmembrane localization sequences and catalytic domains, the 

authors reported different glycosylation efficiency from different combinations.128 Some of the 

variations observed could be explained by the catalytic activity of mannosidases from different 

organisms or the effectiveness of subcellular localization, but it is also possible that some genetic 

combinations were mutated in vivo after cassette integration - confirmation by Sanger 

sequencing of each individual clone within combinatorial libraries is resource-intensive and was 

very likely cost prohibitive in the early 2010s. 

In our glycoengineering efforts, we isolated a spontaneously occurring MNS1 mutant that 

enabled G0 pathway integration. This mutant had reduced enzymatic activity, evidenced by the 

tolerance of its strong constitutive expression. Similar reduction in MNS1 activity was achieved 

by switching PGAPDH for less active promoters, such as PCDA2, PBCK1, and P1500, all generating 

predominantly G0 glycan on secreted K3 peptide, by downregulating the expression level of 

MNS1 by 2.5- to almost 10-fold by transcriptomic analysis. It is worth noting that the expression 
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of MNS1 under these weaker promoters was likely influenced by its upstream gene expression, 

which imposed a “floor” for the transgene expression level, resulting in a high-than-expected 

gene expression for MNS1. We selected additional integration loci with weaker neighboring gene 

expression for MNS1 expression, and, similarly, all generated strains yielded homogeneous G0 

glycosylation. Although our lab has started to identify intergenic loci for integration,184 there is 

still great need for characterizing safe landing pads for genomic integration cassettes that enable 

predictable and consistent transgene expression under different promoters. Further 

characterization of glycoengineered strains showed that glycoengineered strains exhibited 

decreased cell wall integrity and slower growth, but the growth defects mainly came from OCH1 

knockout, and the integration of additional genes did not significantly impact growth rate. 

Pathway enrichment analysis of transcriptomic data supported this observation – wildtype strain 

was metabolically active, while the glycoengineered strains had upregulated MAPK cascade, 

regulating stress response and cell cycle.  

Finally, we demonstrated further conversion of G0 to its galactosylated product by 

integrating a Golgi-resident tripartite fusion protein. The degree of galactosylation is low, 

however, and an alternative fusion protein combining isomerase, transporter, and transferase did 

not show any in vivo enzymatic activity, likely due to enzyme misfolding or incorrect subcellular 

targeting.  

In conclusion, we were able to humanize the native glycosylation pathway with new gene 

manipulation techniques to homogeneously glycosylate K3 peptide, and advances in sequencing 

technology supported our diagnostic and engineering strategy. Proper glycosylation of K3 

peptide serves as a start to achieving better glycan profile, and thus quality, control over a wide 

range of therapeutic proteins, which will be further explored in Chapter 5.  
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4.4. Methods 

Yeast strains  

 All strains were derived from wildtype K. phaffii (NRRL Y-14430). The DNA fragment 

containing 6His-tagged K3 peptide was codon optimized, synthesized (Integrated DNA 

Technologies), and cloned into a custom vector for roll-in integration. Integration cassettes 

containing MNS1, MNN2, GNT1, MNS2, and GNT2 were similarly codon optimized, 

synthesized, and cloned into a custom vector. They were integrated at the intergenic loci near 

PFK1, GQ67_04576, GQ67_03878, GQ67_04704, and GQ67_05172, respectively, following a 

previously described protocol through co-electroporation of 250ng of CRISPR plasmid and 

2.5μg of linear DNA. 

Cultivation 

 Strains for glycan profile characterization were grown in 3 mL culture in 24-well deep 

well plates (25°C, 600 rpm). Cells were cultivated in BMGY (buffered glycerol complex media, 

Teknova) with 4% v/v glycerol. For glycoengineered strains, after 40h of biomass accumulation, 

cells were pelleted and resuspended in BMMY (buffered methanol complex media, Teknova) 

with 3% v/v methanol. After 48 hours of production, supernatant was harvested for analysis.  

Protein purification and glycan characterization 

 Supernatant was filtered and diluted 1:1 with Ni-IMAC (nickel-immobilized metal 

affinity chromatography) binding buffer (25mM imidazole, 25mM sodium phosphate, 500mM 

sodium chloride, pH 7.4). Purification was carried out on the GE ÄKTA pure system with 1-mL 

HisTrap columns (Cytiva). After sample loading, the column was equilibrated with and washed 

with the described binding buffer before eluting with elution buffer (500mM imidazole, 25mM 

sodium phosphate, 500mM sodium chloride, pH 7.4).  
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 Intact protein LC-MS was performed as described previously.52 Mass spectra were 

processed using MassHunter Bioconfirm software (Agilent Technologies) with a deconvolution 

range of 10-15 kDa, using a mass step of 0.5 Dalton. 

Growth rate assay  

 Strains were grown in YPD (overnight for wildtype, and over two nights for 

glycoengineered strains) at 30°C and 250 rpm. They were then inoculated in 100μL BMGY 

supplemented with 4% v/v glycerol to an initial OD of 0.05 (glycoengineered strains) or 0.01 

(wildtype) in Nunclon® Delta surface 96-well plate. Cultures were subsequently grown in a 

microplate reader (Tecan) with shaking at 1000rpm and ambient temperature for 24 hours, with 

OD600 measurements taken every 30 minutes. Growth data during exponential phase was fit to 

an exponential function to obtain growth rate.  

Transcriptome analysis 

 Cells were inoculated at 0.1 OD600 at 3 mL plate scale and harvested after 18 h of 

biomass accumulation in BMGY supplemented with 4% v/v glycerol. RNA was extracted and 

purified according to the Qiagen RNeasy 96 kit. RNA quality was analyzed on an Agilent 

BioAnalyzer to ensure RNA Quality Number >6.5. RNA was reverse transcribed with 

Superscript III (ThermoFisher) and amplified with KAPA HiFi HotStart ReadyMix (Roche). 

RNA libraries were prepared using the Nextera XT DNA Library Preparation Kit with the 

Illumina DNA/RNA UD Indexes Set A. sequenced on an Illumina Nextseq to generate paired 

reads of 50 (read 1) and 50 bp (read 2). Sequenced mRNA transcripts were demultiplexed using 

sample barcodes, aligned to the wildtype Komagataella phaffii genome (strain Y11430) and 

exogenous transgenes, and quantified using Salmon version 1.6.0.168 Gene level summaries were 
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prepared using tximport version 1.24.0169 running under R version 4.2.1. Pathway enrichment 

analysis was carried as previously described.185 

 Sparse PCA analysis was carried out as previously described186 with the appropriate R 

package. Sparsity index of 3 and number of factors of 5 were chosen.  

Alcian blue, Congo red, and Calcofluor white assays 

 Alcian blue assay was carried out as described previously187 with minor modifications. 

Briefly, strains were growth in YPD (overnight for wildtype, and over two nights for 

glycoengineered strains) at 30°C and 250 rpm. 1 OD600 equivalent of cells were then pelleted 

and washed once with and resuspended in 100μL 0.02N HCl. The resuspensions were transferred 

into a 96-well V-bottomed PCR plate (Eppendorf), and 100μL of Alcian blue solution was added. 

After incubation at room temperature for 15 minutes, the plate was centrifuged at 3,100 g for 15 

minutes. 

 Congo red and Calcofluor white assays were carried out similarly187 but with final 

concentrations of Congo red and Calcofluor white at 25 mg/L and 15 mg/L, respectively. 

MAPK signaling pathway knockout 

 Essentiality score was based on a previously described dataset which used a CRISPR-

Cas9 genome-wide knockout library to investigate gRNA drop-out after transformation.188 

Twenty genes in the signaling pathway with the highest normalized enrichment score were 

chosen, and 0.75 non-essentiality score was selected to be the cut-off, generating eight genes for 

knockout target. Non-essentiality score was defined as the adjusted p-value of gRNA drop-out, 

so that closer the p-value is to 1, the less essential the gene is. Gene knockouts were carried out 

as previously described.189 

Genomic integration of galactosylation machinery 
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 Fusion protein constructs were codon optimized, synthesized (IDT), and cloned into a 

custom vector for integration at intergenic locus near GQ67_4099. Genome editing was carried 

out similar to a previous method112 with 250ng of CRISPR plasmid and 2.5μg of linear DNA. 

Exoglycosidase digestion 

 ÄKTA-purified K3 peptide samples were buffered exchanged, using Amicon® Ultra 

(3,000 molecular weight cutoff) centrifuge columns (Millipore), and concentrated in water. 

Protein concentration was determined by absorbance at A280 nm (DeNovix). Glycan digestion 

by α1-2,3-mannosidase, α1-6-mannosidase, and β1-4-galactosidase S (New England Biolabs) 

was carried out according to manufacturer protocol with minor changes. Briefly, 8 μg of protein 

was digested in 1x buffer with 4 μL of each exoglycosidase of interest, in total volume of 30 μL. 

After overnight incubation at 37°C, 120 μL cold acetone was added to each reaction. Following 

1-hour incubation at -20°C, proteins were precipitated by centrifugation at 15,000g for 15 

minutes at -10°C. The supernatant was decanted, and the air-dried protein pellets were 

resuspended in 5% acetone in water with 0.1% formic acid for intact protein LC-MS analysis. 

 

 

 

  



91 
 

5. ENGINEERING STRAINS FOR GLYCOSYLATING PROTEINS OF 
INCREASED COMPLEXITIES 

 

  

In the previous chapter, we demonstrated homogeneous G0 glycosylation on a simple 

peptide. Therapeutically relevant proteins are however much more complex, and proper 

glycosylation of these molecules can be challenging. In this chapter, we discuss the interplay 

between humanized glycosylation pathway and yeast native protein folding and glycosylation 

machineries. We observed a negative correlation between protein complexity and desired G0 

glycan abundance on the secreted product. Through genetically probing many aspects of the 

native and heterologous pathways, we identified glycosylation site accessibility as the main 

contributing factor to diminished humanized glycosylation activity. Promiscuous activity by 

Golgi-resident mannosyltransferases likely also has detrimental effects, but our finding 

suggests that more extensive re-engineering of the native machineries would be required to 

meaningfully impact glycosylation landscape. 
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5.1. Background and Motivation 

Glycosylation is a vital post-translational modification due to its large impact on 

pharmaceutical protein efficacy and safety.190 Yeasts such as K. phaffii have emerged as a class of 

favorable alternative hosts, but their use in glycoprotein production is hindered by their native 

hypermannosylation, which, in addition to possible structural disruptions, can lead to unwanted 

immunogenicity and fast clearance.119 Human plasminogen Kringle 3 domain-derived peptide 

(K3) has served as a good reporter molecule for past glycoengineering efforts,59,112,128 but 

therapeutically relevant proteins are usually much bigger and more complex than simple 

peptides. A prominent example is monoclonal antibodies (mAbs) – the dominant pharmaceutical 

protein by innovation and by sales.1 A mAb molecule is a heterotetramer, with two light chain 

and two heavy chain molecules linked together by disulfide bridges, and requires glycosylation 

in the constant Fc (crystallizable fragment) for protein stabilization and therapeutic functions.191 

Even in mammalian hosts such as CHO, the rate of mAb folding in the endoplasmic reticulum is 

relatively low, and folding/assembly machineries in the ER have been the target for 

engineering.192 Disulfide bridge formation, in particular, can be rate-limiting and lead to the 

accumulation of incorrectly folded/assembled molecules and ER-associated degradation.193 In 

yeasts like S. cerevisiae and K. phaffii, secretory pathway engineering, including overexpression 

of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), heat shock 

transcription factors (Hsf), and protein chaperones, and knockout of native proteases.191 

Not only is protein folding important in the context of product quality, it also has 

inextricable ties with protein glycosylation. In the ER, oligosaccharide transferase (OST) 

complex transfers the Glc3Man9 glycan onto the newly synthesized peptide, and after processing 

by glycosidases, the resulting GlcMan9 glycan is recognized by two ER-resident lectin 
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chaperones calreticulin and calnexin to facilitate protein folding. Additional ER mannosidase 

also plays a role in protein quality control by diverting unfolded proteins (with prolonged 

residence time in the ER) to ER-associated protein degradation.194 

In addition to the ER, the humanized glycosylation pathway also involves the engineering 

of Golgi apparatus. There is notably redundancy among yeast Golgi glycosylation enzymes, 

suggesting that many of these proteins perform similar or overlapping functions.195 As a result, 

the exact functionality of each enzyme is not well-characterized in yeasts, and even less so in K. 

phaffii. Knockouts of a subset of native enzymes have been combined with heterologous 

pathway integration to clean up high-mannose structures, often a combination of α-mannose, β-

mannose, and phosphomannose transferases.54   

Thus lies the challenge for glycosylation pathway engineering, which spans both ER and 

Golgi apparatus – in the ER, disruption of the native pathway could interfere with protein folding 

and quality control machinery, while in the Golgi, the organelle is primed for 

hypermannosylation by many native mannosyltransferases. In this chapter, we show the 

difference in the performance of humanized glycosylation pathway for expressing more complex 

proteins than K3 peptide. We detail our engineering strategies to improve pathway processivity, 

including altering enzyme localization and expression strength, increasing gene dosage, 

introducing helper chaperones, and knocking out native mannosyltransferases. Despite the 

limited impact of most of these changes on the glycan profile of a commercial monoclonal 

antibody, but we identified key areas that likely require further engineering interventions.  
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5.2. Results 

5.2.1. Construction of a dual-expression vector for monoclonal antibodies 

In Chapter 4, we achieved homogeneous G0 glycosylation on K3 peptide by either using 

a spontaneously occurring MNS1 mutant or attenuating the expression of wildtype MNS1. To 

assess how viable G0 strains would perform with more complex proteins, we used trastuzumab, a 

commercial monoclonal antibody with one N-linked glycosylation site on its heavy chain, for 

molecular demonstration. The expression and secretion of trastuzumab in K. phaffii required the 

sequential integrations of its light chain and heavy chain (Chapter 2), which was challenging and 

time-consuming in glycoengineered strains due to their slow growth and decreased 

transformation efficiency. We were ultimately able to accomplish the double transformation in 

the strain expressing GNT1, MNS2, and GNT2 with PENO1 and MNS1 M260I mutant with PGAPDH. 

After cultivating this strain and analyzing the glycan profile of the secreted monoclonal antibody 

by LC-MS, we observed that the amount of G0 glycan was very limited compared to 

aglycosylated and hypermannosylated fractions (Figure 5.1). 

To facilitate the utilization of monoclonal antibodies as a readout for glycosylation 

pathway engineering, we constructed a dual-expression vector, whose single transformation 

enables co-expression of light chain and heavy chain (Figure 5.1B). We included Glu-Ala-Glu-

Ala (EAEA) sequence at the N-termini of trastuzumab light chain and heavy chain due to the 

significant amount of N-terminal extension observed. We assessed the glycan profile of 

trastuzumab heavy chain secreted from the same glycoengineered strain and did not observe any 

significant changes from altering protein expression vector (Figure A5.1).  
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Figure 5.1. First-pass expression of complex proteins in glycoengineered strains. 
(A) Expression of trastuzumab (with intact N-linked glycosylation site in its heavy chain Fc 
domain) in a glycoengineered strain. LC-MS analysis showed minimal G0 glycosylation. (B) 
Design of a dual expression vector for trastuzumab (and other IgG’s) expression. (C) Proposed 
mechanism of the interaction between heterologous glycosylation pathway and yeast native 
ERAD. (D) Expression of a SARS-CoV2 receptor binding domain (RBD) variant and murine 
granulocyte macrophage colony-stimulating factor (mGM-CSF) in a glycoengineered strain. 
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5.2.2. Decrease in G0 abundance with increasing protein complexity 

The most significant differences between reporter molecules K3 and trastuzumab include 

their sizes and consequently their folding requirements within the ER. K3 is a simple soluble 

peptide, essentially without any need for folding machinery recruitment in the secretory pathway. 

In contrast, trastuzumab is a much bigger and more complex molecule, whose production in 

higher eukaryotes requires chaperones and therefore much longer residence time in the ER.193 

While most of the heterologous glycosylation enzymes (GNT1, MNS2, and GNT2) are targeted to 

the Golgi apparatus, MNS1 was localized to the ER with S. cerevisiae Mns1 localization 

sequence. This choice is supported by prior reports because Man8, the substrate for MNS1 

processing, is the diverging point between yeast native glycosylation and human complex 

glycosylation.59 By localizing the commitment step to the humanized glycosylation pathway to 

the ER, we could preemptively disrupt yeast native hypermannosylation, which largely resides in 

the Golgi apparatus. However, recent work in S. cerevisiae has reported an ER quality control 

mechanism for glycosylated proteins, which would suggest this localization strategy be less than 

ideal (Figure 5.1C).194 Normally, in the ER of a yeast cell with intact glycosylation pathway, 

folded glycosylated proteins with Man8 glycan would be transported to the Golgi apparatus for 

mannosylation. If a protein is misfolded or forming aggregates, however, it would be detected by 

the Htm1-Pdi1 complex, which cleaves off another mannose, forming Man7 structure and 

exposing the terminal α1,6-mannose. This terminal mannose is recognized by Yos9p, which tags 

the glycosylated protein for ER-associated degradation (ERAD). In the engineering 

glycosylation pathway, MNS1 is localized to ER and trims the Man8 structure to Man5, which 

has a similarly exposed terminal α1,6-mannose that can be tagged by Yos9p. In the case of K3 

peptide, its minimal folding requirement means short residence time in the ER, and the 
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anterograde transport to Golgi likely dominates over Yos9 tagging for ERAD. However, 

monoclonal antibodies such as trastuzumab would prove a much bigger challenge for yeast 

folding machinery. The propensity for misfolding and aggregation due to the lack of evolved 

specialized chaperones is compounded by the trimming of mannoses and the exposure of α1,6-

mannose by the heterologous Mns1p. The export of correctly folded and properly glycosylated 

antibody molecules could be outcompeted by the hyperactive ERAD system, greatly decreasing 

the amount of Man5-glycosylated trastuzumab for further humanized glycosylation processing in 

the Golgi. Antibody molecules that are aglycosylated or not modified by Mns1p have relatively 

lower chance of degradation, resulting in the enrichment of undesired glycan structures present 

in the glycan profile.  

To test this hypothesis, we first tried expressing two other proteins in the glycoengineered 

strains – a SARS-CoV-2 receptor binding domain (RBD) variant52 (with one N-linked 

glycosylation site) and murine granulocyte macrophage colony-stimulating factor (mGM-CSF, 

with two N-linked glycosylation sites).127 The complexity of these two molecules fall between K3 

peptide and trastuzumab, with well-defined tertiary structure but without interpeptide 

interactions or multiple disulfide bridges. These two proteins were expressed in the same 

glycoengineered strain with MNS1 mutant, and LC-MS analysis of the secreted product showed 

that mGM-CSF exhibited largely homogeneous G0 glycosylation, while RBD, the larger of the 

two additional molecular demonstrations, had significantly more hypermannosylated structures 

(Figure 5.1D). This serves as evidence for our hypothesis that the extended ER residence time 

required by more complex molecules did increase the fraction of hypermannosylated product, 

likely due to the degradation of Man5 glycoproteins through ERAD. 
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In mGM-CSF, we also observed O-linked glycosylation, presented as a mass shift 

consistent with two O-linked mannoses. To better visualize the degree of N-linked 

hypermannosylation and humanized glycosylation, we digested the purified secreted proteins 

with α1-2,3,6-mannosidase, which has catalytic activity against all terminal α-mannoses. This 

enzymatic digestion allows us to distinguish between O-linked mannosylation, N-linked 

hypermannosylation, and N-linked humanized glycosylation. All yeast native O-linked mannoses 

can be cleaved off by this enzyme, while N-linked humanized glycans are unaffected because G0 

glycans should have terminal N-acetylglucosamines, and N-linked hypermannosylation are 

cleaved to M1GlcNAc2 structure because other than the final mannose, which is linked to the 

GlcNAc2 core by a β1-4 linkage, all other mannoses in yeast native glycosylation are α-

mannoses. The resulting mass spectrum (Figure A5.2) showed predominant G0 glycosylation, 

and like trastuzumab, glycan occupancy of mGM-CSF proved to be an issue as less than 50% of 

the secreted molecules had both N-linked glycosylation sites occupied. RBD, however, did not 

exhibit any occupancy issues, as the vast majority of the secreted molecules were glycosylated. 

The difference in glycan occupancies can likely be explained by the accessibility of the 

glycosylate site, and future studies could include closer examination of protein crystal structure 

to confirm this theory. 

We also examined if YOS9 knockout can improve glycan processing by reducing the 

tagging of glycoproteins with the exposed α-1,6-mannose for degradation. Prior work in S. 

cerevisiae demonstrated the viability of this genomic change and its impact on glycoengineering, 

especially disruption in the ALG pathway.196 We identified a possible YOS9 homolog in K. phaffii 

based on homology, but, to the best of our knowledge, functional studies of this gene do not 

exist. After its knockout in G0-glycoengineered trastuzumab-secreting strain, the secreted mAb 
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titer did not improve, and no significant change in the glycosylation profile was observed. We 

also attempted YOS9 knockout in G0 strain secreting RBD variant but were not successful in 

obtaining a positive transformant. It is possible that K. phaffii has an alternative, unreported 

system for tagging protein for ER-associated degradation, because the identified homolog has no 

significant homology to Yos9 dimerization domain (Figure A5.3). It thus remains to be explored 

in future studies the exact ERAD recognition system employed in K. phaffii. 

5.2.3. Different subcellular localization of MNS1 

We aimed to resolve the unexpected degradation of desired product by targeting MNS1 to 

later in the secretory pathway. Based on previous literature, we selected two additional 

localization sequences – S. cerevisiae Sec12, involved in the formation of COPII vesicle for ER 

to Golgi transport, and S. cerevisiae Van1, a component of mannan polymerase I.128 These two 

localization sequences likely target MNS1 to late ER/early Golgi and Golgi, respectively, based 

on their protein functions. Changing the subcellular localization would logically alter not only 

the required expression level for sufficient glycan processing but also the tolerance level of 

maximum expression. To reflect this change, we decided to combine three different promoters 

(PMNN4, PMNN10, and PCDA2, although the difference in their activities is likely smaller than 

expected, per Chapter 4.2.5), two different catalytic regions (wild type and the M-to-I mutant), 

and the two localization sequences, resulting in twelve new MNS1 constructs. Through MS 

analysis of K3 peptide secreted by these strains, we quickly ruled out the M-to-I mutants, 

because the majority of K3 molecules were hypermannosylated, likely due to the reduced 

enzymatic activity (Figure A5.4). Wildtype MNS1 constructs, however, when targeted to later in 

the secretory pathway (especially late ER/early Golgi) and expressed under weaker constitutive 



100 
 

promoters, still had enough enzymatic activity to efficiently cleave Man8 to Man5 for further 

downstream humanized glycosylation to G0 (Figure 5.2A). 

We then expressed trastuzumab in these G0 strains with differently targeted mns1 to 

examine if decreasing mannosidase presence in ER would increase the fraction of correctly 

glycosylated heavy chain. Through intact protein LC-MS, while these strains secreted 

homogeneously G0-glycosylated K3 peptide, the mass spectra of trastuzumab heavy chain 

revealed that there was little to no detectable G0 decoration (Figure 5.2B). Whether or not these 

differently targeted mns1 constructs have alleviated ERAD remains to be studied, but moving 

MNS1 to later in the secretory pathway could have opened up possibilities for native 

promiscuous mannosyltransferases to modify the intermediate glycan structures in the 

humanized pathway. We also investigated an alternative MNS1 construct using the catalytic 

domain from M. musculus homolog with S. cerevisiae SEC12 localization sequence.128 The G0-

glycoengineered strain expressing this MNS1 construct under strong constitutive promoter 

PGAPDH produced predominantly G0 glycan on K3 peptide, but did not produce significant 

amount of desired G0 glycan on the heavy chain of trastuzumab.  
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Figure 5.2. Effects of subcellular localization of MNS1 on secreted protein glycan profile. 
(A) K3 peptide and (B) trastuzumab heavy chain intact protein LC-MS analysis. Targeting MNS1 
to later in the secretory pathway increases high-mannose structures on K3 peptide. We only 
observed incremental improvements in mAb HC G0 abundance with different MNS1 subcellular 
localization. 
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5.2.4. Introduction of protein folding chaperones 

An alternative approach to facilitate faster anterograde transport from ER to Golgi is to 

help accelerate protein folding so that Man5-decorated mAb molecules exit ER before 

interacting with the ERAD system. We thus integrated human calnexin and human calreticulin, 

two ER-resident lectin-based chaperones that can selectively bind to the glucose residue in 

GlcMan9 structure,194 under the control of K. phaffii native CNE1 promoter, the homolog of 

human calnexin. We chose this promoter to mimic yeast native gene regulation for protein 

chaperones. We transformed the two constructs encoding these two chaperones into the G0 strain 

expressing the M. musculus MNS1 construct and analyzed the secreted K3 peptide and 

trastuzumab via LC-MS (Figure 5.3A). The G0 fraction on trastuzumab heavy chain minimally 

improved after the integration of calnexin and calreticulin. For K3 peptide, the amount of 

hypermannosylated glycans increased after chaperone integration. The integration of these two 

human lectin chaperones could have introduced additional cellular burden (resources for both 

their expression and their folding), and the output G0 glycan abundance is likely determined by 

the balance between additional ER stress from chaperone expression and the reduced protein 

degradation from the benefits conferred by the same chaperones. K3 is a simple peptide with 

little folding requirement, so cost of chaperone expression could outweigh the benefits. On 

contrary, trastuzumab requires much more support for its folding, so the integration of calnexin 

and calreticulin likely promotes the interaction between recombinant protein and yeast native 

chaperones, speeding up its processing and reducing clearance by ERAD. 

The improvement of G0 glycosylation on trastuzumab heavy chain was very limited with 

the introduction of calnexin and calreticulin, possibly because yeast native chaperones are not 
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fully equipped to help fold complex proteins like mAbs. In human ER, there are other 

chaperones such as protein disulfide isomerase (PDI), peptidyl-prolyl cis-trans isomerase (PPI), 

and a number of oxidoreductases that act synergistically with calnexin and calreticulin.197 We 

thus built constructs of human disulfide isomerase PDI1 and peptidyl-prolyl isomerase CypB 

under the control of promoters of their respective K. phaffii homologs PDI1 and CPR1. After 

integrating these constructs into G0 strains (with Sec12-targeted MNS1) with and without human 

calnexin and calreticulin and analyzing the glycan profiles of secreted trastuzumab, we observed 

minimal improvement in G0 abundance only with the introduction of H. sapiens CypB in the G0 

strain without human calnexin and calreticulin integration, while the integration of either 

chaperone did not elicit measurable response in lectin chaperone-engineered strain (Figure 5.3B). 

We thus concluded that the synergy between calnexin and calreticulin and the additional 

chaperones was insufficient in changing the glycan profile. Future studies could extend 

chaperone engineering to include additional helper proteins such as the oxidoreductase co-

chaperones to facilitate redox homeostasis in the ER.  
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Figure 5.3. Effects of chaperone engineering in glycoengineered strains. 
(A) Mass spectra of K3 and trastuzumab intact protein LC-MS analysis. Calnexin and 
calreticulin integration had detrimental effects on K3 glycosylation but yielded a small 
improvement with trastuzumab. (B) Mass spectra of trastuzumab HC with the integration of two 
additional chaperones – protein disulfide-isomerase and peptidyl-prolyl cis-trans isomerase. 



105 
 

5.2.5. Gene dosage of heterologous MNS1 

Roll-in integration is a commonly used technique in K. phaffii for recombinant protein 

expression, because multiple copies of the same construct can be integrated at the same time to 

potentially maximize transcript expression level. This strategy is rarely used in heterologous 

gene expression, however, due to the inability to precisely control copy number. We decided to 

explore this strategy for upregulating MNS1. The cleavage of Man8 to Man5 glycan is often 

regarded as the commitment step in upper eukaryotes glycosylation, so increasing MNS1 

abundance in the secretory pathway could help divert more flux through the heterologous 

pathway. We thus integrated four different MNS1 roll-in constructs – wildtype C. elegans MNS1 

with either S. cerevisiae Mns1 or Sec12 localization sequence expressed under PCDA2, mutant C. 

elegans MNS1 with S. cerevisiae Mns1 expressed under PGAPDH, and M. musculus MNS1 with S. 

cerevisiae Sec12 expressed under strong constitutive promoter PGAPDH. Out of the four constructs 

attempted, we were unable to obtain any positive transformants for the two wildtype C. elegans 

MNS1 constructs. This is unsurprising given the observed cytotoxicity of strongly expressed 

wildtype CeMNS1 (Chapter 4.2.1). LC-MS analysis of secreted trastuzumab showed that roll-in 

integration of CeMNS1 mutant or MmMNS1 constructs generated strains that showed 

mannosidase activity, compared to the parent strain with no MNS1 integration (Figure A5.5). 

However, the benefits of additional copies of either mns1 construct were not apparent, as there 

was no significant improvement of G0 glycan fraction over strains with only single MNS1 

construct integrated into the genome.  

5.2.6. Accessibility of N-linked glycans for mannosidase modification 

The observed inverse relationship between G0 glycan abundance and protein complexity 

can also be explained by possible steric hindrance that limits the accessibility of MNS1 to the 
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glycosylation site. All aforementioned MNS1 constructs use various transmembrane domains as 

their localization sequence, making them membrane-bound proteins. Although the 

transmembrane domains contain linker sequence and, in some cases, flexible tails on the ER 

lumenal side, membrane bound MNS1 could still possibly be physically constrained from 

accessing the glycosylation sites on more complex proteins. This hinders the proper initiation of 

humanized pathway, resulting in the observed decrease in desired G0 glycan abundance.  

In yeast, the short peptide sequence HDEL is a well-known ER-retention tag,198 so we 

extended the C-termini of existing MNS1 constructs to include this sequence for ER-localization. 

The N-terminal localization sequences, composed of a short cytosolic tail and a single-pass 

transmembrane domain, of MNS1 constructs were replaced with the pre-region of αSP, a 19-

amino acid sequence that directs translocation into the ER. Four different HDEL-tagged MNS1 

constructs were transformed into a trastuzumab-expressing G0 strain as an additional copy. Two 

out of the four tested constructs (PMNN4-CeMNS1 and PBCK1-CeMNS1) showed a shift in the 

glycan profile of trastuzumab, evident by the significant increase of Man5 glycan fraction 

(Figure 5.4A). This enhanced mannosidase activity may result from the combined effect of the 

additional gene copy and less steric hindrance of ER-lumenal Mns1p. To examine if only using a 

single copy of HDEL-tagged MNS1 would achieve the same result, we transformed the two mns1 

constructs that had tested positive into G0∆mns1 strain and analyzed the glycan profile of the 

expressed trastuzumab. Only one of the two constructs tested, PMNN4-CeMNS1 with the stronger 

constitutive promoter, yielded a significant amount of Man5 glycan on trastuzumab heavy chain 

(Figure 5.4B). This suggests that the previously observed increase in mannosidase activity 

indeed was the result of the combined effect of an extra copy of mns1 and the likely decrease in 

steric hindrance. 
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Figure 5.4. Effects of ER lumen-targeted MNS1 constructs. 
(A) An additional copy of HDEL-tagged MNS1 resulted in modulated glycan structure on 
trastuzumab HC, as analyzed by intact protein LC-MS. (B) Decoupling the effects of copy 
number and ER lumen targeting. PMNN4, the stronger promoter of the two, showed mannosidase 
activity against high mannose structures on trastuzumab HC, as analyzed by LC-MS. 
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5.2.7. Different subcellular localization of GNT1 

In humanized glycosylation pathway, MNS1 processing is often regarded as the key 

engineering step because it is the commitment step in higher eukaryotes.40 Nevertheless, unlike 

higher eukaryotes, yeasts have many mannosyltransferases, some forming mannan polymerase 

complexes, residing in the Golgi apparatus for hypermannosylation of secretory proteins.199 Even 

after proteins with Man8 glycan have been successfully trimmed down to Man5 by heterologous 

Mns1p and transported to Golgi apparatus, they could still act as the target substrate of 

promiscuous Golgi-resident mannosyltransferases. The kinetic competition between these 

promiscuous activities and the desired GlcNAc addition by GNT1 dictates the subsequent 

glycosylation reactions and ultimately the glycan profiles of secreted proteins. One approach of 

diverting protein flux towards GNT1 is by altering its subcellular localization, giving the 

heterologous enzyme an advantage by having the opportunity to act on Man5 glycan before any 

Golgi mannosyltransferases. The existing GNT1 constructs uses S. cerevisiae Mnn2 

transmembrane domain to localize the enzyme to Golgi. Thus, similar to the strategy we 

employed for MNS1, we tested two additional localization sequences for GNT1 – S. cerevisiae 

Mns1 transmembrane domain (for ER localization) and S. cerevisiae Sec12 transmembrane 

domain (for late ER/early Golgi localization). We transformed GNT1 constructs with these 

alternative localization sequences into G0∆gnt1 strains with different MNS1 constructs. Any 

combination of MNS1 and GNT1 where GNT1 localization precedes that of MNS1 was excluded 

due to resulting incorrect order of biochemical reactions in the glycosylation pathway. We then 

transformed trastuzumab in the generated strains and analyzed the glycan profile of secreted 

proteins. All GNT1 constructs integrated into the G0Δgnt1 strain using the mutant version of ER-

localized CeMNS1 yielded heavy chain G0 peak that was below detection limit by mass 
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spectrometry, regardless of GNT1 localization (Figure A5.6A). In G0 strain expressing co-

localized MNS1 and GNT1 in late ER/early Golgi, we did not observe a significant increase in 

G0-decorated heavy chain (Figure A5.6B). Additional chaperone engineering (the integration of 

two human lectin chaperones, calnexin and calreticulin) also did not meaningfully change the 

glycan profile. The lack of significant improvement with differently localized GNT1 shows that 

native promiscuous mannosyltransferases remain kinetically dominant over the native pathway, 

so modulation of these competitive pathways is warranted. 

5.2.8. Knockout of Golgi-resident mannosyltransferases 

The knockout of MNN4 and MNN6, two genes involved in K. phaffii native 

phosphomannosylation, has been used to reduce the degree of hypermannosylation in 

glycoengineered K. phaffii strains.54,176 To investigate if similar knockouts in our G0 

glycoengineered strains would reduce the degree of hypermannosylation, we knocked out MNN4 

and MNN6 in RBD- and mGM-CSF-expressing strains. The resulting strains secreted these 

recombinant proteins with less extensive phosphomannosylation, but the overall fraction of 

correctly G0-glycosylated molecules was not positively affected by the knockouts (Figure 5.5A). 

We then examined if knockouts of Golgi-resident mannan polymerase subunits can 

modulate glycan profiles of mAbs. Mannan polymerase typically acts on the outer chain of N-

linked glycans, whose elongation is disrupted by ∆och1, but any promiscuity by this complex 

could still act on mannose moieties in humanized glycosylation pathway intermediates. We 

targeted three different genes, MNN9, ANP1, and VAN1, for knockout, based on their relative low 

essentiality based on a previously described library screen,188 in G0 strains expressing 

trastuzumab or RBD. By LC-MS analysis, however, all of these single knockouts did not 

significantly impact glycan profiles of these two proteins (Figure 5.5B, Figure A5.7). This shows 
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that more extensive engineering of Golgi-resident glycosylation machinery is likely needed to 

properly modulate the activity of native promiscuous enzymes. Past work has demonstrated 

viable additional knockouts of native β-mannosyltransferases, and future work could include 

CRISPR-Cas9-aided multiplexed knockouts for faster strain generation and testing. 
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Figure 5.5. Effects of Golgi-resident mannosyltransferase knockout. 
(A) Mass spectra of RBD and mGM-CSF in G0 glycoengineered strains before and after ∆mnn4 
and ∆mnn6. Note the decrease in phosphomannosylation after gene knockouts. (B) Mass spectra 
of RBD and trastuzumab HC before and after ∆van1. Degree of hypermannosylation on RBD 
shows a slight decrease, but similar effects are minimal with trastuzumab. 
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5.2.9. Combination library of MNS1 and GNT1 

Most of the engineering strategies described so far are one-off approaches, and despite 

the potential benefits of diagnosing the exact bottleneck, single changes are likely not sufficient 

in generating meaningful changes in complex pathways such as glycosylation. To address this 

issue, we decided to co-modulate the first two genes, MNS1 and GNT1, in a library format to 

examine its impacts on the glycan profile of secreted trastuzumab. 

We included many of the representative constructs tested thus far (Table B5.1) in this 

library and ligated different MNS1 constructs with GNT1 constructs for the single-locus 

integration of both genes (Figure 5.6A). We then assessed the library diversity by transforming 

the ligation reaction into E. coli and picking single colonies for Sanger sequencing confirmation. 

We observed that 5 (out of 11) MNS1 and 2 (out of 5) GNT1 constructs were under-represented 

in the combined library (Figure A5.8A). We thus performed a second round of ligation reactions 

to enrich these under-represented constructs. In the 40 single E. coli colonies assayed in the 

second round of library construction, the success rate of integration cassette PCR amplification 

was much lower than the first round (approximately 25%), which could negatively impact our 

ability to infer library diversity. Combining the results of first and second rounds, there are two 

MNS1 constructs that were completely absent in the library – CeMNS1 targeted to late ER/early 

Golgi with ScMns1 localization sequence driven by PMNN4 and PMNN10 (Figure A5.8C). The 

dropout of these constructs likely would not affect the effective library coverage, as the 

difference in promoter strength could be smaller than expected (Chapter 4.2.5). 

We decided to transform this combined library into a trastuzumab-expressing G0 strain, 

because prior results have showed that increasing gene dosage can have beneficial effects in 
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glycan modulation (Chapter 5.2.6). The knock-in efficiency, determined by PCR amplifying the 

integration locus, was low, likely due to the size of integration cassette. After cultivating positive 

clones and analyzing the glycan profiles of secreted trastuzumab, we identified several possible 

hits, whose integration cassettes were then verified via Sanger sequencing. By integrating 

another copy of MNS1 and GNT1, we were able to make incremental improvements in G0 glycan 

abundance (Figure 5.6B). Most significant changes were observed in strains with the extra copy 

of MNS1 being retained in the ER with C-terminal HDEL tag, but despite the enrichment in 

trimmed-down Man5 glycan, the co-integration of an additional copy of GNT1 did not generate 

more desired G0 glycan. In some positive hits, we only detected integration of MNS1 – this 

observation, combined with low integration frequency due to cassette size, demonstrates the need 

for a plasmid-based system for library screens like this. Such systems have been reported, using 

either a Pichia-specific autonomously replicating sequence200 or centromeric DNA201 for 

propagation in K. phaffii, but are in practice sub-optimal due to challenges in plasmid upkeep or 

plasmid size.  
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Figure 5.6. Combined MNS1-GNT1 library for glycan modulation. 
(A) Process schematic for library construction. (B) Positive hits identified in the library screen. 
The identity of integration constructs was verified through Sanger sequencing after differences in 
intact protein LC-MS were observed. 
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5.3. Discussion 

In this chapter, we detailed our engineering strategies in adapting the glycoengineered 

strains for the production of more complex proteins, especially a commercial monoclonal 

antibody. We demonstrate the inverse relationship between desired G0 glycan abundance and 

secreted protein complexity, using human plasminogen K3 peptide, murine GM-CSF, SARS-

CoV2 RBD variant, and trastuzumab as molecular demonstrations. We focused most of our 

engineering efforts on MNS1, the first gene in the humanized glycosylation pathway. Through 

altering its subcellular localization, catalytic domain, and gene dosage, we demonstrated that for 

modifying complex enzymes, membrane-bound mannosidase likely encounters steric hindrance, 

which limits its accessibility to buried N-linked glycans, like those in the trastuzumab Fc region. 

Instead of a membrane anchor for its ER-localization, MNS1 showed enhanced activity with C-

terminal HDEL tag, a yeast-specific ER retention tag. Altering the localization of GNT1 with 

different transmembrane domains had limited impact on glycan profile, however, against the 

hope that capping intermediate Man5 glycan to form GlcNAcMan5 would preclude further 

modification by native promiscuous mannosyltransferase activity. We also attempted re-

engineering the secretory pathway by introducing ER-resident chaperones, reducing protein 

recognition by ERAD, and knocking out select Golgi-resident (phospho)mannosyltransferases, 

but these changes did not significantly improve trastuzumab G0 abundance.  

Through modulating different aspects of the humanized glycosylation pathway, we were 

able to gain valuable insights on its key challenges and crucial bottlenecks. While the existing 

pathway is capable of glycosylating simple, soluble peptide, extensive additional engineering is 

required to achieve homogeneous humanized glycosylation on complex proteins. The 

accessibility issue of N-linked glycosylation sites needs to be resolved, as many of the 
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membrane-bound enzymes in the humanized pathway likely have reduced activity due to steric 

hindrance. Longer linker sequences between the catalytic and the transmembrane domains can be 

considered, but prior reports, using K3 peptide as the reporter molecule, suggest that they 

underperformed compared to their short counterparts.128 Additionally, although HDEL retention 

tag outperforms other ER membrane tethers, similar retention tags for Golgi, to the best of our 

knowledge, have not been reported. Thus, strategies to localize enzymes to Golgi apparatus 

while providing them maximum flexibility to carry out their biochemical reactions should be 

investigated in future studies.   

Furthermore, re-engineering of the K. phaffii secretory pathway likely requires a 

combined approach with targets on multiple fronts, ranging from protein folding and redox 

balance in the ER to mannosyltransferase knockouts and membrane homeostasis in the Golgi. 

Although the one-off diagnostic strategy employed here was only able to achieve incremental 

improvements, combining them could create significant impact on therapeutic protein 

glycosylation. 

5.4. Methods 

Yeast strains 

 All strains were derived from wildtype Komagataella phaffii (NRRL Y-11430). Genes 

containing human plasminogen K3 peptide, murine granulocyte macrophage colony-stimulating 

factor, SARS-CoV2 receptor binding domain variant, and trastuzumab were codon optimized, 

synthesized (Integrated DNA Technologies), and cloned into a custom vector. K. phaffii strains 

for protein secretion were transformed as described previously.112 CRISPR-Cas9 genetic 

perturbation was carried out as described previously112 with some modifications – 250 ng 

CRISPR plasmid and 2.5 μg linear DNA were used for integration. 
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Cultivation 

Strains for glycan profile characterization were grown in 3 mL culture in 24-well deep 

well plates (25°C, 600 rpm). Cells were cultivated in BMGY (buffered glycerol complex media, 

Teknova) with 4% v/v glycerol. For glycoengineered strains, after 40h of biomass accumulation, 

cells were pelleted and resuspended in BMMY (buffered methanol complex media, Teknova) 

with 3% v/v methanol. After 48 hours of production, supernatant was harvested for analysis.  

Protein purification and glycan characterization 

 Untagged RBD was purified as previously described.202 

 For His-tagged proteins (K3 peptide, mGM-CSF, and RBD), supernatant was filtered and 

diluted 1:1 with Ni-IMAC (nickel-immobilized metal affinity chromatography) binding buffer 

(25mM imidazole, 25mM sodium phosphate, 500mM sodium chloride, pH 7.4). Purification was 

carried out on the GE ÄKTA pure system with 1-mL HisTrap columns (Cytiva). After sample 

loading, the column was equilibrated with and washed with the described binding buffer before 

eluting with elution buffer (500mM imidazole, 25mM sodium phosphate, 500mM sodium 

chloride, pH 7.4).  

For trastuzumab, the filtered supernatant samples were diluted, 1:1 with 1x phosphate-

buffered saline (PBS, pH 7.4) and purified on the GE ÄKTA pure system with a 1-mL ProA 

column (HiTrap Protein A HP, Cytiva). After sample loading, the column was equilibrated with 

and washed with 1x PBS and eluted with 100mM citric acid (pH 2.8). Eluted products were pH 

adjusted with 1M Tris-HCl (pH 9.0). 

Intact protein LC-MS was performed as described previously.52 Mass spectra were 

processed using MassHunter Bioconfirm software (Agilent Technologies) with a deconvolution 
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range of 10-15 kDa (for K3), 10-20 kDa (for mGM-CSF), 20-35 kDa (for RBD), or 10-60 kDa 

(for trastuzumab) using a mass step of 0.5 or 1 Dalton. 

Exoglycosidase digestion 

 Purified protein samples were buffered exchanged, using Amicon® Ultra centrifuge 

columns (Millipore), and concentrated in water. Protein concentration was determined by 

absorbance at A280 nm (DeNovix). Glycan digestion by α1-2,3,6-mannosidase (New England 

Biolabs) was carried out according to manufacturer protocol. After overnight incubation at 37°C, 

four times sample volume cold acetone was added to each reaction. Following 1-hour incubation 

at -20°C, proteins were precipitated by centrifugation at 15,000g for 15 minutes at -10°C. The 

supernatant was decanted, and the air-dried protein pellets were resuspended in 5% acetone in 

water with 0.1% formic acid for intact protein LC-MS analysis. 

Combined library construction and verification 

 Different MNS1 and GNT1 constructs (Table B5.1) were PCR amplified with overhangs 

for ligation. Equimolar of MNS1 constructs and GNT1 constructs were pooled for ligation with 

Hifi assembly (New England Biolabs). Ligation mixture was transformed into DH5α (NEB) for 

library diversity assessment. Individual E. coli colonies were randomly picked, and their colony 

PCR product was sent to Sanger sequencing (Azenta) to confirm the identity of MNS1 and GNT1 

pairing. 

  



119 
 

6. OPTIMIZING PROCESS CONDITIONS FOR INCREASED GLYCAN 
HOMOGENEITY 

 

  

In addition to host engineering, process engineering has also been proven successful 

for modulating product quality, especially in CHO processes. In this chapter, we examined 

how humanized glycosylation pathway in glycoengineered yeast strains respond to process 

changes, especially cultivation temperature and media composition. We used a machine 

learning-guided approach to optimize media additives and enriched the G0 abundance on a 

subunit protein vaccine candidate. We show the relative invariance of secreted protein glycan 

profile to cultivation environment, which hints at the robustness of glycoengineered K. phaffii 

fermentation. 
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6.1. Background and Motivation 

Komagataella phaffii is one of the common microbial hosts for recombinant protein 

expression, and there is growing interest in wider utilization of this host to produce 

pharmaceutical proteins. It shares similar advantages with bacterial hosts, including inexpensive 

media, fast growth, and facile genetic manipulation, while also reaping the advantage of having a 

secretory pathway that allows for protein folding and post-translational modifications.25 

Nevertheless, compared to mammalian hosts such as Chinese Hamster Ovary (CHO) cells or 

common murine myeloma cell lines, proteins secreted from K. phaffii often face quality 

challenges such as proteolysis and incorrect glycosylation.203 While these issues can be 

addressed through molecular engineering51,80,100 and cell line engineering,54,109,120 modulating the 

production process is another strategy to improve protein quality.  

Indeed, process development and optimization has been extensively studied in CHO 

cultivations due to the industry’s preference for the host. This can include both tuning process 

parameters and changing media composition because of their influence on host metabolism and 

post-translational modifications.204 Charge heterogeneities, from asparagine deamidation and 

aspartate isomerization, have been reported to be correlated to pH and carbon dioxide tension.205 

The media osmolarity and trace metal presence have also been linked to protein aggregation 

and/or fragmentation.204 Monoclonal antibody glycosylation, in particular, has been the target of 

many studies,205–207 because mAb has become a commercially successful platform molecule that 

can be adapted for many disease indications.19 

Similar studies have been conducted in K. phaffii, albeit to a lesser extent. Temperature 

and pH has been shown to impact host proteolytic activity,208 and different modes of operation 

(fed-batch versus continuous) and media development have also been investigated.74,167 Strain 
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engineering can also be employed to facilitate changes in bioprocesses – our lab has reported 

inducible protein production without methanol.209 For controlling product quality that involves 

non-native PTMs like glycosylation, genetic engineering is required before any process 

development can be employed to improve process output. 

In this chapter, we assessed G0 strains expressing different proteins for their performance 

under different cultivation conditions. We observed that carbon source concentration and 

temperature impact protein secretion titer, but these factors do not significantly change glycan 

profiles. Furthermore, we examined how different media supplementations, many of whose 

impacts have been demonstrated in CHO cultures, affected protein glycosylation. By employing 

a machine learning-guided algorithm, we were able to efficiently search the design space and 

improve the desire glycan abundance on a SARS-CoV2 receptor binding domain variant. 

6.2. Results 

6.2.1. Effects of culture temperature 

Creating an optimal environment for heterologous enzyme functionality can be beneficial 

to efficient pathway engineering. In the humanized glycosylation pathway, the catalytic domain 

of many enzymes come from warm-blooded upper eukaryotes – MNS2 comes from R. 

norvegicus, GNT2 comes from human, and a subset of MNS1 constructs come from M. musculus, 

in addition to the human chaperones that were included in several G0 strains. K. phaffii cultures 

are typically carried out at ambient temperature (approximately 25°C), which could be 

kinetically suboptimal for directing flux through the humanized pathway. We thus tested 30°C as 

an alternative cultivation temperature to examine if glycan composition would be affected. 

Conversely, reducing cultivation temperature could facilitate the folding of large heterologous 

enzymes and recombinant proteins.210 We thus also included cultivation at 20°C to explore how 
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slower growth rate would affect recombinant protein glycan profile. We tested trastuzumab-

expressing strains with multi-copy MNS1 integration and strains with chaperone engineering and 

observed that cells grew much faster at 30°C than at 20°C. Thus, to avoid flocculation due to 

overgrowth, the outgrowth and production phases at 30°C were limited to 24 hours each, while 

those at 20°C were allowed 48 hours each. SDS-PAGE analysis showed that cultivation at 20°C 

yielded higher titer, but this could be confounded by the difference in cultivation length (Figure 

6.1A). Cultivations at 30°C also did not yield enough material for purification in many cases. 

Furthermore, although we had seen no significant differences in the trastuzumab heavy chain 

glycan profiles between chaperone engineered G0 strain, the addition of calnexin and calreticulin 

seemed to boost the secreted protein titer, an effect more noticeable at 20°C. We then analyzed 

the glycan profile of heavy chain via LC-MS. Many of the strains, post cultivation at 30°C, did 

not produce enough materials for purification. Compared to a typical cultivation at 25°C, the 

mass spectra of trastuzumab heavy chain showed no significant differences in glycan profile 

when the strains were cultivated at 30°C or 20°C (Figure 6.1B). Thus, changing the enzymatic 

activity on a global scale through varying cultivation temperature was not beneficial to 

generating more G0 glycans, likely because the enzyme kinetics for both native and heterologous 

pathways were likely affected by temperature. For producing monoclonal antibodies, and 

possibly other complex proteins as well, cultivation at 30°C could be largely infeasible due to the 

significant drop in productivity. 
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Figure 6.1. Temperature effects on secreted protein glycan profiles. 
(A) SDS-PAGE analysis of trastuzumab in different glycoengineered strains in 30°C vs. 20°C 
cultivation. (B) Mass spectra of trastuzumab HC when cultivated at different temperatures. 
Cultivation temperature does not have a significant impact on trastuzumab glycan profile. 
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6.2.2. Effects of carbon source concentration 

Recombinant protein production in K. phaffii is typically driven by PAOX1, a tightly 

controlled promoter repressed by glycerol and glucose and induced by methanol. Methanol 

concentration has been linked to the expression level of recombinant proteins,52 and reducing the 

flux of recombinant proteins could be beneficial to mediating ER stress response and prolonging 

the interaction time between them and heterologous glycosylation enzymes. 

We analyzed the glycan profiles of K3 peptide, RBD, and trastuzumab in several G0-

glycoengineered strains under four different production phase conditions – 0.5% or 3% v/v 

methanol with and without 4% w/v sorbitol. Sorbitol is common cofeed carbon source in K. 

phaffii cultivations and serves as a non-repressive carbon source for protein production.211 By 

SDS-PAGE analysis, the additional of sorbitol had different effects on different conditions 

(Figure 6.2A). For K3 peptide and RBD, cofeeding the production phase with sorbitol greatly 

decreased the titer of secreted proteins, in some cases below purification limit. However, for 

trastuzumab, the addition of sorbitol showed similar trend with 0.5% v/v methanol but the 

reverse with 3% v/v methanol. By comparing the glycosylation patterns of secreted K3 peptide 

and trastuzumab between different conditions via LC-MS, we observed that the inclusion of 

sorbitol in production media reduced the degree of phosphomannosylation on K3 peptide but had 

no noticeable effect on trastuzumab (Figure 6.2B). Future studies could include examining 

whether adding sorbitol to media could downregulate the expression of 

phosphomannosyltransferases in K. phaffii. We were unable to obtain a sufficient amount of 

RBD-J6 through purification to perform similar comparative analysis because its titer was too 

low under cofed cultivation conditions. 
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Figure 6.2. Carbon source concentration effects on secreted protein glycan profiles. 
(A) SDS-PAGE analysis of K3 peptide, RBD, and trastuzumab in G0 strains with production 
phase media containing different concentrations of carbon source. (B) Mass spectra of K3 
peptide and trastuzumab HC in different production media. Sorbitol cofeed reduces the amount 
of phosphomannoses on K3 peptide, but no significant impact of carbon source concentration 
was observed for trastuzumab HC glycosylation. 
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6.2.3. Effects of media supplementation 

Glycosylation control of monoclonal antibodies in CHO fermentation has been 

extensively studied, of which media supplementation is a widely used strategy for modulating 

their glycan profiles. Divalent ions (especially Mn2+) supplementation, as the cofactor ion of 

oligosaccharide transferase (OST), have been reported to help enhance its activity and improve 

glycan occupancy.212 Glycosylation reaction precursors like galactose, GlcNAc, and N-

acetylmannosamine (ManNAc) help push the biochemical reaction equilibrium towards a more 

favorable direction and reduce the metabolic burden required for glycosylating the recombinant 

protein molecules.206,213 Bases like ammonia and uridine are also key supplementations in CHO 

culture and impact N-linked glycosylation.207,213 Proper exploration of the design space for the 

optimization of media supplements, however, is a multi-variate optimization problem. Standard 

One-Factor-At-a-Time (OFAT) and Design-Of-Experiment (DOE) approaches can be labor 

intensive, possibly constrained by local optima, and in practice infeasible due to the lack of easy, 

high-throughput screening method for glycan profiles of recombinant proteins. Modern machine 

learning-based methods can overcome these challenges and have been successfully applied in 

both media composition and process parameter optimization.65,66 

We here chose a Bayesian optimization algorithm to accelerate the screening of media 

supplements. It is well-suited for optimizing the “black box” function where the underlying 

relationship between the input and output is unknown. In short, Bayesian optimization suggests 

experiments sequentially using a surrogate model that mimics the system of interest based on the 

experiments observed previously. Due to this property of adaptively sampling locations, the 

algorithm is capable of achieving optimal conditions faster and with reduced number of overall 

experiments.214 We selected the G0 strain with mutant MNS1 as the base glycoengineered strain 
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and examined how different media supplementations would change the glycan profiles of three 

different glycoproteins – K3 peptide, RBD, and trastuzumab. We chose the testing range for each 

supplement based on prior CHO literature (Table B6.1) and generated an initial set of 12 

conditions (Table B6.2) to sample uniformly from the design space for round one study. After 

cultivation, the secreted proteins were purified, and their glycan structures were analyzed by LC-

MS. For K3 peptide, in all 12 media supplementation conditions, G0 remained the predominant 

glycan structure, and different conditions did not significantly change the abundance of high 

mannose structures (Figure A6.1A). K3 peptide had already been an easy-to-glycosylate 

molecule, so it is not surprising that adding supplements did not drastically further improve the 

glycan profile. For trastuzumab, G0 abundance remained minimal – between 0.5% and 1% of 

trastuzumab light chain abundance – and fell beneath the threshold of the peak calling algorithm 

in a subset of conditions (Figure A6.1B). Because a significant fraction of trastuzumab heavy 

chain was aglycosylated, we also examined the ratio between aglycosylated and Man8-

glycosylated heavy chain and surprisingly observed a decrease in occupancy in many media 

supplementation conditions. We observed the biggest effect of media supplementation with RBD 

– the ratio of G0 to Man11, a common high-mannose structure observed via LC-MS, improved 

from 0.56 to as high as 1.03 with media supplementation (Figure A6.1C).  

Based on the results of the round one study, we decided that K3 peptide was only suitable 

for base-line measurements and would not meaningfully further contribute to media 

supplementation optimization. We thus excluded K3 peptide from the study and included mGM-

CSF instead. mGM-CSF has two N-linked glycosylation sites, and we have previously observed 

glycan occupancy issues on this molecule (Chapter 5.2.2). Because RBD did not present any 

occupancy problem, mGM-CSF would be a great candidate to study how this issue can be 
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improved with media supplementation. In addition, we chose to increase the exploration range of 

Mn2+ in the round two study, because CHO-informed testing range did not take into account of 

high cell densities of yeast cultures.215 

We then carried out two sequential rounds of media supplementation optimization to 

maximize G0 glycan abundance in RBD, each with 11 different conditions (Table B6.2), and 

analyzed the resulting glycan profiles of RBD, mGM-CSF, and trastuzumab. In Round 3, 

calcium ion, the enzyme cofactor for MNS1, was added into the model to examine its impact on 

the heterologous pathway activity. After three rounds of media supplementation testing (Figure 

6.3A), we were able to increase the abundance of G0 glycosylation on RBD. Supplementation 

condition 18 performed the best, resulting in noticeable increase in G0 abundance and decrease 

in hypermannosylated structures (Figure 6.3B). Simple linear regression is insufficient in relating 

normalized G0 score to different media additives, as only galactose showed a statistically 

significant, albeit weak, positive correlation (Figure 6.3C). This shows that the Bayesian 

optimization was able to capture non-linear relationships among the variables. It is worth noting, 

however, that media osmolarity could be another inherent variable with different additives. For 

rigorousness, future studies should include investigating how media supplementation changes 

osmolarity and its impact on secreted protein glycan profiles. 

Because G0 glycan abundance on RBD was set as the optimization target, we did not 

observe improvements in trastuzumab or mGM-CSF occupancy in the resulting media 

supplementation conditions (Figure A6.2). The optimized media supplements are thus not 

applicable for other glycoproteins, and new optimization workflow would be required for new 

molecules. 
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Figure 6.3. Machine learning-guided algorithm to improve G0 abundance on secreted RBD. 
(A) Normalized G0 score (ratio of G0 to Man11 abundance) across 34 tested conditions, as 
compared to control condition without any media additives. (B) Mass spectra of RBD in the best-
performing condition and in control. Note the enrichment of G0 glycan and the decrease in 
hypermannosylated structures. (C) Correlation-p-value volcano plot of normalized G0 score to 
different media additives. Correlation was estimated based on a linear regression model. 
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6.3. Discussion 

In this chapter, we demonstrated the modulation of glycosylation profiles on secreted 

proteins through varying culture conditions. By combining host engineering and process 

engineering, we interrogated how the multi-step humanized glycosylation pathway responds to 

environmental changes. We showed that temperature, despite being a common process variable 

with great impact on glycan profile in CHO cultures, did not significantly affect the performance 

of glycoengineered strains. Altering media composition, both carbon source and additives, 

changed the glycosylation pattern on several molecular demonstrations, including K3 peptide, 

RBD variant, and murine GM-CSF. We employed a machine learning-guided algorithm to better 

investigate the design space for media supplementation and significantly improved the G0 

abundance on RBD. 

One major observation we made in this chapter is the relative invariance of humanized 

glycosylation pathway towards changes in process parameters, and, to a lesser degree, media 

composition. This observation is also corroborated by literature as well.216 The robustness of K. 

phaffii fermentation is a direct contrast from CHO, where small changes in process parameters or 

media micronutrients can significantly change glycosylation landscape.206,217,218 It thus follows 

that strains exhibiting desired glycan profiles are, to some extent, process agnostic, making 

potential scale-up from bench-scale to pilot- and commercial scale simpler. However, any 

undesired glycans would also likely persist, and process changes have relatively small impacts. 

In our case, although we were able to decrease their abundance, high-mannose structures at N-

linked glycosylation sites, a result from the combined effect of limited glycan accessibility and 

Golgi mannosyltransferase promiscuity, still plague the best-performing media supplementation 

condition. This points to the need for additional genome engineering to better address this issue. 
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Lastly, the development of better and faster screening technologies would greatly benefit the 

engineering cycle. Currently, commonly used methods include released glycan analysis (with 

high-performance liquid chromatography and/or matrix-assisted laser desorption ionization-time 

of flight mass spectrometry)219 or intact protein mass spectrometry. Released glycan analysis 

often cannot accurately measure glycan occupancy, while intact protein mass spectrometry can 

be confounded by other PTMs (including O-linked glycosylation and phosphorylation), and 

additional interventions such as enzymatic digestion are needed to decouple mass shifts from 

different sources. High-throughput methods for glycan identity and abundance characterization 

would aid in screening more conditions and strains, and, with more data, predictive models could 

be more accurate in optimizing host engineering and process tuning for a wide range of 

glycoproteins. 

6.4. Methods 

Yeast vectors and strains 

All strains were derived from wildtype K. phaffii (NRRL Y-14430). The DNA fragment 

containing different recombinant proteins was codon optimized, synthesized (Integrated DNA 

Technologies), and cloned into a custom vector for roll-in integration. All yeast strains were 

derived from wild-type Komagataella phaffii (NRRL Y-11430). K. phaffii strains were 

transformed as described previously.112 

Cultivation 

 Strains for glycan profile characterization were grown in 3 mL culture in 24-well deep 

well plates (25°C, 600 rpm). Cells were cultivated in BMGY (buffered glycerol complex media, 

Teknova) with 4% v/v glycerol. For glycoengineered strains, after 40h of biomass accumulation, 

cells were pelleted and resuspended in BMMY (buffered methanol complex media, Teknova) 
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with 3% v/v methanol. For mAb cultivations and media supplementation, 10 mM glutathione 

was added to the production media. After 48 hours of production, supernatant was harvested for 

analysis. 

Protein purification and glycan characterization 

Untagged RBD was purified as previously described.202 

 For His-tagged proteins (K3 peptide, mGM-CSF, and RBD), supernatant was filtered and 

diluted 1:1 with Ni-IMAC (nickel-immobilized metal affinity chromatography) binding buffer 

(25mM imidazole, 25mM sodium phosphate, 500mM sodium chloride, pH 7.4). Purification was 

carried out on the GE ÄKTA pure system with 1-mL HisTrap columns (Cytiva). After sample 

loading, the column was equilibrated with and washed with the described binding buffer before 

eluting with elution buffer (500mM imidazole, 25mM sodium phosphate, 500mM sodium 

chloride, pH 7.4).  

For trastuzumab, the filtered supernatant samples were diluted, 1:1 with 1x phosphate-

buffered saline (PBS, pH 7.4) and purified on the GE ÄKTA pure system with a 1-mL ProA 

column (HiTrap Protein A HP, Cytiva). After sample loading, the column was equilibrated with 

and washed with 1x PBS and eluted with 100mM citric acid (pH 2.8). Eluted products were pH 

adjusted with 1M Tris-HCl (pH 9.0). 

Intact protein LC-MS was performed as described previously.52 Mass spectra were 

processed using MassHunter Bioconfirm software (Agilent Technologies). 

Exoglycosidase digestion 

 Purified protein samples were buffered exchanged, using Amicon® Ultra centrifuge 

columns (Millipore), and concentrated in water. Protein concentration was determined by 

absorbance at A280 nm (DeNovix). Glycan digestion by α1-2,3,6-mannosidase (New England 
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Biolabs) was carried out according to manufacturer protocol. After overnight incubation at 37°C, 

four times sample volume cold acetone was added to each reaction. Following 1-hour incubation 

at -20°C, proteins were precipitated by centrifugation at 15,000g for 15 minutes at -10°C. The 

supernatant was decanted, and the air-dried protein pellets were resuspended in 5% acetone in 

water with 0.1% formic acid for intact protein LC-MS analysis. 

Bayesian optimization of media supplementation 

 Bayesian optimization, which applies a sequential procedure in which a surrogate 

Gaussian process is used to suggest the next set of experiments based on already acquired data, 

optimizes the trade-off between exploration and optimization. The implementation of the model 

was carried out as previously described,214 with RBD G0 abundance as the optimization target. 
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7. DISCUSSION AND FUTURE OUTLOOK 

In this thesis, we presented K. phaffii as an alternative host organism for producing 

pharmaceutical proteins to improve the accessibility of these medicines, address broad societal 

goals for sustainability, and offer financial advantages for accelerated development of new 

products. We demonstrated the engineering of molecular sequence, host genome, and process 

variables to improve the quality of secreted recombinant proteins, especially aglycosylated and 

glycosylated monoclonal antibodies.  

7.1. Design-for-Success with Deeper Understanding of Secretory Pathway 

Chapter 2 of this thesis discussed the adaptation of aglycosylated monoclonal antibodies 

for improved production in K. phaffii. By making small, conservative, informed modifications to 

the IgG1 backbone, we significantly reduced product-related variants and achieved product 

quality comparable to that in CHO, the industry gold standard. The molecular sequence changes 

introduced in this chapter are broadly applicable to a wide range of recombinant proteins, and 

our lab have since demonstrated proof-of-concept quality improvement with milk proteins. 

Admittedly, although we were successful in improving the quality of secreted mAbs, additional 

functional studies would be needed to ensure protein activity. In fact, risks of reduced or 

abolished activity are the main deterrent against molecular sequence engineering. In the case of 

monoclonal antibodies, we can hedge our bets based on approved commercial molecules like 

eptinezumab, but many other classes of biologics do not have such precedents. It is thus prudent 

to design molecules with production host and potential quality issues in mind. This necessitates 

deeper understanding of host biology, especially the secretory pathway. Luckily, K. phaffii, 

compared to common mammalian platforms, has a much smaller genome and simpler, more 

robust biology.27 Aided by modern techniques like gene editing, high-throughput sequencing, and 
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other -omics techniques, a better mechanistic understanding of protein translation, translocation, 

folding, transport, modifications, and eventual secretion can potentially pinpoint problem areas 

in the molecular sequence and suggest strategies for their modifications. 

7.2. Faster Pathway Tuning with Titratable Promoters 

Chapters 3 and 4 of this thesis discussed the implementation of a CRISPR-Cas9 system in 

K. phaffii for improving product quality, especially non-human glycosylation. We demonstrated 

the engineering of yeast native glycosylation pathway to produce homogeneous G0 glycan on a 

reporter peptide. Although the feasibility of glycoengineering has been demonstrated before, we 

intended to leverage CRISPR-Cas9 technology for faster pathway manipulation. The advantage 

of speed was evident in the multiplexed engineering of glycosylation pathway, achieving three 

genomic changes at three different loci. We also discovered that, however, engineering a 

multistep pathway with such intricate ties with other aspects of cellular functions was more 

complicated than we initial thought – viable glycoengineered strains were only possible with a 

spontaneous gene mutant or tuning down gene expression level to a host-appropriate level. 

Heterologous pathway optimization is not a new problem in synthetic biology. In fact, multi-step 

pathways are very common in metabolic engineering,220,221 and many tools have been developed 

in conventional hosts like E. coli and S. cerevisiae for precise tuning of gene expression 

levels.56,222 The utilization of K. phaffii as a host for similar metabolic engineering has driven 

innovation in developing novel promoters for pathway optimization, but the scope has been 

limited to mutagenizing common promoters PAOX1 and PGAPDH.223 We have started the work of 

identifying native promoters that are responsive to different carbon sources and additives in the 

media and demonstrated the regulation of cell growth using an inositol-repressible promoter, but 

additional assay is needed to confirm their titratability. Development and characterization of such 
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promoters and other gene regulation systems would accelerate the engineering cycle of 

glycosylation pathway and help inform gene expression to achieve glycan homogeneity.  

7.3. Data-Driven Host Engineering 

The importance of host engineering guided by different -omics techniques should not be 

understated. Chapter 4 of this thesis, in particular, used bulk RNA sequencing data to inform an 

appropriate expression level for heterologous pathway. After creating viable glycoengineered 

strains, similar techniques were employed to compare transcriptomes between different strains 

and identify engineering targets to address growth defects. Including the host cell biology into 

consideration can and should be employed in strain engineering. In glycoengineering, non-native 

sugar moieties, such as galactose and sialic acid, need to be de novo synthesized for glycans 

beyond G0, and proper balance of carbon flux could achieve homogeneous glycosylation without 

compromising cell fitness. In a broader context, genome engineering of the host can also be more 

effective when guided by model and data.224,225  

Furthermore, transcriptomic analysis highlighted areas for improvement in the 

experimental design. Specifically, heterologous gene expression is likely impacted by 

surrounding genes, and, consequently, the dynamic range with which we were able to modulate 

expression level is narrower than expected. Our lab has previously reported the interrogation of 

different intergenic regions for genomic integration via ATAC-seq,184 but the scope was limited 

to a single construct of a fluorescent protein driven by a highly active promoter. Based on the 

results presented in this thesis, further characterization of integration loci is warranted to identify 

landing pads for heterologous genes that can be regulated consistently and across several orders 

of magnitude in expression level. This underscores the importance of comprehensive -omics 

analysis in reliable genome editing. 
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7.4. High-Throughput Method for Screening Complex Phenotypes 

Chapters 5 and 6 discussed our engineering strategies to improve the production of 

desired glycans on more complex proteins. We observed an inverse correlation between protein 

complexity and the abundance of G0 glycosylation in secreted product. Chapter 5 aimed to 

address this issue by engineering the heterologous pathway and different secretory machineries. 

We identified accessibility as the main challenge in properly glycosylating larger, more complex 

proteins, especially those with buried N-linked glycosylation sites, as is the case for monoclonal 

antibodies. Furthermore, although the performance of the humanized pathway remained largely 

invariant with chaperone engineering, native mannosyltransferase knockouts, and GNT1 

localization, we hypothesize that single perturbations are likely not sufficient for impacting 

pathway activity and that simultaneous engineering of multiple targets would be required. 

Chapter 6 demonstrated multiple process engineering strategies for improving glycosylation 

profile, including adjusting process parameters and media supplementation. We were able to 

increase G0 abundance on a subunit vaccine candidate with machine learning-guided 

supplementation, but beneficial effects were minimal for monoclonal antibodies.  

With the development of CRISPR-Cas9 genome-wide library screens, powerful artificial 

intelligence tools, and more synthetic biology parts, we are able to rapidly generate new strains 

and testing conditions – such as combining targets identified in Chapter 5 or introducing 

additional parameters or media additives like in Chapter 6. The workflow in improving glycan 

profile (and other secretion-related phenotypes) is often bottlenecked at characterization. 

Improvements to the throughput of screening methods can greatly accelerate engineering cycle. 

Yeast surface display could be a viable strategy in improving glycosylation pathway engineering, 

since any genomic changes in this pathway would result in a global shift in glycan profile, 
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including that of surface anchor proteins. Identification of glycan-specific antibodies could 

benefit future studies using such platforms.  

7.5. Conclusion 

Protein quality is a complex problem, but it is an indispensable aspect of drug 

development to ensure safety and efficacy. Alternative hosts like K. phaffii are capable of 

secreting therapeutic proteins and can boast advantages including faster development, lower cost, 

greener process, and increased accessibility, but the product quality can be of concern compared 

to industry standard mammalian platforms. With the advancements presented in this thesis and 

the future directions suggested above, I hope to have conveyed that many quality issues observed 

in this host can be addressed through the engineering of molecular sequence, host biology, 

production process, or a combination of them. Nevertheless, there is a need to further understand 

the fundamental biology with data- and model-driven techniques, to develop better genetic tools 

to manipulate this biology, and to screen the resulting phenotypes with high-throughput method. 

The overarching multifaceted framework is applicable to other unconventional hosts as well. K. 

phaffii is not the magical cure-all for biologics production – no organism is, but through 

understanding and engineering this host and applying such insights to other hosts, we are right on 

track to providing high-quality pharmaceutical proteins to patients around the world.  
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Appendix A   

Chapter 2 supplemental figure(s) 

 

  

Figure A2.1. N-terminal extension of trastuzumab light chain. 
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Figure A2.2. Tandem MS of a differentially mannosylated tryptic peptide in HC. 
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Figure A2.3. Mutations in the identified tryptic peptide to reduce O-mannosylation. 
No significant reductions in O-mannosylation were observed with different mutations. 
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Figure A2.4. Secretion of trastuzumab and a preclinical mAb as a function of gene copy 
number. 
Colony growth on selection plate was treated as a proxy for gene copy number. 
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Figure A2.5. Product-related variants of engineered trastuzumab, LC-MS analysis. 
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Chapter 3 supplemental figure(s) 

 

  

Figure A3.1. Expression of methanol-inducible genes of interest. 
The native promoters of these genes can be reappropriated for methanol-inducible heterologous 
pathways. 
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Chapter 4 supplemental figure(s) 

 
  

Figure A4.1. Example K3 peptide mass spectrum in a G0 strain with mutated, 
dysfunctional MNS1.  
Note the absence of any glycan structures with lower numbers of mannose moieties. Mutated 
MNS1 is likely incapable of cleaving off mannose(s) from hypermannosylated structures. 
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Figure A4.2. Spontaneous mutations in MNS1 open reading frame in GlcNAcMan5-
glycoengineered strains. 
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Figure A4.3. Growth rate comparison of glycoengineered strains. 
Note the significant decrease in OCH1-intact strains after the integration of heterologous 
glycosylation pathway genes. Additional engineering (integration of MNS2 and GNT2) does not 
appear to significantly affect growth rate in ∆och1 strains. 
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Figure A4.4. Secretion of K3 peptide in G0 glycoengineered strains with WT MNS1. 
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Figure A4.5. Principal component analysis of transcriptomic dataset. 
Note the separation by the first PC by wildtype vs. ∆och1/glycoengineered strains. 



165 
 

 

 

  

Figure A4.6. Scores of five different modules defined by sPCA. 
Module scores are calculated by the matrix multiplication of module loading and gene 
expression. 
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Figure A4.7. Selection of alternative integration loci for MNS1. 
New loci (near genes GQ67_02852, GQ67_02265, and GQ67_03224) are chosen based on 
their upstream and downstream gene expression levels, which ideally match up with MNN10, 
BCK1, and GQ67_01500 native gene expression, respectively. 
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Figure A4.8. Mass spectra of additional galactosylation-engineered strains. 
(A) PMNN4 was likely too weak to support galactosylation. (B), (C), and (D) tripartite protein 
fusion’s lack of enzymatic activity was possibly due to protein misfolding or incorrect 
subcellular localization. 
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Chapter 5 supplemental figure(s) 

 
  

Figure A5.1. Mass spectrum of trastuzumab heavy chain. 
Trastuzumab integration was carried out using the dual expression vector. EAEA residues were 
added to both LC and HC. 
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Figure A5.2. Mass spectra of mGM-CSF with mannosidase digestion. 
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Figure A5.3. Alignment of an uncharacterized K. phaffii protein to S. cerevisiae Yos9. 
BLAST identified homology only within the glucosidase domain of ScYos9 and not in the OS9 
domain. K. phaffii ERAD mechanism remains to be studied. 
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Figure A5.4. Mass spectra of K3 peptide in G0 glycoengineered strains with differently 
targeted mutant MNS1. 
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Figure A5.5. Mass spectra of trastuzumab HC in G0 glycoengineered strains with multi-
copy integration of MNS1. 
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Figure A5.6. Mass spectra of trastuzumab HC in G0 glycoengineered strains with 
differently-targeted GNT1. 
(A) in strains with ER-targeted mutant MNS1. (B) in strains with late ER/early Golgi-targeted 
MmMNS1. 
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Figure A5.7. Mass spectra of trastuzumab HC and RBD in glycoengineered strains with 
additional mannosyltransferase knockout. 
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Figure A5.8. Library diversity assessment via E. coli colony PCR sequencing. 
(A) Round 1, (B) Round 2, and (C) combined diversity assessment through confirming the 
identity of individual integration constructs in distinct E. coli colonies. 
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Chapter 6 supplemental figure(s) 

  

Figure A6.1. Observations of glycan profiles during initial exploration phase of round 1 
optimization. 
(A) K3 peptide glycan profile was robust against different media additives. (B) Improvements to 
trastuzumab G0 abundance were insignificant. In many conditions, media supplementation 
increased relative aglycosylated fraction. (C) RBD exhibited increased G0 glycosylation even 
during exploration phase. *: p < 0.05, **: p < 0.005, ***: p < 0.0005, ****: p < 0.0001, one-
way ANOVA. 
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Figure A6.2. Effects of media supplementation on the glycan profile of non-target 
proteins. 
mGM-CSF occupancy score is defined as: 

2 ∗ ℎ2𝐺𝐺0 + 2 ∗ ℎ2𝐺𝐺0+𝑂𝑂𝑂𝑂2 + ℎ𝐺𝐺0 + ℎ𝐺𝐺0+𝑂𝑂𝑂𝑂2
2 ∗ (ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎+𝑂𝑂𝑂𝑂2 + ℎ𝐺𝐺0 + ℎ𝐺𝐺0+𝑂𝑂𝑂𝑂2 + ℎ2𝐺𝐺0 + ℎ2𝐺𝐺0+𝑂𝑂𝑂𝑂2)

 

where ℎ𝑋𝑋 is the peak height of X, per LC-MS analysis. 
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Appendix A  

 Chapter 3 supplementary table(s) 

 
Table B3.1. Carbon source and additives included in media screen for the discovery of 
native tunable promoters. 
 

Chemical as additive as sole carbon source 
Acetate  ● 

Arabinose ● ● 
Aspartate  ● 
Caffeine ●  

Cellobiose  ● 
Dulcitol ● ● 
Ethanol  ● 
Fructose  ● 
Galactose  ● 
Glucose  ● 

Glutamine  ● 
Inositol ● ● 
Lactate  ● 
Lactose  ● 
Maltose  ● 
Mannitol ● ● 
Mannose ●  
Mannose  ● 
Melibiose  ● 
Methanol ● ● 
Pyruvate  ● 
Raffinose ● ● 
Rhamnose  ● 

Ribose  ● 
Serine  ● 

Sorbitol ● ● 
Succinate  ● 
Thiamine ●  
Trehalose  ● 

Xylitol  ● 
Xylose ● ● 
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Chapter 4 supplemental table(s) 

 
 
Table B4.1. Transformation success of MNS1 constructs with different promoters. 
Parent strains are either PENO1-GNT1/MNS2/GNT2 strain or PMNN4-GNT1/MNS2/GNT2 strain. 
 

WT MNS1 promoter PENO1-G0 PMNN4-G0 

PENO1   
PPPA2   
PCDA2   
PMNN4   
PMNN10   
PBCK1   
P1500   
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Table B4.2. MAPK cascade targets for knockout. 
* FUS3 knockout resulted in an amino acid substitution. 
 

Gene name Enrichment 
score 

Non-
essentiality 
score 

Target 
for KO 

KO 
success 

Description 

SLT2 29.97 0.871  
 

Serine/threonine MAP kinase 

RTC1 29.25 0.785   Putative protein of unknown function 

FUS3 28.69 0.998  * hypothetical protein PAS_chr2-1_0872 

SST2 27.42 0.872   GTPase-activating protein for Gpa1p, regulates 
desensitization to alpha factor pheromone 

STE3 24.11 0.819   Receptor for a factor receptor, transcribed in alpha 
cells and required for mating by alpha cells 

MSB2 22.48 0.844   Mucin family member 

GQ67_04899 21.62 0.583 
  

Cytosolic aspartate aminotransferase, involved in 
nitrogen metabolism 

GQ67_00187 20.47 0.769   Histidine kinase osmosensor that regulates a MAP 
kinase cascade 

GQ67_03165 20.38 0.744 
  

Glucose-repressible protein kinase involved in 
signal transduction during cell proliferation 

NPR2 18.59 0.732 
  

Protein with a possible role in regulating 
expression of nitrogen permeases 

GQ67_02248 18.31 0.320 
  

Hypothetical protein PAS_chr1-1_0399 

HEM2 17.96 0.033 
  

Delta-aminolevulinate dehydratase, a homo-
octameric enzyme 

GQ67_00249 17.02 0.073 
  

Protein kinase involved in regulating diverse 
events including vesicular trafficking and DNA 
repair 

GQ67_04558 14.11 0.935   Hypothetical protein PAS_chr4_0235 

MRS6 13.77 0.442 
  

Rab escort protein, forms a complex with the Ras-
like small GTPase Ypt1p 

STE50 13.69 0.742 
  

Protein involved in mating response, 
invasive/filamentous growth, and osmotolerance 

GQ67_00145 12.70 0.803 
  

GTPase activating protein (GAP) for Rho1p, 
involved in signaling to the actin cytoskeleton 

SLG1 12.33 0.704 
  

Sensor-transducer of the stress-activated PKC1-
MPK1 kinase pathway 

GCN1 12.26 0.955 
  

Positive regulator of the Gcn2p kinase activity, 
forms a complex with Gcn20p 

GEA2 11.72 0.421     Guanine nucleotide exchange factor for ADP 
ribosylation factors (ARFs) 
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Table B4.3. Modules generated from sparse PCA analysis. 
 

Module 1 Module 2 Module 3 Module 4 Module 5 
Gene Loading Gene Loading Gene Loading Gene Loading Gene Loading 
SSC1 -0.00279 KAR4 0.636132 MF(ALPHA)1 0.261436 FLO11-BSC1 0.660747 CTR1 0.595103 
SSE1 -0.0235 FUS3 0.530194 ALD5 0.067553 USV1 0.3392 YFL040W 0.52904 
ATP2 -0.03379 ASP3-4 0.238323 ADH2 0.037582 FLO9 0.228262 FRE1 0.41481 
GUT1 -0.05968 PRM1 0.223132 PHO84 0.034055 MF(ALPHA)1 0.212193 MAC1 0.200819 
PYC2 -0.06118 MF(ALPHA)1 0.213856 AQR1 0.030193 YFL040W 0.207765 SAH1 0.19466 
FAS1 -0.06784 SST2 0.190155 MRP49 0.025317 BAG7 0.077969 ISR1 0.162165 
KAR2 -0.07717 IME2 0.183556 ERG11 0.024884 SNN1 0.026187 GAP1 0.156609 
ACO1 -0.10623 STE3 0.144467 YIM1 0.023672 ECI1 0.025926 ALD5 0.153168 
SSA4 -0.18275 PRP18 0.051176 OCH1 0.021843 PDR15 0.002923 INO1 0.109415 
HSP82 -0.20152 STE12 0.044055 CTR1 0.020519 ERG11 -0.0022 ROX1 0.096098 
GUT2 -0.21007 RSN1 0.041337 DOG1 0.020178 OPI3 -0.00364 IME2 0.067513 
EFT1 -0.26873 STE5 0.02611 GDT1 0.016155 CTR1 -0.00402 DIP5 0.065704 
PMA1 -0.30405 DFG5 0.014971 YEL047C 0.014523 STE14 -0.00645 OPI3 0.058165 
TEF1 -0.32136 SAH1 -0.01183 NMA1 0.014401 GDH3 -0.00856 GCW14 0.050018 
PCK1 -0.52231 ADH2 -0.01578 FRE3 0.014109 YDL218W -0.01615 MET6 0.048126 
HSP104 -0.55701 CTR1 -0.02582 PDC1 0.010859 PRY2 -0.01979 MCH4 0.043698 
    AQR1 -0.047 HEM13 0.009933 SPS4 -0.03223 YOL114C 0.027391 
    ERG2 -0.05336 MET13 0.009689 RAM1 -0.03284 PDR12 0.019923 
    FRE3 -0.08282 YIL166C 0.008835 ZRT1 -0.04471 RGS2 0.007575 
    ALD5 -0.22593 UIP4 0.008187 STE6 -0.06016 

 
  

        AGC1 0.006784 CAR1 -0.0664 
 

  
        CTH1 0.006628 INO1 -0.09839 

 
  

        GCW14 0.00637 NIT1 -0.10228 
 

  
        YBR096W 0.005601 AXL1 -0.2988 

 
  

        ENO1 0.005005 STE2 -0.42219 
 

  
        MSF1 0.004109     

 
  

        ERG25 0.002325     
 

  
        YFH7 0.00146     

 
  

        YCR090C 0.001096     
 

  
        YPR098C 0.000707     

 
  

        CCP1 0.000474     
 

  
        YAH1 -0.00049     

 
  

        MSC1 -0.00202     
 

  
        SGA1 -0.00271     

 
  

        AGP2 -0.00316     
 

  
        SLT2 -0.00496     

 
  

        SRC1 -0.00622     
 

  
        YGR127W -0.0069     

 
  

        CRH1 -0.00921     
 

  
        YOR1 -0.01325     

 
  

        YOR338W -0.01367     
 

  
        ECI1 -0.0156     

 
  

        ISR1 -0.01976     
 

  
        FLO9-like2 -0.02054     

 
  

        RAM1 -0.02991     
 

  
        RAM2 -0.03132     

 
  

        STE14 -0.03423     
 

  
        PUN1 -0.0441     

 
  

        HSP12 -0.04836     
 

  
        ISU1 -0.05038     

 
  

        STE6 -0.05513     
 

  
        BAG7 -0.08652     

 
  

        FLO11-BSC1 -0.14344     
 

  
        AXL1 -0.17254     

 
  

        USV1 -0.17584     
 

  
        FLO9 -0.1946     

 
  

        STE2 -0.25708     
 

  
        FLO11-MUC1 -0.84361         
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Chapter 5 supplemental table(s) 

 
Table B5.1. Constructs included in MNS1-GNT1 combined library. 
 

Gene Construct 
# 

Promoter Localization Catalytic Note 

MNS1 308 PGAPDH ScMns1 ER, tethered CeMNS1M260I Base construct for comparison 

329 PMNN4 ScSec12 Late ER/Early Golgi CeMNS1 Change MNS1 localization from ER to 
late ER/early Golgi via different 
transmembrane domain 330 PMNN10 ScSec12 Late ER/Early Golgi CeMNS1 

331 PCDA2 ScSec12 Late ER/Early Golgi CeMNS1 

352 PGAPDH ScSec12 Late ER/Early Golgi MmMNS1 

353 PMNN4 ScSec12 Late ER/Early Golgi MmMNS1 

482 PBCK1 HDEL ER, lumenal CeMNS1 Change MNS1 from membrane-tethered 
to ER lumen-targeted 

485 PMNN4 HDEL ER, lumenal CeMNS1 

486 PENO1 HDEL ER, lumenal CeMNS1 

487 P1500 HDEL ER, tethered CeMNS1 Weaker promoter for WT CeMNS1 
expression 

494 P4776 HDEL ER, tethered CeMNS1 

GNT1 147 PENO1 ScMnn2 Golgi HsGNT1 Base constructs for comparison 

151 PMNN4 ScMnn2 Golgi HsGNT1 

430 PGAPDH ScSec12 Late ER/Early Golgi HsGNT1 Change GNT1 localization from Golgi to 
late ER/early Golgi via different 
transmembrane domain 431 PMNN4 ScSec12 Late ER/Early Golgi HsGNT1 

451 PENO1 ScSec12 Late ER/Early Golgi HsGNT1 
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Chapter 6 supplemental table(s) 

 
 
Table B6.1. Design space of additives in machine learning-guided media supplementation 
study. 
*: adjusted to 1 mM after round 1. **: additive included in round 3. 
 
Supplementation Effect Design space (mM) 
Mn2+ Increased M5 0.001 0.04* 

Increased occupancy 
Increased galactosylation 

Galactose Increased galactosylation 0 100 
NH4

+ Decreased galactosylation 0 10 
GlcNAc Increased G0 0 20 
ManNAc Increased G0 0 20 
Uridine Potential synergy with Mn2+ and galactose 0 20 
Ca2+ MNS1 cofactor 0 5** 
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Table B6.2. Media conditions tested based on the described Bayesian optimization 
algorithm. 
   

Concentration (mM)  
Condition 
# 

MnCl2 Galactose NH4Cl GlcNAc ManNAc Uridine CaCl2 

Round 1 1 0.008 29.20 1.20 4.20 5.80 5.80   
2 0.012 37.50 7.10 12.50 2.50 17.50   
3 0.022 4.20 2.90 17.50 0.80 0.80   
4 0.035 79.20 3.80 15.80 10.80 15.80   
5 0.005 70.80 0.40 14.20 9.20 19.20   
6 0.032 95.80 5.40 19.20 15.80 14.20   
7 0.038 54.20 2.10 9.20 7.50 7.50   
8 0.028 20.80 8.80 7.50 4.20 2.50   
9 0.025 45.80 4.60 2.50 17.50 10.80   
10 0.015 62.50 9.60 10.80 19.20 9.20   
11 0.002 87.50 6.20 0.80 12.50 4.20   
12 0.018 12.50 7.90 5.80 14.20 12.50   

Round 2 13 1.000 0.00 5.20 0.00 1.84 8.71   
14 1.000 0.00 9.98 0.00 0.00 15.17   
15 0.585 26.33 5.64 5.26 6.62 11.57   
16 0.262 37.66 7.57 10.00 3.72 14.88   
17 0.656 23.68 3.28 5.51 16.12 8.90   
18 0.218 73.22 8.26 4.27 8.89 6.30   
19 0.293 29.72 5.70 15.90 5.25 14.14   
20 0.214 43.90 7.21 5.67 10.34 15.68   
21 0.390 52.83 4.58 12.13 4.85 10.81   
22 0.806 63.83 7.64 11.07 9.87 3.92   
23 0.560 54.25 3.97 15.37 10.78 5.39   

Round 3 24 0.243 29.66 3.57 13.24 5.60 4.97 4.28 
25 0.003 6.21 3.96 15.26 15.96 1.46 4.77 
26 0.129 35.47 8.80 15.79 1.28 16.92 1.90 
27 0.905 12.04 3.75 8.33 1.60 2.36 4.11 
28 0.968 15.84 2.46 0.55 17.29 17.22 4.61 
29 0.238 88.35 9.60 4.60 8.99 15.68 4.19 
30 0.236 15.72 8.46 13.77 2.21 14.82 3.98 
31 0.913 73.27 0.91 3.11 10.99 1.55 1.37 
32 0.599 97.35 3.24 1.69 19.17 0.43 2.78 
33 0.840 19.34 6.98 0.16 6.19 16.67 4.70 
34 0.797 73.28 1.27 19.49 10.11 9.27 1.48  
Control 0 0 0 0 0 0 0 
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