
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Targeted detection of secretion pathway protein interactions for therapeutic production and 
cellular engineering

Permalink
https://escholarship.org/uc/item/4q15r9h9

Author
Robinson, Caressa Mystique

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4q15r9h9
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

Targeted detection of secretion pathway protein interactions for 

therapeutic production and cellular engineering 

A Thesis submitted in partial satisfaction of the requirements for the 

degree Master of Science 

in  

Bioengineering 

by 

Caressa Mystique Robinson 

Committee in charge: 

Professor Nathan Lewis, Chair 

Professor Adam Engler, Co-chair 

Professor Prashant Mali 

Professor Samara Reck-Peterson 

2020 



 
 

  



iii 

 

 

 

 

 

 

The Thesis of Caressa Mystique Robinson is approved, and it is acceptable 

in quality and form for publication on microfilm and electronically:  

 

__________________________________________________________ 

__________________________________________________________ 

__________________________________________________________ 

Co-chair 

__________________________________________________________ 

Chair 

University of California San Diego 

2020



iv 

EPIGRAPH 

 

 

 

 

 

 

 

All cannot be lost 

when there is still so much being found. 

Lemony Snicket 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



v 

TABLE OF CONTENTS 

Signature Page………………………………………………………………………………..       iii 

Epigraph……………………………………………………………………………………...        iv 

Table of Contents…………………………………………………………………………….         v 

List of Figures………………………………………………………………………………..       vii 

List of Tables………………………………………………………………………………..         ix 

Acknowledgements…………………………………………………………………………..         x 

Abstract of the Thesis…..……………………………………………………………………        xi 

Introduction…………………………………………………………………………………..         1 

Chapter 1 BioID facilitated identification of recombinant enzyme PPIs for secretion in   

HEK cells…………………………………………………………………………         7 

Abstract……………………………………………………………………………..          7 

 1.1 Introduction……………………………………………………………………...         8 

 1.2 Methods………………………………………………………………………….         9 

  1.2.1 Molecular cloning and generation of stable cell lines…………….            9 

  1.2.2 Immunofluorescence…………………………………………….….        10 

1.2.3 RNAi knockdown experiment……...………………………...…….        10 

1.2.4 Western blotting…………………………..……………………….          11 

1.2.5 Mass Spectrometry…………………………………………...…….        11 

1.2.6 MS Data Analysis………………………………………………..….        13 

1.2.7 Detection of significant interactions and pathway analysis………       13 

 1.3 Results……………………………………………………………………………      13 

1.3.1 Successful biotinylation of bait-specific proteins can be achieved      

with BioID………………………………………………….……….        13 

1.3.2 Data analysis shows enrichment for secretory pathway machinery      

the chosen SecPs…………………………………………...……….        17 

1.3.3 Significant interactors reflect post-translational and structural  

features of model proteins………………………………...……….        20 



vi 

TABLE OF CONTENTS (CONT.) 

1.3.4 Knockdowns of significant SecMs show impact on SecP secretion..     24 

 1.4 Discussion………………………………………………………………………..      25 

Chapter 2 BAR facilitated identification of PPIs impacting protein production of   

Rituximab in CHO cells…………………………………………………………       28 

Abstract……………………………………………………………………………...       28 

 2.1 Introduction………………………………………………………………………      29

 2.2 Methods…………………………………………………………………………..      30 

2.2.1 Cell culture and clone expansion………………………………..….       30 

2.2.2 Relative mRNA expression level using RT-qPCR…………………      31 

2.2.3 PPI labeling in CHO-S cells using the FcBAR method………..….       31 

2.2.3.1 Optimization of FcBAR reaction time…………….……….      32 

2.2.3.2 Comparison of low and high producing CHO-S clones for 

detection of cell engineering targets………...……..……….     32 

2.2.4 Validation of labeling by immunofluorescence………………..……     33 

2.2.5 Biotinylation profile by western blot………………………………...     33 

2.2.6 Mass spectrometry……………………………………………..……..     33 

2.2.7 Data Analysis……………………………………...……………..……     33 

2.3 Results……………………………………………………………………………      34 

2.3.1 mRNA quantification of Rituximab for CHO-S clones……….….        34 

2.3.2 Implementation of proximity biotinylation assays for CHO-S         

clones..………………………………………………………………..      34 

2.3.3 Preliminary data analysis shows enrichment of SecMs………..….      37 

2.3.3.1 Optimization of FcBAR reaction time…………….……….      37 

2.3.3.2 Comparison of low and high producing CHO-S clones for 

detection of cell engineering targets………...……..……….     38 

 2.4 Discussion………………………………………………………………………..      43 

References…………………………………………………………………………………….      46 



vii 

LIST OF FIGURES 

Figure 1. Workflow to detect in situ protein-protein interactions for proteins secretion..       2 

Figure 2. Model of the mammalian secretory pathway…………………………………….       3 

Figure 3. Schematic of Proximity-dependent Biotin Identification (BioID)……..………..       5 

Figure 4. Schematic of Biotinylation by Antibody Recognition (BAR).………...................      6 

Figure 1.1. Expression of bait-BirA proteins results in a substantial increase in     

biotinylated proteins ……………………………………………………………..    15 

Figure 1.2. Bait-BirA fusion proteins are colocalized with biotin-staining…………...……   16 

Figure 1.3. Colocalization between the 650 (Anti-flag) and 594 (Streptavidin) channels…   17 

Figure 1.4. PCA for all captured proteins and samples………………..……………...……    18 

Figure 1.5. GO term enrichment results for the top 150 loadings in the first principal 

component…………………………………………………………………...……     18 

Figure 1.6. Volcano Plots showing the significant proteins (red) identified between each     

bait protein and WT enrichment…………….…………………………...…….      19 

Figure 1.7. GO term enrichment results for all significant proteins identified for both 

biological function (BP) and cellular components (CC) annotations...……….     20 

Figure 1.8. The bait proteins show diversity in their PTM and structural content……....     21 

Figure 1.9. Visualization of select DE results………………………………..………...…….    23 

Figure 1.10. Modification of bait proteins requiring isomerase-facilitated disulfide-bond 

formation…………….……………………………………..…………………….    24 

Figure 1.11. Effects of esiRNA mediated knock-down of isomerases PDIA4 and PDIA6       

on SERPIN secretion…………………………………………………...………..    25 

Figure 2.1. Cell specific productivity is poorly predicted by transgene mRNA level……..    34 

Figure 2.2. Expression of Rituximab results in a substantial increase in biotinylated     

proteins after BAR implementation………………….………………...……….     35 

Figure 2.3. Up-close view of rituximab producing clone (B2_3) versus the WT…...……..      35 

Figure 2.4. Rituximab colocalized with biotin-staining……………………………...……...    36 

Figure 2.5. Significant interactions enrich for secretory pathway-related secretory  

machinery genes best for a 3-minute reaction…………………..………...……     37 

Figure 2.6. PCA for all captured proteins and samples………………………...…….....….    38 



viii 

LIST OF FIGURES (CONT.) 

Figure 2.7. DAVID pathway results for GO biological function (BP) and cellular   

components (CC) annotations using PCA PC1 top 100 loadings…….………..    39 

Figure 2.8. Differential expression results for each clone versus the WT…………...….…..  40 

Figure 2.9. Heat maps showing significance (left), fold change (middle), and FDR       

adjusted P-value results for DE of each clone with the WT……...……...……..   41 

Figure 2.10. Visualization of select potential PPIs for Rituximab……………………….…..  42 

 

 

 

 

 

 

 

 

  



ix 

LIST OF TABLES 

Table 1.1 Colocalization metrics determined for each clone between the 650 (anti-flag)     

and 594 (Streptavidin) channels in Fig. 1.1.………………………………………   17 

Table 2.1 Functional information for the subset of proteins visualized in Figure 2.9....…..   42  



x 

ACKNOWLEDGEMENTS 

This project could not have been completed without the mentorship of Dr. Mojtaba Samoudi and 

my chair Dr. Nathan Lewis. Thank you, Moji for mentoring me in everything from cell culture, to making 

slides, to helping me perform western blot, after western blot. Thank you for sharing your abundance of 

knowledge with me and having the patience to guide me through the lab. Thank you, Dr. Lewis for bringing 

me into the lab and always providing a listening ear and good advice. This work would also not have been 

possible without the analytical guidance and expertise of Chih-Chung Kuo. Finally, thank you also to Dr. 

Phillip Sphan, Jamie Lee, and Dr. Ben Kellerman for keeping the wet lab interesting. I am forever grateful 

for the support of the entire Lewis Lab at UCSD. 

 On a personal note, thank you to my parents, Donna and David Robinson, for getting me where I 

am today. I hope this paper clears up what I have been doing for two years. However, despite your collective 

confusion, you have never failed to be supportive and understanding of my long nights on campus or single-

minded studying. Thank you for fostering a wonder for science in me from the beginning and starting me 

on this path. 

The Introduction and Chapter 1 contain some material from a manuscript currently in review for 

publication “In situ detection of protein interactions for recombinant therapeutic enzymes”. Samoudi, 

Mojtaba; Kuo, Chih-Chung; Robinson, Caressa M.; Shams-Ud-Doha, Km; Schinn, Song-Min; Kol, Stefan; 

Weiss, Linus; Bjorn, Sara Petersen; Voldborg, Bjorn G.; Campos, Alexandre Rosa; Lewis, Nathan E.. 

(2020). In review. The thesis author is a primary author of this material. 

Chapter 2 is based on material currently being prepared for publication. “Identifying the essential 

proteins for supporting monoclonal antibody secretion by proximity-labeling mass spectrometry.” 

Samoudi, Mojtaba; Robinson, Caressa M.; Kuo, Chih-Chung; Pristovšek, Nuša; Shams-Ud-Doha, Km; 

Hansen, Henning G.; Kildegaard Helene F.; Lee, Gyun M.; Campos, Alexandre Rosa; Lewis, Nathan E.. 

The thesis author is expected to be a primary author of this material.  



xi 

ABSTRACT OF THE THESIS  

Targeted detection of secretion pathway protein interactions for 

therapeutic production and cellular engineering 

by  

Caressa Mystique Robinson 

Master of Science in Bioengineering  

University of California San Diego, 2020  

Professor Nathan Lewis, Chair    

Professor Adam Engler, Co-chair 

   

Mammalian cells synthesize and secrete thousands of versatile proteins to interact with their 

environment. Over the past decades, this ability has been harnessed to produce a variety of lifesaving 

biotherapeutics to treat complex diseases, provide vaccines, or replace enzyme and hormone deficiencies— 

making the mammalian secretory pathway essential to protein biomanufacturing. In 2018, eleven of the top 

fifteen drugs by sales were recombinant proteins, produced almost exclusively in mammalian cells, mostly 

Chinese hamster ovary (CHO) cells 1. These therapeutics may use the mammalian secretory pathway as an 

assembly line; however, the detailed pathway mechanisms remain poorly characterized. As such, there 

continues to exist bottlenecks in the secretory pathway such as machinery deficiencies that throttle protein 

secretion. First, we must better understand the protein interactions responsible for structure-specific post-
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translational modifications, and second, determine the interactions that contribute to high recombinant 

protein yields. Employing systems-wide labeling of protein interactions within the mammalian secretory 

pathway using proximity-based biotinylation and mass spectrometry analysis, we validate the ability to 

identify interactions that occur within the endomembrane system and their potential as targets for cellular 

engineering for improved recombinant protein secretion.   
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Introduction 

Recombinant proteins and other biotherapeutics have taken the pharmaceutical industry by storm, 

providing new solutions to a variety of complex and rare diseases. These products require equally involved 

host systems that have been engineered to produce these proteins. However, among differing products and 

expression systems there remains discrepancies in achievable protein yields and quality 2,3. This may be 

attributed to post-translational regulatory pathways, transport, and other biological processing, but which 

of these pathways are responsible is largely unknown 4. System-wide proteomics can provide context for 

the post-translational life and function of a protein, which are beyond the scope of information provided at 

the transcription level. This has made proteomics an increasingly valuable aid everything from therapeutic 

discovery to protein network mapping 5,6. 

The protein interactions that reside within the intercellular secretory pathway are of particular 

interest here. During and immediately after translation, secreted proteins (SecPs) are subjected to a 

multitude of modifying enzymes and regulatory secretory pathway machinery components (SecMs) that 

reside primarily within the cell’s endoplasm reticulum (ER), Golgi body, and trafficking vesicles 7. Secreted 

proteins include cytokines, hormones, plasma proteins, extracellular components such as collagens, 

digestive enzymes, antibodies, and many more—any of which may have value as recombinant 

biotherapeutics or play an important role in a disease 8. Furthermore, among the interacting SecMs that 

dictate the secretion of these protein there also exist potential therapeutic candidates and targets for cellular 

engineering.  

While there are many SecMs known to reside within the mammalian secretory pathway, there is 

poor understanding of the distinct networks that control individual SecP processing and where the overlap 

exists across protein families. Using proximity dependent labeling coupled to LC-MS/MS, we hope to 

identify protein-protein interactions (PPIs) of various recombinant proteins of therapeutic value as they 
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move through the mammalian secretory pathway (Fig.1). We will answer questions of which PPIs control 

the success of protein secretion and influence overall protein titer.  

Figure 1. Workflow to detect in situ protein-protein interactions for proteins secretion. 

The secretory pathway houses machinery pertinent to protein modification and secretion 

The secretory pathway contains a complex repertoire of cellular processes for synthesizing and 

secreting host cell proteins, which the biotherapeutic industry has taken advantage of to produce 

recombinant proteins. Successful secretion is controlled by protein networks that perform the proper protein 

folding, post-translational modification (PTMs), and trafficking of SecPs. The precision and efficiency of 

the mammalian secretory pathway ultimately results from coordination among SecMs, such as chaperones, 

modifying enzymes such as protein disulfide-isomerases and glycosyltransferases, and transporters 8,9. 

Overall, secretory pathway machinery components includes over 575 gene products that are tasked with 

the synthesis, quality control, and transporting of over 8000 secreted and membrane proteins  8–11.  

At each step in a SecP’s processing, SecMs assist with precise PPIs 7,12,13. For example, SecMs 

include a verifiable army of enzymes that add a variety of post-translational modifications—anywhere from 

site-specific cleavages, to disulfide bond formation, to glycan attachments. While many SecMs serve a 

multitude of client SecPs, such as highly conserved chaperones like HSPA5, a.k.a. BiP, other SecMs assist 

only a few SecPs in a product-specific manner, either meeting their specific needs alone or with co-

chaperones 14–18. The diversity of proteins mammalian cells can secrete is accomplished by the similarly 

diverse yet versatile protein machinery that resides in the secretory pathway.  
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Figure 2. Model of the mammalian secretory pathway.  

The secretory pathway is a common bottleneck in heterologous protein expression 

The correlation between the human transcriptome and proteome is an ongoing area of scientific 

research. While transcription levels are largely consistent with native protein levels and are an invaluable 

determinant for steady-state protein levels, studies have found that a vast number of their MS captured 

proteins have uncorrelated levels of messenger RNA (mRNA) for yet to be understood reasons 2,4,19,20. 

Transcriptomic assays such as RNA-seq are historically cheaper and, thanks to amplification, have greater 

sensitivity to lowly abundant molecules compared to protein assays; in many cases they remain standards 

for therapeutic/biomarker discovery and clone selection. However, to understand more about the 

discrepancies between transcription and observed protein levels, we must look at the PPIs that control 

secretion. Furthermore, recombinant proteins in a foregin host secretory pathway are subjected to more 

obstacles to proper secretion than native proteins. For many recombinant clones there may be adequate 

mRNA, but something within the secretory pathway is likely the rate limiting step to production 21.  
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As mentioned, major cell processes impacting recombinant protein secretion include transcription, 

protein folding, post-translational processing, and trafficking 22. These are complex processes involving a 

multitude of components and feedback regulatory pathways, making maintaining homeostasis a priority. 

Recombinant protein expression incurs secretory pathway issues for several reasons. First, engineered or 

heterologous proteins have not evolved to optimize their contacts with the host-cell machinery, nor to 

eliminate problematic interactions. Second, heterologous protein expression is induced to levels far higher 

than physiological secretion levels 23,24. Thus, even for popular host lines such as CHO cells, the secretory 

pathway is not always prepared to support vast amounts of recombinant proteins, leading to protein 

aggregation and cell stress that severely impairs protein quality and cell growth. Studies of difficult to 

express proteins have often shown an accumulation of the proteins in the ER, increasing stress response 

pathways 21,25. To remedy these, researchers have targeted overwhelmed secretory pathway machinery, 

including vesicular transport and molecular chaperones, leading to increased titers of protein therapeutics 

26–28. However, hundreds of SecMs equip the secretory pathway, so it is often unclear which ones are 

deficient. Efficient synthesis of a recombinant protein drug requires one to meet its unique needs of SecM 

support; however, the necessary SecMs for any given recombinant protein drug are elusive. Therefore, we 

need to better understand the host cell machinery supporting high expression of diverse heterologous 

proteins.  

Proximity biotinylation to quantify protein interactions in-situ 

Each protein has its unique set of necessary SecMs, so identifying and balancing their expression 

is key to optimizing SecP secretion. Because many SecM-SecP interactions are transient and sensitive to 

the endomembrane system microenvironment, it is crucial to identify PPIs in the cell’s native state, with 

intact subcellular organization and compartmentalization. However, many high-throughput PPI assays (e.g. 

yeast 2-hybrid or protein microarrays) are often done in heterologous systems and non-native compartments 

29. Other standard methods that maintain the native protein form such as co-immunoprecipitation assays are 

not sensitive to transient PPIs; Or, they disrupt PPIs and result in data loss as is common with some affinity 

purification methods 29,30. Instead, a promising new class of methods chemically labels proteins proximal 
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to a target protein and quantifies the PPIs by mass spectrometry (MS). These methods overcome the 

aforementioned challenges by allowing the isolation of stable and transient interactions from the intact cell. 

Thus, these techniques could be used map and quantify SecM-SecP PPIs in the endomembrane system 31–

33.   

New proximity dependent labeling methods such as Proximity-dependent Biotin Identification 

(BioID) can identify weak, transient, and stable interactions in living cells 34,35. BioID offers a high-

throughput approach for systematic detection of intracellular PPIs occurring in various cellular 

compartments and has been used to characterize PPI networks and subcellular organization 30. BioID relies 

on expressing a protein of interest fused to a promiscuous biotin ligase (BirA) that can biotinylate the 

proximal interactors in nanometer-scale labeling radius (Fig.3). For example, this approach has mapped 

protein interactions at human centrosomes and cilia, focal adhesions, and ER membrane-bound ribosomes 

36–39.  

Figure 3. Schematic of Proximity-dependent Biotin Identification (BioID). Stable or transient expression of the 

fusion protein consisting of a chosen bait connected to a biotin ligase facilitates biotinylation of proximal proteins in 

the presence of excess biotin.  

Another proximity-labeling method, biotinylation by antibody recognition (BAR), uses an antibody 

to target a protein of interest in fixed cells and removes the need for insertion of a fusion gene 40. Labeling 

of proximal proteins with tyramide-biotin is driven by a secondary antibody conjugated with horseradish 

peroxidase (HRP) (Fig.4). Incubation with hydrogen peroxide creates an oxidizing environment that 

catalyzes the reaction between tyramide-biotin and HRP, producing an active form of tyramide that can 
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attach to the lysine residues of proximal proteins, the same reaction that is used in standard Tyramide Signal 

Amplification (TSA) systems. Antibody recognition allows PPI identification for almost any protein in 

most cell or tissue types. Thus, this technique could comprehensively identify the SecM-SecP PPIs and 

quantify how they change under different conditions. 

Figure 4. Schematic of Biotinylation by Antibody Recognition (BAR). Using an HRP conjugated antibody to target 

proteins of interest, we can biotinylate proximal proteins with the addition of tyramide-biotin and hydrogen peroxide. 

The active form of the tyramide-biotin will covalently attach to the lysine residues of nearby proteins. The reaction is 

quench by adding a reducing agent (i.e. sodium ascorbate).   

In both the case of BioID and BAR, proximity-based labeling is achieved using biotin. Biotin has 

been shown to be ideal for protein purification due to its high affinity for avidin/streptavidin and its column 

extraction not disrupting PPIs 30. This high affinity and limited endogenous intercellular biotin-binding 

complexes also allows for specificity and low background.  As such, we investigate here the ability of these 

two systems to aid our exploration of the mammalian secretory pathway.  

Acknowledgments 

The Introduction contains some material from a manuscript currently in review for publication “In 

situ detection of protein interactions for recombinant therapeutic enzymes”. Samoudi, Mojtaba; Kuo, Chih-

Chung; Robinson, Caressa M.; Shams-Ud-Doha, Km; Schinn, Song-Min; Kol, Stefan; Weiss, Linus; Bjorn, 

Sara Petersen; Voldborg, Bjorn G.; Campos, Alexandre Rosa; Lewis, Nathan E.. (2020). In review. The 

thesis author is a primary author of this material. 



7 

Chapter 1 

 

 

BioID facilitated identification of the recombinant enzyme PPIs 

required for secretion in HEK cells  

 

 

Abstract 

Despite their therapeutic potential, many protein drugs remain inaccessible to patients 

because they are difficult to secrete from current cell hosts. Each recombinant protein has unique 

physicochemical properties and requires different machinery for proper folding, assembly, and 

post-translational modifications (PTMs). Targeted engineering of these components for better 

protein secretion requires specific knowledge of secretory pathway interactions for each 

recombinant protein. Here, we aimed to identify the protein-protein interaction (PPI) networks of 

four different recombinant proteins (SERPINA1, SERPINC1, SERPING1 and SEAP) with various 

PTMs and structural motifs using proximity-dependent biotin identification (BioID). This method 

allowed us to target protein interactions of each secreted protein as they are secreted from HEK293 

cells. We found proteins involved in protein folding, disulfide bond formation and N-glycosylation 

were positively correlated with the corresponding features of the four model proteins. Knock-down 

of captured interacting PDIs PDIA4 and PDIA6 led to the decreased secretion of SERPINC1, 

which relies on its extensive disulfide bonds, compared to SERPINA1, which does not. Proximity-

dependent labeling successfully identified the transient interactions supporting synthesis of 

secreted recombinant proteins and refined our understanding of key molecular mechanisms of the 

secretory pathway during recombinant protein production. 
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1.1 Introduction 

Serine protease inhibitors, or SERPINs, are rising as a new class of biotherapeutics to treat 

autoimmune and inflammatory diseases, including diseases defined by the disruption of SERPIN regulation 

41. SERPINs are relatively large, complex proteins compared to other protease inhibitors that undergo an 

extensive functional conformational change 42. While structurally related, the differing PTMs and functional 

conformations among members of the SERPIN superfamily give rise to their distinct functions and substrate 

interactions. Heterologous systems unable to replicate these distinct structural features result in functionally 

inactive SERPIN products 41.  As complexities associated with the mammalian secretory machinery remain 

a bottleneck in recombinant protein production and overexpression of heterologous proteins can result in 

adaptive responses that can impair both protein quantity and quality, optimized manufacturability of 

SERPINs and other recombinant enzymes may be helped by customizing secretion machinery for these 

products.  

A previous study showed that human protein secretory pathway genes are expressed in a tissue-

specific pattern as needed to support the diversity of modifications needed, suggesting that expression of 

some SecMs is regulated to support specific client SecPs 8. Unfortunately, which SecMs are needed to 

support any specific secreted protein remains unclear. Thus, there is a need to elucidate the SecMs that 

support the expression of different recombinant proteins with specific features. This can guide mammalian 

synthetic biology efforts to engineer enhanced cells capable of expressing proteins of different kinds in a 

client-specific manner. 

Here, BioID2, an improved smaller biotin ligase for BioID, was used to explore how SecM 

interactions vary for different secreted therapeutic proteins 30,33. Specifically, BioID2 was employed to 

identify SecMs that interact with four recombinant enzymes : three SERPIN-family proteins—SERPINA1, 

used for treatment for Alpha-1-antitrypsin deficiency; SERPINC1, used for treatment for hereditary 

antithrombin deficiency; and SERPING1, used for treatment for acute attacks of hereditary angioedema— 

and secreted embryonic alkaline phosphatase (SEAP), which is a truncated form of Alkaline Phosphatase, 

Placental Type (ALPP) 42. These proteins vary in their PTMs (e.g., glycosylation, disulfide bond formation, 



9 

and residue modifications) and have different amino acid sequences that consequently form different local 

motifs. Comparing the interactions captured by streptavidin pull-down and subsequent MS analysis against 

WT control, we will identify SecMs pertinent for each specific proteins’ secretion.  Identification of these 

PPIs will improve our understanding of how the secretory pathway functions during the expression of the 

recombinant proteins and introduce novel targets for secretory pathway engineering in a client specific 

manner. 

1.2 Methods 

1.2.1 Molecular cloning and generation of stable cell lines 

All plasmids used in this study were constructed by PCR and Gibson isothermal assembly. The 

expression ORFs, hereafter named bait-BirA, were constructed by fusing BioID2 to the C-terminal of each 

model protein (with a glycine-serine linker added between) and a 3XFLAG tag at C-terminal to simplify 

the immune-detection. ORFs were inserted into pcDNA5/FRT (Invitrogen), which allows targeted 

integration of the transgenes into the host genome. Gibson assembly primers were designed by SnapGene 

software and used to amplify the corresponding fragments and vectors with long overlapping overhangs, 

which were then assembled using Gibson Assembly Master Mix (NEB). To obtain secretable BioID2 

(without any bait protein), Gibson assembly was employed to fuse the signal peptide of SERPINC1 gene 

to the N-terminal of BirA (hereafter referred to as Signal-BirA). Assembly products were transformed to 

the chemically competent E. coli, and recombinant plasmids were verified by restriction digestion and 

sequencing. For all experiments, Flp‐In 293 cells (Invitrogen) were cultured in DMEM media supplemented 

with fetal bovine serum (10 %) and antibiotics (penicillin, 100 U mL−1 and streptomycin, 100 μg mL−1) 

and maintained at 37 °C under 5 % CO2. For generating stable cell lines, Flp-In 293 cells were seeded in 6 

well plates at a density of 0.5×106 cells per well the day before transfection. Cells were then co-transfected 

with each pcDNA5/FRT vector containing expression cassette and pOG44 plasmid using Lipofectamine® 

2000 according to the manufacturer’s directions. After recovery from transfection, cells were grown in 

DMEM containing 10% FBS, 1% PenStrep, and 150 μg/mL Hygromycin B to select hygromycin-resistant 
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cells. Individual resistant colonies were isolated, pooled, and seeded in 24-well plates for further scaling up 

and screened for expression of the fusion proteins by Western Blotting. 

1.2.2 Immunofluorescence 

Recombinant HEK293 cells expressing BioID2 fusions were grown in complete medium 

supplemented with 50 μM biotin on coverslips until 70% confluent. Cells were then fixed in PBS containing 

4% PFA for 10 min at room temperature. Blocking was performed by incubating fixed cells with 1% BSA 

and 5% normal goat serum in PBST. Anti-flag mouse monoclonal antibody-DyLight 650 conjugate 

(Thermofisher), targeting the bait-BirA, and streptavidin-DyLight 594 conjugate (Thermofisher), targeting 

the biotinylated proteins, were diluted at 1:300 and 1:1000 in blocking buffer, respectively and incubated 

with fixed cells for 30 minutes at room temperature. Cells were then washed, counterstained with DAPI, 

mounted on the slide using antifade vectashield mountant, and imaged using Leica SP8 Confocal with 

Lightning Deconvolution. Colocalization quantification was performed for the deconvolved images using 

Fiji’s (ImageJ 1.52p) Coloc_2 analysis tool between the 650 (anti-flag) and 594 (Streptavidin) channels 43. 

This tool generates a report for evaluating pixel intensity colocalization of two channels by various methods 

such as Pearson’s Coefficient (range: -1.0 to 1.0), Manders’ Colocalization Coefficients (MCC, range: 0 to 

1.0), and Li’s Intensity Correlation Quotient (IQC, range: -0.5 to 0.5)  44,45. Background pixel intensity was 

subtracted using Fiji’s rolling ball algorithm and a region of interest (ROI).  Thresholds were determined 

using Coloc_2’s bisection method, which is further used to adjust for background. Above threshold metrics 

were reported. 

1.2.3 RNAi knockdown experiment 

esiRNA targeting PDIA4 and PDIA6 were ordered from Sigma Aldrich. HEK293 cell expressing 

SERPINC1-BirA and SERPINA1-BirA were seeded at 0.6X105 cells/well in 24-well plates with complete 

medium and reverse transfected with 72 ng of the appropriate PDI specific esiRNA or Luciferase esiRNA 

as a negative control or KIF11 esiRNA as positive control (for optimizing) using Lipofectamine RNAiMAX 

(Invitrogen). All transfections were performed according to the manufacturer’s guidelines. Each experiment 

was done in triplicates and targeted gene knockdown by esiRNA was done for 96 hrs.. Culture supernatants 
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and cell pellets were harvested, clarified by low-speed centrifugation, then aliquoted and stored at −80°C 

for further experiments. 

1.2.4 Western blotting 

To validate the secretion of bait-BirA proteins, supernatants of cultures expressing fusion proteins 

were collected, centrifuged to remove cell debris, and protein content was concentrated using Amicon Ultra 

4 mL 10 kDa filter unit (MilliporeSigma) and quantified using the Bradford assay (Expedeon). 20 μg of 

total protein was loaded on SDS-PAGE gel for electrophoresis and resolved proteins were transblotted to 

nitrocellulose membrane using Trans-Blot Turbo Transfer System from Bio-RAD. The membrane was 

blocked with 5% skim milk in TBST and probed with HRP-conjugated anti-flag mouse monoclonal 

antibody (Thermofisher) diluted at 1:10000 in the blocking buffer. The membrane was washed, and Clarity 

Western ECL Substrate was added. Protein bands were visualized using G:Box Gel Image Analysis 

Systems (SYNGENE). For staining of intracellular biotinylated proteins, cells were grown in complete 

medium supplemented with 50 μM biotin, lysed by RIPA buffer, and protein content was quantified using 

the Bradford assay. 20 μg of total protein was loaded and resolved and transblotted as described earlier. 

The membrane was blocked by 3% BSA in TBST and probed with HRP-conjugated streptavidin diluted in 

blocking buffer at 1:2000 ratio. For visualizing the proteins’ bands, the same Clarity Western ECL Substrate 

was used.  

Semi-quantitative western-blots were used to determine knock-down (KD) efficiency as well as 

impact on SERPIN secretion. For KD efficiency, cell pellets from each KD experiment were lysed with 

RIPA buffer and approximately 25μg of protein lysate was loaded onto the appropriate SDS-PAGE gel for 

PDIA4 and PDAI6 experiments.  Resolved proteins for each gel were transblotted onto separate 

nitrocellulose membranes using the Trans-Blot Turbo Transfer System from Bio-Rad. Each membrane was 

blocked with Intercept (TBS) Blocking Buffer from LI-COR. Gels were probed with Rabbit αPDIA4 

(1:2000) or αPDIA6 (1:2000) monoclonal antibody, respectively. We also targeted a housekeeping protein 

in each lysate for normalization with either a Mouse αAlpha-tubulin (1:20,000) or Mouse αBeta-actin 

(1:10,000) monoclonal antibody. For visualization, IR spectra was utilized by staining with LI-COR Goat 
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αMouse conjugated to 680 (1:20,000) and Goat αRabbit conjugated to 800 (1:20,000). Images were taken 

and analyzed with Image Studio Lite Version 5.2 for relative quantification. Impact on SERPIN secretion 

was determined from the aliquots of clarified supernatants from esiRNA transfected cultures using the same 

blotting method as above. Supernatants were loaded at a 2X dilution with sample buffer. The transblotted 

membrane was probed using Rabbit αFlag (Proteintech, 1:800) and then with Goat αRabbit 800 (1:20,000). 

KD efficiency and the effect of PDI knockdown on secretion of the model proteins was measured in 

comparison with the negative control of each cell line transfected with Luciferase esiRNA as negative 

control (see above).  

1.2.5 Mass Spectrometry 

Cells were grown in 245 mm plates (one plate per biological replicate in triplicate) to approximately 

70% confluence in complete media and then incubated for 24 hrs. with 50 μM biotin. Cells were harvested 

and washed twice in cold PBS, lysed with vigorous shaking (20 Hz) in 8M urea, 50mM ammonium 

bicarbonate lysis buffer, extracted proteins were centrifuged at 14,000 x g to remove cellular debris and 

quantified by BCA assay (Thermo Scientific) as per manufacturer recommendations. Affinity purification 

of biotinylated proteins was carried out in a Bravo AssayMap platform (Agilent) using AssayMap 

streptavidin cartridges (Agilent), and the bound proteins were subjected to on-cartridge digestion with mass 

spec grade Trypsin/Lys-C Rapid digestion enzyme (Promega, Madison, WI) at 70ºC for 2h. Digested 

peptides were then desalted in the Bravo platform using AssayMap C18 cartridges and the organic solvent 

was removed in a SpeedVac concentrator prior to LC-MS/MS analysis. Dried peptides were reconstituted 

with 2% acetonitrile, 0.1% formic acid, and analyzed by LC-MS/MS using a Proxeon EASY nanoLC 

system (Thermo Fisher Scientific) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher 

Scientific). Peptides were separated using an analytical C18 Acclaim PepMap column 0.075 x 500 mm, 

2µm particles (Thermo Scientific) in a 93-min linear gradient of 2-28% solvent B at a flow rate of 

300nL/min. The mass spectrometer was operated in positive data-dependent acquisition mode. MS1 spectra 

were measured with a resolution of 70,000, an AGC target of 1e6 and a mass range from 350 to 1700 m/z. 

Up to 12 MS2 spectra per duty cycle were triggered, fragmented by HCD, and acquired with a resolution 
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of 17,500 and an AGC target of 5e4, an isolation window of 1.6 m/z and a normalized collision energy of 

25. Dynamic exclusion was enabled with a duration of 20 sec.  

1.2.6 MS Data Analysis 

All mass spectra were analyzed with MaxQuant software version 1.5.5.1 46. MS/MS spectra were 

searched against the Homo sapiens Uniprot protein sequence database (version January 2018) and GPM 

cRAP sequences (commonly known protein contaminants). Precursor mass tolerance was set to 20ppm and 

4.5ppm for the first search where initial mass recalibration was completed and for the main search, 

respectively. Product ions were searched with a mass tolerance 0.5 Da. The maximum precursor ion charge 

state used for searching was 7. Carbamidomethylation of cysteines was searched as a fixed modification, 

while oxidation of methionines and acetylation of protein N-terminal were searched as variable 

modifications. Enzyme digestion was set to trypsin in a specific mode and a maximum of two missed 

cleavages was allowed for searching. The target-decoy-based false discovery rate (FDR) filter for spectrum 

and protein identification was set to 1%. Enrichment of proteins in streptavidin affinity purifications were 

calculated as the ratio of intensity.  

1.2.7 Detection of significant interactions and pathway analysis 

To remove the systematic biases introduced during various steps of sample processing and data 

generation, dataset were normalized using the LOESS method integrated into Normalyzer 47,48. Perseus 

software was employed for data preparation, filtering, and computation of differential protein abundance 

49. The DEP package was used to explore whether missing values in the dataset are biased to lower intense 

proteins. Left-censored imputation was performed using random draws from a shifted distribution in 

Perseus 50,51. A student's t‐test with a multi‐sample permutation‐based correction for an FDR of 0.05 was 

employed to identify differentially expressed proteins using log2 transformed data. Lastly, only interactors 

with positive fold changes with the WT were considered, as this optimizes the enrichment of known 

secretory pathway components among the significant interactors. Finally, biological process and cellular 

component analysis was done using Gene Ontology (GO) Enrichment Analysis tool release date “2019-01-

01” and version number “10.5281/zenodo.2529950”  52–54. After DE analysis, a Bayesian model framework 

https://dx.doi.org/10.5281/zenodo.2529950
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developed by Chih-Chung Kuo of our lab was applied to quantify associations of each interacting protein 

with protein features. This framework is not discussed in detail here, but the results of this analysis were 

the selection of the highlighted proteins presented and gave rise to the conclusions drawn here. For this 

thesis, however, we will only be discussing results as they are given in context of the DE analysis.  

1.3 Results 

1.3.1 Successful biotinylation of bait-specific proteins can be achieved with BioID 

The BioID method was applied to the four chosen SERPRINs and SEAP bait-BirA proteins to 

validate if intracellular PPIs between each SecP and their supporting SecMs can be labeled and 

subsequently analyzed. First, we observed successful secretion of bait-BirA proteins into culture 

supernatant, evaluated by Western blot (Fig. 1.1a). This indicates that the addition of the BirA fusion did 

not prevent secretion of the model proteins, and therefore their entry into the secretory pathway. Following 

biotin incubation by way of the BioID methodology, we also verified the biotinylation profile by western 

blot for each cell line in the presence and absence of biotin. The biotinylation profile of the bait-BirA cells 

with biotin incubation show a substantial increase in biotinylation of various proteins, while no obvious 

change is observed for WT (Fig. 1.1b), suggesting that BioID2 successfully tagged proteins in a bait-

specific manner within the cells. However, endogenously biotinylated proteins are also identified in all 

samples, WT included. These include proteins that bind biotin as a cofactor such as carboxylases. 
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Figure 1.1. Expression of bait-BirA proteins results in a substantial increase in biotinylated proteins. a) 

Successful secretion of the bait-BirA proteins into the culture supernatant was evaluated by western blot using HRP-

anti-flag antibody. b) Biotinylation profiling of WT control and HEK293 cells expressing the model proteins lysates 

with HRP-streptavidin. BirA domain fused to the model proteins and biotin addition (B+) led to the biotinylation of a 

subset of proteins which are not seen in WT or absence of biotin (B-). A few endogenously biotinylated proteins 

appear in all lanes at around 74kDa and 125 kDa. These bands are consistent with known carboxylases that bind biotin 

as a cofactor.  

Colocalization of the bait-BirA proteins and the biotinylated proteins was then visualized by 

multicolor co-immunofluorescence microscopy to investigate whether biotinylated proteins were indeed 

proximal-partners of the model proteins. The results demonstrated successful labeling of the interactors by 

BirA through colocalization of the biotin-labeled proteins and bait-BirA, while WT did not show increased 

biotinylation under the same experimental conditions (Fig. 1.2.). To quantify the colocalization between 

biotin and model proteins, we calculated various colocalization metrics from each image and compared to 

the WT (Table 1.1 and Fig. 1.3.). The Pearson’s and Manders’ colocalization coefficients are used to 

determine the degree of overlap between images and are mathematically similar; however, the Pearson’s 

coefficient utilizes deviation from the average intensity of each channel, whereas the MCC are each relative 

to the total fluorescence in each channel 45. The MCC are said to allow for strong differences between 

channel signal intensities due to labeling or settings during/after image capture, however, it is more 

susceptible to offset and background where the Person’s value is not. Li’s IQC is also derived from 

Pearson’s coefficient, but further aids in determining the dependency of staining intensities, i.e. pixel 
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channel intensities vary around mean channel intensities together when there is synchrony of two proteins 

in a complex 44. The results corroborated the specificity of the BioID labeling system—i.e. Li’s ICQ value 

closer to 0.5 and Pearson’s R value and Manders’ Colocalization Coefficients closer to one, demonstrating 

a dependent protein staining pattern between the red and green channels. 

Figure 1.2. Bait-BirA fusion proteins are colocalized with biotin-staining. Co-Immunofluorescence demonstrated 

the intracellular colocalization of the biotin-labeled proteins (stained with Streptavidin-Dylight 594 and illustrated in 

green color) and bait-BirA (stained with anti-flag monoclonal antibody-Dylight 650 and illustrated in red color), while 

WT did not show increased biotinylation under the same experimental conditions. 
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Table 1.1. Colocalization metrics determined for each clone between the 650 (anti-flag) and 594 (Streptavidin) 

channels in Fig. 1.1. There is little correlation reported for the WT, whereas there is much higher correlation for 

clones containing BirA. 

Cells Pearson’s R value Li’s ICQ value Manders’ Coeff. (tMg,tMr) 

WT 0.22 0.219 0.812, 0.518 

SERPINA1-BirA 0.74 0.318 0.962, 0.888 

SERPING1-BirA 0.73 0.260 0.999, 0.914 

SERPINC1-BirA 0.88 0.392 0.991, 0.982 

SEAP-BirA 0.93 0.392 0.952, 0.935 

Signal-BirA 0.71 0.308 0.841, 0.791 

 

Figure 1.3. Colocalization between the 650 (Anti-flag) and 594 (Streptavidin) channels. Max projections of anti-

flag_650 and streptavidin_594 fluorescent channels, such as the example one shown above for SERPINC1-BirA, were 

used for quantification. Corresponding intensity histogram for one of various regions tested for each clone are shown. 

These intensity plots were created using the same ImageJ Coloc2 tools as the colocalization metrics in Table 1. The 

relative linearity of the intensity graph demonstrates colocalization for the clones expressing the BirA fusions and 

biotin labeling for each recombinant clone compared to the WT. 

 

 1.3.2 Data analysis shows enrichment for secretory pathway machinery the chosen SecPs 

Analysis of MS data with MaxQuant found 5931 total proteins captured. After data 

processing in Perseus, principal component analysis (PCA) was performed using R package 

pcaMedhods’ probabilistic PCA (PPCA) method. PCA revealed good separation of conditions and 

clustering of biologic and technical replicates (Fig. 1.4.).   
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 In addition, Gene Ontology (GO) term enrichment was performed on the top 150 loadings in the 

first principal component, using an FDR <0.05 to identify significant terms. This indicated that the major 

biological processes accounting for variance among samples belong primarily to processes within the 

secretory pathway, i.e. the unfolded protein response (UPR), ERAD, protein folding, and protein 

modification (Fig. 1.5.). 

Figure 1.5. GO term enrichment results for the top 150 loadings in the first principal component. Biological 

processes contributing to variance appear to reside within the secretory pathway.   

Figure 1.4. PCA for all captured proteins and samples. Points are colored by bait protein and shape correlates 

to technical replicate.  There are three biological replicates for each condition.  
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Differential expression of proteins was determined using a student’s t-test for each bait protein 

against the WT (Fig.1.6.). Significant proteins were selected using an FDR < 0.05 and an s0 of 2. The 

corresponding bait protein for each construct is easily distinguishable due to high positive fold change in 

each sample, as expected since each bait protein is most susceptible to large amounts of biotin deposition.  

Figure 1.6 Volcano Plots showing the significant proteins (red) identified between each bait protein and WT 

enrichment. Proteins with particularly low p-value and/or large fold change are also labeled with their gene ID. As 

expected, SERPINA1, SERPINC1, SERPING1, and SEAP (ALPP) were all identified to have a small p-value and/or 

have a large FC in each of their corresponding samples. 

Gene Ontology term enrichment for cellular compartments (CC) and biological pathways (BP) 

using all significant proteins identified among SERPINs and SEAP, except for those also identified as 

significant in Signal-BirA vs. WT, shows GO terms associated with ER, Golgi, and vesicle compartments 

and processes are significantly overrepresented (Fig. 1.7). Significant proteins found in the Signal-BirA vs. 

WT analysis were excluded to avoid looking at interaction effects that could be due only to the addition of 
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the biotin ligase and linker. There was a final total of 42 significant proteins pulled from all SERPINs and 

SEAP that did not have overlap in Signal significant hits. 

Figure 1.7. GO term enrichment results for all significant proteins identified for both biological function (BP) 

and cellular components (CC) annotations. Significant hits from SERPINS and SEAP associated with GO terms 

that indicate secretory pathway localization and SecM processes.  

1.3.3 Significant interactors reflect post-translational and structural features of model proteins 

The significant interactions captured between the bait-BirA proteins link secreted proteins to the 

responsible SecMs. As the bait-BirA proteins differ in structural composition and post-translational 

modifications (Fig. 1.8.), we explore if bait-BirA proteins with shared features have higher affinity for 

specific interactors. More specifically, we hypothesize that proteins requiring a specific PTM would 
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preferentially interact with the secretory machinery components responsible for the PTM synthesis. 

Disulfide bond and N-linked glycosylation features noticeably differ among bait proteins; Furthermore, a 

multitude of PDIs and glycosylation associated SecMs were captured. As such, we subsequently chose to 

analyze these interactions between the bait-BirA..  

Figure 1.8 The bait proteins show diversity in their PTM and structural content. Lines and blocks represent 

known PTM sites and structural motifs in panel (a) and (b) respectively. The hills and valleys indicate 

protein tertiary features. Note that solvent accessibility and structural motifs are only available for regions 

covered by the PDB structure, whereas predicted features such as protein hydrophobicity and disorder are 

available for the entire protein. 
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From Figure 1.8., we see that SERPING1 and SERPINC1 have more disulfide bond and N-linked 

glycosylation features than SERPINA1 and SEAP. Among significant interactors, we see high expression 

of members of the Calnexin/Calreticulin cycle and related processes for more heavily glycosylated proteins 

(Fig. 1.9.).  For SERPING1, SERPINC1, and SERPINA1, we see high interaction with calreticulin (CALR),  

a calcium-binding chaperone that promotes folding, oligomeric assembly, and quality control of N-linked 

glycoproteins in the ER 55,56. For SERPING1, we also see significance for UGGT1, which recognizes 

glycoproteins with minor folding defects and re-glucosylates single N-glycans near the misfolded part of 

the protein. Re-glucosylated proteins are then recognized by CALR for recycling to the ER and refolding 

or degradation 57. In addition, two members of the PDI family, PDIA3 and ERp29, which form a complex 

with calreticulin/calnexin, showed association with SERPINA1 and/or SERPING1. Calnexin/Calreticulin-

PDIA3 complexes promote the oxidative folding of nascent polypeptides and ERp29 promotes 

isomerization of peptidyl-prolyl bonds to attain the native polypeptide structure 58,59. 

SERPING1 and SERPINC1 also significantly interacted with chaperone HSPA5, a component of 

the glycoprotein quality-control (GQC) system (Fig. 1.9). GQC recognizes glycoproteins with amino acid 

substitutions, and targets them for ER‐associated degradation (ERAD) 60.  There is also high interaction 

with SIL1, which helps ATP facilitated HSPA5 by removing ADP to allow for further activity, and/or 

DNAJB11, a co-chaperone with HSPA5, for SERPINC1 and SERPING1. Given that most of these 

molecular chaperones and enzymes are involved in ERAD mediated degradation of the misfolded 

glycoproteins, these findings suggest the quality control pathways are critical for synthesizing and secreting 

proteins with N-linked glycans. 
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Figure 1.9.  Visualization of select DE results. Several proteins from various PDI, molecular chaperones, and other 

protein families were selected from the significant interactors to demonstrate possible public versus more private 

interactions. Motifs previously selected from a Bayesian model analysis done by our lab (see methods). 

Several members of the PDI family—including PDIA3, PDIA4 and PDIA6—significantly 

interacted with model-BirAs (Fig. 1.9). These enzymes catalyze the formation, breakage and rearrangement 

of disulfide bonds through thioredoxin-like domains 61. The identification of various PDIs highlights the 

importance of the oxidative folding enzymes in protein folding and maintaining stability that can limit the 

efficiency of protein secretion. We see that SERPING1 has a consistently lower P-value and large fold-

change for each of the PDIs selected, and looking only at PDIs that are not significantly interacting with 

Signal, we see that SERPINC1 and SERPING1 interact more with PDIA4 and PDIA6 than the other bait 

proteins.  

Furthermore, the PDI ERp44 showed the strongest association (LFC > 8) with disulfide bond 

enriched proteins i.e. SERPINC1 and SERPING1. ERp44 mediates the ER localization of the 

oxidoreductase Ero1α (an oxidoreductin that reoxidizes P4HB to enable additional rounds of disulfide 

formation) through the formation of reversible mixed disulfides  62. Hence, the strong association of ERp44 
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suggests the importance of the thiol-mediated retention in disulfide bond formation, particularly when 

secretory is loaded with the proteins with dominant disulfide bond. In addition, ERO1LB is an ER-localized 

enzyme associated with disulfide bond formation. ERO1LB efficiently reoxidizes P4HB, another protein 

which facilitates the formation and breakage of disulfide bonds  63. Present as well is PRDX4, which couples 

hydrogen peroxide catabolism with oxidative protein folding by reducing hydrogen peroxide 64. This 

oxidoreductase enzymes may highlight the importance of ER redox homeostasis in disulfide bond formation 

and protecting cells from the consequences of misfolded proteins. 

Figure 1.10. Modification of bait proteins requiring isomerase-facilitated disulfide-bond formation65. 

1.3.4 Knockdowns of significant SecMs show impact on SecP secretion 

 We performed knockdown of select isomerases that showed significant interaction with our bait 

proteins, then quantified relative SERPIN secretion to analyze knockdown effects of various SecMs on 

protein production. SERPINC1 has many disulfide modifications, while SERPINA1 does not. Fig. 1.9 

indicates that the isomerase PDIA4 significantly interacts more with SERPINC1 than SERPINA1. We 

therefore compare SERPINA1 and SERPINC1 secretion changes when select PDIs are reduced, as 

SERPINC1 secretion is predicted to be impacted more than SREPRINA1 for PDIA4. PDIA6 which did not 
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show significant interaction with SERPINA1 nor SERPINC1 was used to compare. With PDIA4 KD, there 

is greater reduction in SERPINC1 secretion and a lesser impact on SERPINA1 secretion, while KD of 

PDIA6 did not produce the same SERPIN reduction (Fig. 1.11). To account for differences in KD efficacy, 

assuming greater KD efficiency might result in a greater SERPIN reduction, we can normalize the effects 

of PDI KD on SERPIN secretion using the KD efficiencies calculated. If we do this, then SERPINC1 

reduction would increase by 12% and a new p-value of 0.026 is calculated for PDIA4KD effects between 

SERPINA1 and SERPINC1.  

Figure 1.11. Effects of esiRNA mediated knockdown of isomerases PDIA4 and PDIA6 on SERPIN secretion. 

Semi-quantitative western blots were used to find the relative abundance of each PDI and SERPIN after esiRNA 

transfection in both cells expressing SERPINA1 and SERPINC1. We have reported these results as percent reduction 

compared to the negative control for PDIs (left) and SERPIN secretion (right). SERPINC1, which has various disulfide 

PTMs, shows a greater reduction in SERPIN production in PDIA4 experiments compared to SERPINA1, which does 

not have disulfide bridges in its structure. This is consistent with expected interactions found with BioID analysis. 

1.4 Discussion  

 BioID has been shown to successfully profile interactomes for proteins-protein interactions that are 

transient and/or within difficult to reach cellular structures 30.  However, this is the first time that BioID has 

been used to identify proteomes of the secretory pathway during recombinant protein expression. We found 

that disulfide-bridge forming enzymes showed the strongest association with bait proteins enriched in 

disulfide bonds, supporting their critical roles in protein secretion and maintaining ER stability. Isomerases 

are critical for disulfide bond formation and thus proper protein structure, without which has been shown 

to initiate intracellular protein degradation by via ERAD mediated pathways 66. Thus, insufficient 
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interaction between the secreted proteins with critical disulfide bonds and PDIs can limit secretion 

efficiency and serve as a rate-limiting step for protein production 8. PDI expression, along with other SecMs, 

have also been shown to be tissue specific; in one study, positive correlation was found between 

P4HB/PDIA4 and liver tissue, where many disulfide-bond rich products are secreted by hepatocytes  67. 

These observations suggest there is tissue-specific fine-tuning of the PDI family expression level in 

response to the enrichment of the disulfide sites. Cell hosts would similarity benefit from restoring ER 

stability by matching SecMs to recombinant proteins secretion.  

While we show that BioID works well for studying the synthesis of secreted proteins, we 

acknowledge that biotin-based methods have limitations as well. Biotin is actively imported into the 

cytoplasm of cells and can freely diffuse to the nucleus, but it may not be as accessible in the secretory 

pathway, thus reducing labeling efficacy in that compartment 33. Here we showed this challenge is not an 

insurmountable issue, i.e. the BioID2 construct successfully identified many expected luminal interactions. 

BioID2 requires less biotin supplementation, and exhibits enhanced labeling of proximate protein  allowing 

for BioID to be introduced to new systems where biotinylation supplementation may not be easily 

accomplished  33,68. More recently, two promiscuous mutants of biotin ligase, TurboID and miniTurbo, have 

been developed to catalyze proximity labeling even with much greater efficiency and therefore can be 

considered as an effective method when proximal labeling of the endomembrane organelles is desired 69.  

Furthermore, the BirA fusion did not prevent identification of unique SecMs for the model proteins, 

and we utilized a Signal-BirA control to account for interference. The model proteins are assumed to enter 

the secretory pathway where they are processed and packaged for secretion with limited BirA interference. 

However, the coverage of proteins captured may be obscured by three factors: 1) the presence of 

endogenous biotinylation, 2) the maturation process of the biotin ligase, and 3) general variation in cell-

stress responses caused by recombinant production.  For example, although the extent to which the general 

endogenous biotinylation has not been systematically quantified, the biotinylated proteins isolated from the 

WT sample showed considerable overlap with interacting proteins detected in other model protein samples, 

suggesting endogenous biotinylation may be more pervasive than previously believed. In addition, 



27 

biotinylation occurs once the biotin ligase has been fully transcribed and functional. Therefore, early 

secretory pathway machinery may not be captured until the biotin ligase is fully active. Lastly, recombinant 

expression can cause various stress responses due to high protein secretion and/or the expression of non-

native proteins. Therefore, we see much evidence of ERAD and UPR activity in our results.  Variations in 

mRNA level caused by random integration can also trigger adaptive response such as the unfolded protein 

response in some cell lines which reciprocally alters the active PPIs network involved in the secretion. In 

this case, we use the Flp-In™ system (see Materials and Methods) for targeted integration of the transgenes 

into the same genomic locus to ensure comparable transcription rates of each transgene. Nonetheless, while 

we see evidence that ERAD pathways have increased expression that correlates to quality control of our 

structurally complex bait-proteins, ERAD and UPR responses can also to contributed to effects of 

recombinant expression. Continued improvement of the sensitivity/specificity of proteomic profiling of the 

secretory pathway will increase confidence and illuminate further PPIs of note.  

In summary, we demonstrate here an approach to identify the protein interactions that synthesize 

and support secreted proteins, and thus define the product-specific secretory pathway. The identification of 

such machinery opens avenues for mammalian synthetic biology, wherein biotherapeutic production hosts 

can be rationally engineered to improve the titer and quality of diverse proteins in a client specific manner.  
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 Chapter 2 

 

 

BAR facilitated identification of PPIs impacting protein production 

of Rituximab in CHO cells 

 

 

Abstract 

Chinese hamster ovary (CHO) cells are currently the industrial mammalian cell line of choice for 

producing recombinant therapeutic proteins, e.g., monoclonal antibodies, cytokines and vaccines. But 

despite CHO cells’ usual versatility and suitability for human therapeutics, many proteins still fail to secrete 

well from them. Even with adequate mRNA levels, protein expression can be hindered due to bottlenecks 

in the secretory pathway, i.e. posttranslational events during protein production 1,2. To enable efficient 

manufacturing of high-value proteins, we must decipher molecular mechanisms controlling the secretory 

pathway during protein expression. This knowledge would inform rational design for secretory pathway 

engineering, increasing recombinant protein production and ultimately expanding the global therapeutic 

portfolio. This study seeks to establish methods to unravel the host cell secretory pathway machinery that 

directly regulates secretion of specific proteins, and we apply it here to identify the key machinery 

modulating secretion of a valuable monoclonal antibodies (mAbs). Fc-mediated biotinylation by antibody 

recognition (FcBAR) was performed to quantify protein-protein interaction (PPI) networks regulating 

secretion of Rituximab from a panel of CHO-S clones with varying productivity levels 3,4. Preliminary 

proteomic analysis reveals the importance of various vesicle transport, glycosylation (e.g. Mgat2, St3gal4, 

and St3gal1), and protein homeostasis proteins facilitating antibody secretion in high producing clones.  

Further analysis of this data will help guide host cell engineering for optimized biomanufacturing and 

provide insights into the functions of the mammalian secretory pathway during recombinant production. 

https://paperpile.com/c/pwZjsi/Tg6RU+QoLy2
https://paperpile.com/c/pwZjsi/MXocm+9zqmn
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2.1 Introduction  

Increased demand for biotherapeutics parallels the improvements made in cell-line engineering 

over the years. Our ability to supply large amounts of a wide-range of molecule types is dependent on cell-

lines that have been directly modified or screened to provide high titers, prolonged half-lifes, and stable 

therapeutic production 70. Much of this has been vastly accelerated by the ability to perform targeted gene 

engineering with zinc finger nucleases, TALENS, and CRISPR-Cas based techniques 70. Of increasing 

interest is the ability to engineer host cells with the proper machinery to perform necessary post-

translational modifications (PTMs) 22,24. While CHO cells are superior to bacterial and fungal host systems 

when it comes to performing PTMs, there is both a limit to the similarities between the CHO and human 

secretory pathways, as well as ample opportunities for leaner, more efficient CHO secretory pathways. Of 

efforts made to address these opportunities, there have already been several critical discoveries to improve 

the quantity and/or quality of biotherapeutics. For example, knocking out the fucosyltransferase FUT8 

increases mAb ability to perform antibody-dependent, cell-mediated cytotoxicity, ideal for CD20 targeting 

antibodies; in addition, overexpressing N-acetylglucosaminyltransferase-III in CHO has been shown to 

increase protein glycosylation accuracy, while overexpressing chaperones in CHO cells has been shown to 

improve protein folding and secretion 70.  

System-wide proteomics offers a way to identify a much larger pool of potential protein-specific 

targets for cell-line engineering. These potential targets can also be computationally compared by mass 

analyzed for their likely impacts on cell function and protein production. Targets can be identified for their 

impact on specific biotherapeutics, allowing for potentially highly specialized cell-lines. Lastly, 

illuminating deficiencies in the CHO secretion pathway will open-up the biopharmaceutical industry for 

previously difficult to express, or even un-manufacturable proteins 26. 

Rituximab is a long-standing biotherapeutic approved by the FDA in 1997 and was the first 

monoclonal antibody approved to treat cancer.  It is expressed in CHO cells as a murine (mouse)/human 

chimeric mAb and is used to target the CD20 antigen of B cells 71,72. It is approved to treat a variety of 
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autoimmune diseases, such as rheumatoid arthritis, as well as cancers, such as non-Hodgkin's lymphoma. 

The Rituximab brand name, Rituxan under Roche and Biogen, expired in Europe in 2013 and 2018 in the 

U.S. In 2019, amongst competition from Pfizer and Amgen, the first FDA approved Rituximab biosimilar 

Truxima (Teva and Celltrion) arrived followed closely by Pfizer’s Ruxience 73. However, despite 

anticipated price cuts, Rituxan remains approximately $940/100mg with Truxima offered only 10% less 74. 

Biosimilars will maintain momentum in a highly competitive market through cell line and manufacturing 

improvements that will facilitate quicker market entry and more drastic price reductions. Since the first 

FDA approved mAb Muromonab-CD3 in 1986, mAbs have been one of the fastest growing classes of 

biotherapeutics 75. This, as well as Rituximab’s well-characterized structure and function make Rituximab 

an ideal candidate therapeutic to study the impacts of secretory pathway regulation on titer.  

Here, a system-wide labeling of secretory protein interactions coupled to MS was used to map 

interaction networks regulating the recombinant expression of the high value therapeutic Rituximab. For 

ten Rituximab-expressing CHO clones with varying protein yields and an appropriate CHO-S control, we 

used a Fc-mediated BAR (FcBAR) method to label PPIs followed by LC-MS/MS and label-free 

quantification (LFQ). In this case, we do not require a primary antibody to target Rituximab, hence the FC-

mediated BAR method. For the panel of clones chosen, we ensured that there was little to no correlation 

between productivity and light nor heavy chain mRNA level, thus controlling for effects due to transcription 

levels. Our findings will elucidate cell processes (e.g., protein folding, modification, and transport) 

managing heterologous protein expression and identify critical PPIs that correlate positively with higher 

mAb productivity. Furthermore, it will guide efforts to engineer the CHO secretory pathway for enhanced 

protein expression in a product-specific manner.  

2.2 Methods 

2.2.1 Cell culture and clone expansion 

 A panel of twenty cell CHO-S clones expressing Rituximab were obtained from collaborators at 

DTU. A Laminin-alpha1 knock-out CHO-S clone line was also obtained to use as the wild-type (WT) as 
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laminin is an extracellular constituent and for our purposes will not significantly impact the secretory 

pathway. CHO-S cells were grown in 250ml shaking flasks at 30 rpm and 37oC with CD CHO Media 

supplemented with 8mM L-Glutamine and Gibco anti-clumping agent. The Rituximab producing clones 

were grown in media also containing 250ug/ml G418 for selection.  

2.2.2 Relative mRNA expression level using RT-qPCR 

Total RNA was extracted from 1-2 x 106 cells using the RNeasy Plus Mini Kit (Qiagen) according 

to the manufacturer’s instructions. RNA concentration was measured with Qubit fluorometric analysis (Life 

technologies). cDNA was synthesized from 1.5-3 µg of total RNA using the Maxima First Strand cDNA 

Synthesis Kit for RT-qPCR with dsDNAse treatment (ThermoFisher Scientific). RT-qPCR analyses were 

performed on the QuantStudio 5 Real-Time PCR System using TaqManTM Multiplex Master Mix (Thermo 

Fisher Scientific) in triplexes (gene of interest and two normalization genes) using the following 

amplification conditions: 50°C for 2 min, 95°C for 10 min; 40x: 95°C for 15 s, 60°C for 1 min. Custom-

made Taqman assays were used for Rituximab light chain and heavy chain, as well as normalization genes 

Gnb1 and Fkbp1a. All the primers and probes were validated by melting curve analysis and primer 

efficiency test. Using the ΔΔCt method, the relative expression levels of Rituximab heavy and light chain 

were calculated by normalization to the geometric mean of expression levels of the two normalization 

genes. Each experiment included controls with no template and was performed using technical triplicates. 

2.2.3 PPI labeling in CHO-S cells using the FcBAR method 

Sample preparation began by harvesting approximately twenty million cells of each CHO-S clone 

expressing Rituximab and WT at the mid-exponential phase and then washing cells with warm PBS. Cells 

were fixed with 4.0% paraformaldehyde in PBST for ten minutes and then permeabilized with 0.4% PBST 

for ten minutes.  Following this, peroxidases were inactivated with 0.2% H2O2 in PBS for ten minutes and 

then blocked for two hours with 5.0% normal goat serum in PBST, before a two-hour incubation with goat 

anti-human HRP-conjugated antibody (1:1000, ab97175). Proximal protein biotinylation occurs with 

treatment of H2O2 and tyramide-biotin (TSA Biotin Tyramide Reagent Pack, Perkin Elmer SAT700001EA), 

resulting in tyramide-biotin radicalization and covalent deposition onto proximal proteins. Tyramide biotin 
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stock solution was added to each sample and incubated for 5 minutes before addition of the H2O2 

Amplification Diluent at the manufacturers’ recommended ratio of 1:50, tyramide to diluent. The reaction 

proceeded for either one, three, or five minutes before being stopped with 500 mM Sodium Ascorbate 

solution in PBS.  

2.2.3.1 Optimization of FcBAR reaction time 

 Three samples each of a rituximab producing clone (A4_1) and WT were grown and prepared as 

described above. Each sample was biotinylated using either a one, a three, or a five-minute reaction. Two 

biological replicates were prepared of each experiment before being sent for mass spectrometry. 

Enrichment was done to determine which reaction time provided enough coverage without sacrificing 

specificity of the biotinylation. This was done by removing background using the WT biotinylation profile, 

and then profiling enrichment for secretory pathway-related gene sets.   

  Because BAR labeling is dependent on proximity of targets and the time given for the active biotin-

tyramide to diffuse from the HRP source to those targets, too little time given could result in low interaction 

detection, but too long of a reaction time could result in extraneous labeling outside of those that are real 

interactions. To determine which reaction time resulted in sufficient significant interactions with secretory 

pathway-related gene sets, we performed an iterative enrichment analysis in which we included the most 

significant interactions first and iteratively included less significant interactors with lower fold changes. 

The cumulative coverage of 3 secretory pathway related gene sets was reported as a function of the number 

of interactors included at each iteration.  

2.2.3.2 Comparison of low and high producing CHO-S clones for detection of cell engineering targets 

 Ten rituximab producing CHO-S clones (A4_1, A6_3, B2_3, B5_1, E6_3, E7_3, E9_2, E10_3, 

F1_3, G12_4) and a non-producing CHO-S wild-type (from here on out referred to as WT) were grown and 

prepared as described above. After optimization, each sample was biotinylated using a three-minute 

reaction. Three biological replicates were prepared of each experiment before being sent for mass 

spectrometry.  
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2.2.4 Validation of labeling by immunofluorescence 

 A subsample of each experiment prepared was stained with streptavidin-DyLight 594 conjugate 

(1:1000, ThermoFisher #21842), targeting the biotinylated proteins, and anti-human goat monoclonal 

antibody-DyLight 650 conjugate (1:1000, ab98593), targeting Rituximab in blocking buffer for thirty 

minutes at room temperature. Cells were then washed, mounted on a slide using antifade Vectashield 

mountant containing DAPI, and imaged using Leica SP8 Confocal with Lightning Deconvolution.  

2.2.5 Biotinylation profile by western blot  

For staining of intracellular biotinylated proteins, cells were lysed by RIPA buffer. Protein was 

loaded for a x3.5 dilution onto SDS-PAGE gel and resolved proteins were transblotted to nitrocellulose 

membrane using Trans-Blot Turbo Transfer System from Bio-RAD. The membrane was blocked by 5% 

BSA in TBST and probed with HRP-conjugated streptavidin diluted in blocking buffer at a 1:2000 ratio. 

Membranes were washed and ProSignal Pico ECL Substrate was added (Prometheus Protein Biology). 

Protein bonds were visualized using G:Box Gel Image Analysis Systems (SYNGENE).  

2.2.6 Mass spectrometry 

MS quantification of the biotinylated proteins was done similar to that described above in Chapter 

1. Briefly, biotinylated proteins were enriched using streptavidin beads, followed by trypsin digestion. 

Digested peptides were subjected to LC/MS-MS and identified by MS peptide mapping in MaxQuant 

against the UniProt Cricetulus griseus data-base 46,76–78 . All LC-MS/MS was done by Dr. Alexandre Rosa 

Campos and his Proteomics Core at the SBP Medical Discovery Institute, where he has been an active 

collaborator on all our proximity labeling studies. 

2.2.7 Data Analysis 

Data analysis was performed using Perseus version 1.6.14.0 to quantify protein interactions 

between Rituximab-producing clones relative to WT.  Data clean-up, filtering, and left-centered imputation 

for were performed before a Welch t-test was performed using and s0 of three to calculate fold-change 

threshold and an FDR of < 0.05. Analysis of significant proteins pathways was performed using DAVID 

V.6.8 79,80.  
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2.3 Results 

2.3.1 mRNA quantification of Rituximab for CHO-S clones 

The panel of CHO-S clones obtained from our collaborator Dr. Nuša Pristovšek at DTU covers >2-

fold range of productivities (i.e., picograms rituximab produced per cell per day), but since limiting 

transgene mRNA levels can reduce CHO cell productivity, the Rituximab mRNA levels in the CHO-S cell 

clones were quantified by qPCR to ensure productivity of selected clones could not be explained by low 

levels of either heavy or light chain mRNA. Productivity of protein production were seemingly not 

influenced by low mRNA levels (Figure 2.1). Thus, the variation in protein titer is anticipated to be due to 

limitations in protein synthesis, folding and/or trafficking. These clones will be further studied in this 

proposed work. 

Figure 2.1. Cell specific productivity is poorly predicted by transgene mRNA level. For 10 CHO-S clones 

expressing Rituximab, we measured mAb production (qp: pg/cell day) and mRNA level by qPCR, for both the heavy 

chain (HC) (left) and the light chain (LC) (right). For all clones, variation in mRNA level showed little to no correlation 

with productivity. 

2.3.2 Implementation of proximity biotinylation assays for CHO-S clones  

First, we perform the BAR methodology for each CHO-S clone and validate if there is evidence of 

specific antibody facilitated biotinylation of intracellular PPIs between Rituximab and its supporting 

SecMs. Western blots verified successful biotinylation of various proteins occurred with the BAR method 

performed (Fig. 2.2). Specifically, blots of the cell lysates stained with streptavidin-HRP against the 

biotinylated proteins revealed the biotinylation profile for both the biotin labeled and unlabeled samples of 

the Rituximab-producing clones and WT. The biotinylation profiles of the negative controls (unlabeled 

clones and labeled/unlabeled WT) and Rituximab-producing biotin labeled clones differed substantially, 
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with many specific biotinylated proteins in the labeled clones excluding the WT, suggesting that proximity 

biotin labeling occurs on specific interacting partners. 

Figure 2.2. Expression of Rituximab results in a substantial increase in biotinylated proteins after BAR 

implementation. Immunoblotting biotinylation profiling of labeled proteins in WT control and CHO cells with HRP-

streptavidin. With BAR implementation, Rituximab secreting cells experienced biotinylation of a subset of proteins 

(B+) which are not seen in WT or absence of the BAR reaction (B-). A few endogenously biotinylated proteins appear 

in the absence of BAR and in the WT. 

The subcellular localization of Rituximab and biotinylated interactors were determined by 

multicolor co-immunofluorescence microscopy using a Leica SP8 Confocal microscope (Fig. 2.3. & Fig. 

2.4.). We see evidence of biotinylation in the strepdavidin-594 channel for clones expressing Rituximab, 

but little to no labeling for WT.  Thus, indicating the FcBAR system successfully labels Rituximab-

proximal proteins. 

Figure 2.3. Up-close view of rituximab producing clone (B2_3) versus the WT.  



36 

Figure 2.4. Rituximab colocalized with biotin-staining. Co-Immunofluorescence demonstrated the intracellular 

colocalization of the biotin-labeled proteins (stained with Streptavidin-Dylight 594 and illustrated in green color) and 

bait-BirA (stained with anti-human monoclonal antibody-Dylight 650 and illustrated in red color), while WT did not 

show increased biotinylation under the same experimental conditions. 



37 

 2.3.3 Preliminary data analysis shows enrichment of SecMs 

2.3.3.1 Optimization of FcBAR reaction time 

We deployed FcBAR to identify SecMs interacting with Rituximab in one drug-producing clone 

and contrasted it with a non-producing WT control clone (WT). We then tested if significant interactions 

were enriched in three independent secretory pathway gene sets (i.e. known SecMs, secretory pathway 

resident proteins, and co-secreted proteins). A reaction time of 3-minutes ultimately resulted in the best 

enrichment for known secretory pathway components (Fig. 2.5) 

 

Figure 2.5. Significant interactions enrich for secretory pathway-related secretory machinery genes best for a 

3-minute reaction. ROC curve, where the X-axis represents the number of interactors included, and the Y-axis the 

coverage of each secretory pathway gene set. The coverage of the secretory machinery gene set (top) and shadowed-

window zoom-in (middle), along with their corresponding hypergeometric enrichment p-values (bottom) are shown. 

The 1-minute reaction resulted in less coverage, while the 5-minute reaction contained more background.  
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2.3.3.2 Comparison of low and high producing CHO-S clones for detection of cell engineering targets 

Analysis of MS data with MaxQuant found 4305 total proteins captured. After data processing in 

Perseus, principal component analysis (PCA) was performed using R package pcaMedhods’ probabilistic 

PCA (PPCA) method. PCA revealed good separation of WT and Rituximab-producing clones (Fig 2.6).  

Figure 2.6. PCA for all captured proteins and samples.  

 

DAVID Gene Ontology (GO) term enrichment was performed on the top 100 loadings in the first 

principal component, using an FDR <0.05 to identify significant terms. This indicated that the major cellular 

components and biological processes accounting for variance among samples belong primarily to processes 

within the secretory pathway, i.e. protein folding and protein transportation (Fig. 2.7).  

Differential expression of proteins was determined using a Welch’s t-test for each clone protein 

against the WT (Fig.2.8). Significant proteins were selected using an FDR < 0.05 and a fold-change 

threshold determine by an s0 of 3. There was little background seen in the WT, which demonstrates the 

specificity of our anti-body and lack of excess label-leakage, but also causes an abundance of significant 

proteins with a positive fold-change.  
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Figure 2.7. DAVID pathway results for GO biological function (BP) and cellular components (CC) annotations 

using PCA PC1 top 100 loadings. These terms that indicate secretory pathway localization and SecM processes 

dominate among the proteins accounting most for variation between samples. 
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Figure 2.8. Differential expression results for each clone versus the WT. Significant proteins are labeled in red 

and those points that have a -log(Pvalue) > 4 and a log2(Fold change) >6 are also labeled by Protein ID.   The lack of 

background noise found in the WT causes an abundance of positive significant hits.  
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 Visualization of differential expression (DE) results was done with heatmaps for binary 

significance (True or False), fold change, and FDR adjusted p-value (Fig. 2.9).  Proteins were visualized 

from largest to smallest productivity, but any clustering of results is not obvious.  As all clones are of the 

same cell-line and successfully express Rituximab, it is not unusual that there are more similarities between 

clones than differences.  

 

Figure 2.9. Heat maps showing significance (left), fold change (middle), and FDR adjusted P-value results for 

DE of each clone with the WT. The clones are ordered largest from smallest productivity (pg/day protein production).  

Using the PCA results and strongest significance hits to narrow the list of possible SecM 

interactors, we visualize DE results from each clone for a subset of proteins (Fig.2.10). We see a strong 

interaction among all clones for Dnajc10 (a member of the ERAD pathway). Like many other IgG1 mAbs, 

Rituximab has 16 disulfide bonds that connects its heavy and light chains and requires proper quality control 

81. We also see evidence of necessary regulation with high fold-change observed for granulin precursor and 

cathepsin Z (Table 2.1). Both progranulin and cathepsin localize within and regulate the function of 

lysosomes 82,83.   In addition, we also see a large fold-change for dynactin subunit 2 (Dctn2). Dynactin is a 

cytosolic structural component; however, it also facilitates ER-to-Golgi transport and movement of 

vesicles, such as lysosomes 84.  Thus, maintenance of quality control pathways and vesicle function are of 

importance during recombinant secretion.  
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Figure 2.10. Visualization of select potential PPIs for Rituximab. The clones are ordered largest from smallest 

productivity (pg/day protein production). 

Table 2.1. Functional information for the subset of proteins visualized in Figure 2.10.  
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 In addition, we see evidence of interaction with N-acetylglucosaminyltransferases Mgat2 and 

Mgat5, as well as sialyltransferases St3gal1 and St3gal4 (Fig. 2.10.). Mgat2 and Mgat5 are both important 

for N-linked glycan branching within the Golgi; however, Mgat2 is responsible for forming biantennary, 

complex N-glycans, while Mgat5 is responsible for adding GlcNAc to generate branched, tri/tetraantennary 

N-glycans 85,86. Rituximab glycan heterogeneity is typically reserved for biantennary structures, mostly G0F 

and G1F 87. Sialytransferases transfer sialic acid to N-glycans and have effects on protein stability and 

increased in vivo and serum half-life 88,89.  Previous profiling of glycosylation in CHO have also showed 

St3gal4 to have a dominant role in CHO sialylation 85. N-linked glycosylation is pivotal for protein function, 

but has also been implicated as necessary for protein stability and secretion 90,91. We see that Mgat2 is 

captured in more high-producing clones, however not with high significance in all clones. The capturing of 

Mgat5 could be Rituximab proximity to co-secreted proteins that require tri/tetraantennary N-glycans. 

Lastly, core fucosylation is catalyzed almost exclusively by Fut8, thus its presence in our samples in 

expected as Rituximab typically contains this modification, regardless of advancements in afucosylated 

mAbs with antibody-dependent cellular cytotoxicity activity 92. Here, we see higher fold-change and log p-

value of Fut8 in two clones with highest titer.   

2.4 Discussion 

BAR, as an alternative to using fusion-protein dependent BioID, was successfully used to profile 

interactions during recombinant mAb secretion in CHO-S clones.  Unlike BioID from Chapter 1 that saw 

a promiscuity of the biotin deposition in the WT, the specificity of the antibody used and the ability to block 

endogenous peroxidases limited the amount of background captured in the WT sample. With access to an 

appropriate antibody, BAR can therefore be applied in a variety of systems with good specificity of 

biotinylation.  On the other hand, the opposite can be true and availability or lack of a good antibody to 

target the protein the interest can act as an obstacle to performing the BAR method.  We also showed ability 

to tailor the BAR reaction by profiling the extent of labeling with different reaction incubation times. 

Optimization of reaction time can prevent under/excessive biotin labeling. However, the high prevalence 
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of Rituximab throughout cells made determination of the most optimal reaction time by 

immunofluorescence not possible. Performing the optimization thus required its own LC-MS/MS analysis, 

requiring materials and time.  

Here, we have applied the BAR method to profile the secretory pathway interactions of Rituximab-

producing clones that have differing experimental titers. We have used a parental-like CHO-S clone to 

remove background from endogenous biotinylation and secondary-antibody non-specificity. Strong 

interactions found significant among Rituximab-producing samples included SecMs required for protein 

homeostasis and protein transport, as well as modifying enzymes such as isomerizes and 

glucosyltransferases. Heterogeneity of glycosylation from various Mgat, ST3gal family, and Fut8 

interactions may impact secretion and protein stability 90,91. Previous efforts have primarily focused on the 

engineering of glucotransferases for controlling glycan heterogeneity 85,93. Overexpression of Mgat1 and 

Mgat4 for example have been used to increase sialyation of recombinant human erythropoietin in CHO 

cells as they promote complex glycan branching 89. Further data analysis is needed to explore correlation, 

if it can be seen here, between productivity and SecM interactors among clones. The preliminary data 

analysis done here will facilitate a deeper look at each clone’s interactome and correlation with titer.  

We acknowledge that this study is limited by the clones available and would be improved by a 

larger population of Rituximab-producing clones. That said, strong interactors among clones indicate 

potential targets for engineering as they are shown to facilitate Rituximab secretion. Additional analysis 

will likely reveal additional SecM’s required for high protein production. Future steps may also include the 

addition of experimental controls for biotin label-leakage. This can be achieved by profiling interactions 

for a house-keeping protein that resides outside of the secretory pathway. While we partially control biotin-

labeling with reaction time, label-leakage of biotin into non-relevant compartments can also occur due to 

excessive permeabilization or the overwhelming presence of the target recombinant protein. 

Immunofluorescence revealed a ubiquity of intracellular Rituximab, this may cause masking of interesting 

interactions and may explain the high number of total significant interactions captured.    
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