
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Utilizing bio-conjugation and protein engineering to develop enhanced cancer therapeutics, 
viral diagnostics, and biochemical tools

Permalink
https://escholarship.org/uc/item/6f066638

Author
Elledge, Susanna Kuroda

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/6f066638
https://escholarship.org
http://www.cdlib.org/


 

 

 
 
 
by 
 
 
 
 
Submitted in partial satisfaction of the requirements for degree of 
 
 
in 
 
 
 
in the 
 
GRADUATE DIVISION 
of the 
UNIVERSITY OF CALIFORNIA, SAN FRANCISCO 
 
 
 
 
 
 
 
 
 
 
 
 
Approved: 
 
______________________________________________________________________________ 

       Chair 
 
 

______________________________________________________________________________ 

______________________________________________________________________________ 

______________________________________________________________________________ 

______________________________________________________________________________ 
Committee Members 

������������

��������	�����������

�,*�&&���$$����

� �%!*+).��&��� �%!��$��!'$'�.

�+!$!/!&���!'��'&",��+!'&��&��()'+�!&��&�!&��)!&��+'���-�$'(��& �&������&��)�
+ �)�(�,+!�*��-!)�$��!��&'*+!�*���&���!'� �%!��$�+''$*

!%���$$*

��-�&�� '#�+

��-�
�)+&�)



 ii 
 
 

Copyright 2022 

by 

Susanna Elledge  



 iii 

This work is dedicated to my parents, Steve and Mitzi, whose love for science and discovery 

inspired me from a young age to follow in their footsteps and pursue a career in science. To my 

brother, Daniel, who has supported me and put up with scientific conversations at the dinner 

table. And to Jesse, who reminds me every day to find my passion, hold on to it, and nurture it to 

grow. 

  



 iv 
 
 

Acknowledgements 

I would not be here today without the mentorship and support that I have received 

throughout my scientific career. While science may look like an independent working 

environment, each scientist is made up of individual mentoring efforts from others and the warmth 

and support of the community around them. 

First, I’d like to thank my family, Steve, Mitzi, and Daniel, to whom this work is dedicated. 

To my parents, thank you for being two wonderful scientific role models that provided a supportive 

and warm environment for me to grow up in and pursue my passions. Without you two, I wouldn’t 

have a clue what a life in science would look like. To my brother, thank you for your continuing 

support and for accepting me into the Dr. Elledge club. Second, to my partner Jesse, who supported 

me through the majority of my time in graduate school, even when I would show up late almost 

every time after running an experiment in lab. His care and supportive words carried me through 

the hard times of my PhD, particularly during the pandemic, even when he was 3,000 miles away. 

Next, I’d like to thank the UCSF mentors and community that have supported me during 

my PhD. To Dr. Jim Wells, my PhD mentor – thank you for allowing me to join your lab and work 

on projects I was passionate about. You were always supportive, no matter good news or bad news 

and made a wonderful environment to learn and grow in. To Dr. Kevan Shokat and Dr. Zev 

Gartner, my thesis committee members – thank you for your support and thoughtful questions and 

suggestions throughout my PhD. I would also like to thank additional members of my qualifying 

exam committee and rotation mentors, Dr. Arun Witta, Dr. Natalia Jura, and Dr. Tejal Desai. 

In addition to the professors, there were many mentors in the Wells lab at UCSF that were 

essential to my success. Dr. Amy Weeks – my first lab mentor who helped me get started on my 

first project in the lab; Dr. Sam Pollock – my rotation mentor who took a large amount of his time 



 v 

to mentor me on his project; Dr. Hai Tran – who paved the way on the methionine project; Dr. 

Emily Kang – the best bay mate anyone could ask for, who tolerated my endless questions and 

was always willing to help; Irene Lui – one of the kindest, hardworking, and hilarious people in 

the lab who has always been a good friend to me and kept me sane during the pandemic; Dr. Nick 

Rettko – my lunch and tea buddy who was always down to listen to a rant and equally kept me 

sane during pandemic times; Kata Pance – my first roton who must have enjoyed her rotation 

enough to join the lab, following which she became a great friend to confide in on our endless 

coffee and boba trips; Dr. Xin Zhou – a fantastic collaborator that with our team effort, we were 

able to complete a COVID-19 project in only a few months, a great mentor in the lab that I get the 

privilege to work with more in the next few months as she starts her own lab; Dr. Lisa Kirkemo – 

a great friend and collaborator whose humor always made my day; Dr. Jamie Byrnes – one of the 

best scientific mentors out there who is always willing to discuss an idea or talk about science and 

gave invaluable advice as I started working with blood for the first time; Dr. Katie Schaefer – who 

always listened to my random ideas and gave great advice; and to all the other members of the 

Wells lab for making such a collegial, intellectual, and fun environment to work in. 

Outside of the Wells lab, there were many members of the UCSF community that made 

my time as UCSF so enjoyable. I’d like to highlight my amazing CCB cohort made up of 

amazingly talented, down-to-earth, and fun scientists. I am honored to be among them and look 

forward to crossing their paths in the future. In particular, I’d like to thank Dr. Taylor Arhar, 

Beatrice Ary, Dr. Kaitlyn Tsai, Dr. Lisa Kirkemo, and Gracie Gordon for all the great times we 

spent outside of UCSF - laughing, complaining, watching trashy TV, and enjoying each other’s 

company. 



 vi 

I’m also very grateful for all the great collaborators I had over the years at UCSF – Dr. 

Veronica Steri, Dr. Byron Hann, Dr. Joe Derisi, Sara Sunshine, Dr. Jiuling Yang, Dr. Robert 

Blelloch, Dr. Bryan Greenhouse, Keirstinne Turcios, Jill Hakim; UC Berkeley - Dr. F. Dean Toste, 

Dr. Alec Christian, Dr. Helene Wolleb, Dr. Kacper Skakuj, Dr. Chris Chang; CZI Biohub – Dr. 

Cristina Tato, Maira Phelps, Dr. Paul Lebel, Dr. Diane Wiener, Dr. Ilakkiyan Jeyakumar, Dr. 

Rafael Sjoberg-Gomez and many others. 

I’d be remiss to not thank my scientific mentors before UCSF who helped me get to 

graduate school in the first place. Thank you to Dr. Matt Francis who allowed me to join his lab 

as an undergrad and get my first research experience where I fell in love with bioconjugation. A 

very special thanks to my mentor in the Francis lab, Dr. Jenna Bernard, who taught me how to 

perform research at the bench and was always willing to sit down with me to plan out a project but 

also gave me the independence to direct the research how I wanted to. Two other research 

opportunities in the labs of Dr. Wolfram Goessling and Dr. Takeaki Ozawa opened my eyes to 

other types of research and helped me further strengthen my research skills. 

I’d like to thank my friends, from Boston to Berkeley to San Francisco, that have enriched 

my life outside of science and have supported my goals to obtain my PhD. Without you all to 

provide fun and laughter outside of lab, I wouldn’t have been able to overcome the many hardships 

that the PhD road entails. 

Finally, I’d like to thank the funding sources that I am honored to have supported me during 

my PhD. Specifically, the NSF GRFP fellowship and the UCSF Discovery Bowes Fellows 

program supported my training and the work below.  



 vii 

Contributions 

Chapter 1: Adapted version of the following published manuscript: Susanna K. Elledge, Hai L. 

Tran, Alec H. Christian, Veronica Steri, Byron Hann, F. Dean Toste, Christopher J. Chang, James 

A. Wells. Systematic Identification of engineered methionines and oxaziridines for efficient, 

stable, and site-specific antibody bioconjugation. PNAS. 2020. 

Chapter 2: Adapted version of the following published manuscript: Susanna K. Elledge*, Xin 

X. Zhou*, James R. Byrnes, Alexander J. Martinko, Irene Lui, Katarina Pance, Shion A. Lim, 

Jeff E. Glasgow, Anum A. Glasgow, Keirstinne Turcios, Nikita S. Iyer, Leonel Torres, Michael 

J. Peluso, Timothy J. Henrich, Taia T. Wang, Cristina M. Tato, Kevin K. Leung, Bryan 

Greenhouse & James A. Wells. Nature Biotechnology. 2021. *Denotes equal contribution to this 

work. 

Chapter 3: Adapted version of the following published manuscript: Lisa L. Kirkemo*, Susanna 

K. Elledge*, Jiuling Yang, James Byrnes, Jeff Glasgow, Robert Blelloch, James A. Wells. eLife. 

2022. *Denotes equal contribution to this work.  

  



 viii 

Utilizing bio-conjugation and protein engineering to develop enhanced cancer therapeutics, 

viral diagnostics, and biochemical tools 

Susanna Elledge 

 

Abstract 

Bio-conjugation and protein engineering are two powerful biochemical methods to alter proteins 

to have enhanced functions. Bio-conjugation allows for proteins to be attached to other protein and 

non-protein molecules in ways that would never appear naturally in the biological world, 

bestowing new properties onto a protein. Protein engineering allows for manipulation of the linear 

amino-acid sequence of a protein to alter its biochemical properties. These types of substitutions 

can change the way a protein folds, how it interacts with partner proteins, and its own chemical 

reactivity. These methods are currently highly utilized in the development of novel therapeutics 

and research tools.  

For both methods, location is one of the most important considerations for successful 

applications. Years of bio-conjugation research has revealed that attachment at a controlled and 

known site improves the reproducibility and properties of a given conjugate. In protein 

engineering, not all sites on a protein have the same chemical environment and thus even the same 

amino acid at a different location may react differently. Thus, even with these powerful 

biochemical methods, careful research must be done to determine the optimal attachment method, 

mutation location, and site. However, the optimized conjugate or engineered protein has great 

potential as a novel therapeutic, diagnostic, or research tool. 

Here, I describe three approaches using bio-conjugation and protein engineering to develop 

novel and optimized protein conjugates or engineered protein fusions for various applications. In 
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Chapter 1, I describe the use of a methionine-based conjugation method to attach cytotoxic cancer 

drugs on antibodies as selective drug delivery carriers. In Chapter 2, I highlight the development 

of rapid, facile protein biosensors to detect antibodies to COVID-19. In Chapter 3, I describe the 

development of an improved cell-surface biotinylation method utilizing novel enzyme conjugates. 
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Chapter 1 

Systematic identification of engineered methionines and oxaziridines for efficient, stable, 

and site-specific antibody bioconjugation 
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Abstract 

The field of chemical modification of proteins has been dominated by random modification of 

lysines or more site-specific labeling of cysteines, each with attendant challenges. Recently we 

have developed oxaziridine chemistry for highly selective modification of methionine called 

redox-activated chemical tagging (ReACT), but have not broadly tested the molecular parameters 

for efficient and stable protein modification. Here, we systematically scanned methionines 

throughout one of the most popular antibody scaffolds, trastuzumab, used for antibody engineering 

and drug conjugation. We tested the expression, reactivities, and stabilities of 123 single 

engineered methionines distributed over the surface of the antibody when reacted with oxaziridine.  

We found uniformly high expression for these mutants and excellent reaction efficiencies with a 

panel of oxaziridines. Remarkably, the stability to hydrolysis of the sulfimide varied more than 

ten-fold depending on temperature and the site of the engineered methionine. Interestingly, the 

most stable and reactive sites were those that were partially buried, presumably because of their 

reduced access to water. There was also a ten-fold variation in stability depending on the nature of 

the oxaziridine, which was determined to be inversely correlated with the electrophilic nature of 

the sulfimide. Importantly, the stabilities of the best analogs were sufficient to support their use as 

antibody drug conjugates and potent in a breast cancer mouse xenograft model over a month.  

These studies provide key parameters for broad application of ReACT for efficient, stable, and 

site-specific antibody and protein bioconjugation to native or engineered methionines. 
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Introduction 

Chemical modification of natural amino acids in proteins has a long and storied history but 

largely limited to modification of thiols and amines with various electrophiles 1.  Recently, a 

methionine specific chemistry has been developed, called redox-activated chemical tagging 

(ReACT) (Fig. 1.1a)2. The ReACT chemistry involves oxidation of methionine to form a sulfimide 

adduct with an oxaziridine molecule functionalized with an alkyl-azide to allow cargo attachment 

via click chemistry. Methionine is the second least-abundant residue in proteins after tryptophan3, 

making it a potentially ideal target for site-specific conjugation. Most methionine residues are 

buried and therefore inaccessible, making it an excellent candidate for bioengineered single site 

chemical conjugation. However, the structural and chemical parameters for reaction of 

methionines in a folded protein with oxaziradines have not been systematically evaluated for 

protein bioconjugation. 

Antibodies represent the most popular target for bioconjugations because they are among 

the most versatile tools in biology and medicine4. Chemical bioconjugation has been instrumental 

in expanding the utility of monoclonal antibodies, both as probes and therapeutics, by facilitating 

covalent attachment of a variety of moieties such as fluorophores5, metal chelators6, nucleic acids7–

9, as well as toxins in the form of antibody drug conjugates (ADCs)10–13. ADCs can be an 

improvement over standard chemotherapy treatment by simultaneously increasing targeting 

efficiency and reducing off-target toxicity14–17. There are currently five FDA approved ADCs and 

more than 100 clinical trials to develop new ADC therapies14,15.  

Ideally the chemical modification should be efficient, stable, reproducible, and site-

selective for homogeneity15. Researchers have typically targeted lysine or cysteine residues for 

chemical conjugation because of high reactivity and yield to form stable adducts via amide bonds 
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with lysines or thioether linkages to cysteines14–17. Three out of the five FDA approved ADCs 

target lysines for conjugation17. However, antibodies typically have about 40 surface exposed 

lysine residues per IgG that can result in more than one million different ADC species and drug 

antibody ratios (DAR) varying between one to eight15 which can lead to aggregation, 

immunogenicity, faster clearance rates and differences in the pharmacodynamic properties of the 

conjugate14,18. Cysteine is becoming more commonly used as it is far less abundant than lysine and 

affords greater site-selectivity. However, this approach usually involves random reduction of the 

interchain disulfide bonds of the antibody that can still lead to heterogenous mixtures14, 19, 207. 

Recently, researchers have systematically introduced single cysteine residues into the therapeutic 

antibody, trastuzumab, to identify sites for stable and specific conjugation21,22. Other conjugation 

strategies are being developed such as enzymatic conjugation, glycan modification, and un-natural 

amino acid incorporation14,17. These strategies can result in homogenous conjugates but can be 

limited in terms of DAR and involve introducing scars, either by peptide motifs or altered natural 

glycosylation17.  

Here, we methodically explore ReACT to determine how the methionine site and 

oxaziridine compound properties affect yield and stability in a folded protein, a therapeutic 

antibody. We systematically scanned 123 single methionine residues, that vary in accessibility in 

the trastuzumab scaffold, to identify sites and compounds for optimal conjugation yield and 

stability. We identified systematic factors that affect stability by more than 10-fold that we believe 

are portable to other antibodies and proteins. We found sites of high stability, and produced potent 

ADCs with DARs of two or four that kill tumor cells in vitro and in vivo over a month. These 

studies show that the methionine oxaziridine reaction is a promising approach for site-specific, 

high yielding, and stable protein bioconjugations. 
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Results 

High-throughput scan of the top 95 most accessible sites on the trastuzumab scaffold 

 We chose trastuzumab as the antibody scaffold of choice for our studies for a number of 

reasons. The trastuzumab framework is popular for humanization due to its high stability, high 

expression in mammalian cells, high developability, and broad use that is now utilized in parts of 

three different approved antibody drugs (trastuzumab, bevacizumab, and omalizumab) and the 

TDM-1 anti-Her2 ADC (ado-trastuzumab emtansine). Synthetic complementarity-determining 

region (CDR) libraries have been constructed on the trastuzumab scaffold23 and used by the 

Recombinant Antibody Network for industrialized recombinant antibody generation to over 500 

protein targets24.  The Fab arms in trastuzumab contain three methionines that are buried (Fig1.2). 

Indeed previous studies from our group showed these buried methionines to be unreactive to 

ReACT but when we attached a single Met to the C-terminus of the light chain we found it could 

be labeled quantitatively with a simple oxaziridine reagent and conjugated with a fluorophore2. 

While this site can be labelled quantitatively and could be useful for short-term in vitro studies, 

we found it becomes extensively (>80%) hydrolyzed over three days at 37°C (Fig. 1.3) and thus 

is not suitable for long-term studies or ADC development.  

To expand the use of ReACT for antibody bioconjugations we sought to systematically 

determine how methionine mutation, site of labeling, and compound nature affects expression, 

labeling efficiency, binding affinity, and stability of the antibody (Fig 1.1a). We first focused on 

exposed sites on a well characterized aGFP antibody built on the trastuzumab scaffold as a model 

for ease of assay24. We calculated the surface accessibility of the methionine sulfur for all possible 

surface methionine substitutions. We mutated the top 95 most accessible sites to methionine (Fig. 

1.1b, Table 1.1) and expressed each individual mutant in the aGFP Fab without mutating the three 
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intrinsic and unreactive buried methionines. Remarkably, of those 95 sites, 93 methionine mutants 

expressed with high yield in E. coli (3-18mg/L). All 93 retained high binding affinity for GFP after 

conjugation with oxaziridine and sulfo-DBCO-NH2, and 92 of those retained high thermostability 

as measured by differential scanning fluorimetry (DSF). When tested for labeling with 5 

equivalents of the oxaziridine reagent (oxaziridine 1) for 2 hours, 57 mutants labeled to greater 

than 90% (Fig. 1.1c, Fig. 1.4). This could potentially be improved with higher equivalents of 

oxaziridine. All mutants labeled stoichiometrically and specifically at the mutated methionine 

residue, as determined by whole protein mass spectrometry (Fig. 1.1d; Table 1.1). These data 

suggest tremendous flexibility in generating site-specific methionine conjugations.  

 While these sites are likely useful for short-term studies such as immunofluorescence or 

other in vitro studies we wanted to test their suitability for longer term in vivo applications .  Of 

the 57 highly labeled sites, we chose 12 representative sites to test conjugation stability as a 

function of location and temperature (Fig. 1.5). The 12 candidate sites spanned both the heavy and 

light chain, as well as the variable and constant domains of the Fab arm. We incubated each 

methionine-oxaziridine conjugate at 4°C, 25°C, and 37°C for 3 days and measured the remaining 

conjugate by whole protein MS (Fig. 1.5b). We found a strong temperature dependence for 

hydrolysis from 4°C, 25°C, and 37°C. There was considerable variation among the sites, but all 

sites had less than 60% remaining conjugate after 3 days at 37°C. The product had a +16 mass 

shift consistent with hydrolysis of the sulfimide to a sulfoxide product, which has also been 

previously reported25. Since ADCs can have circulation times up to weeks in the body, it is 

essential that the linkage is stable for an extended period of time at biological temperatures to 

retain ADC potency and to eliminate off-target toxicity due to free drug release. Although these 
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stabilities are sufficient for the many in vitro uses for antibody conjugation, we sought to extend 

the stability of the antibody conjugate for ADCs.  

 

Enhancing stability of oxaziridine conjugates  

 We took two approaches to improve conjugation stability: (1) test different substituted 

oxaziridine analogs to improve linkage stability and (2) test more buried sites on the Fab scaffold 

that we hypothesized could better shield the sulfimide from hydrolysis. We obtained 15 different 

oxaziridine molecules with various functionalities appended to the urea group to determine if the 

resulting sulfimide bond could be further stabilized (Fig. 1.5c). We chose one representative site, 

LC.T20M, that showed moderate stability at 37°C for oxaziridine 1. All compounds were 

conjugated to LC.T20M site on the model aGFP Fab and stability of the sulfimide linkage was 

measured at 37°C over 3 days. There was considerable variation in stability from 40-90% retained; 

nonetheless, two of oxaziridines (compound 5 and 8) provided stability over 80% (Fig. 1.5d). In a 

recent parallel study, it was shown that conjugate stability to isolated methionine was related to 

the electron density around the carbonyl as measured by the carbonyl stretching frequency25. 

Indeed, we found a strong inverse correlation between carbonyl stretching frequency and the 

measured stabilities on the Fab (Fig. 1.5e) as was also seen with isolated methionine.  Interestingly, 

we also saw the same trend in compound stability for another site on the Fab scaffold (data not 

shown) and thus we believe these compounds will be more stable for all sites. We synthesized a 

new azide containing oxaziridine derivative, based on the more stable piperidine-derived 

oxaziridine 8, to enable copper-free click chemistry for ADC conjugation (Fig. 1.5f). 

 We next investigated how lowering site accessibility may shield the resulting sulfimide 

linkage from hydrolysis. We knew that fully buried sites are unreactive, and therefore chose 23 
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sites that had intermediate degrees of accessibility (Fig. 1.6a, Table 1.2) most of which were 

located on structured b-sheet regions. Remarkably, 19 of the 23 single methionine substitutions at 

these partially buried sites expressed at high levels in E. coli (3-50mg/L); 18 retained high affinity 

to GFP, and 17 retained high thermostability (Fig. 1.6b). These less accessible sites were also less 

reactive, and thus we increased the labeling reaction to 20 equivalents of oxaziridine to better drive 

the reactivity. We found four mutants that had greater than 85% stability when labeled with the 

oxaziridine azide 8 and incubated at 37°C for 3 days (Fig. 1.6b, Fig. 1.6c). There was a slight 

inverse correlation between site accessibility and long-term stability (Fig. 1.6d) but the lack of a 

strong correlation suggests that additional factors are partly responsible. Overall, we found the 

combination of probing different oxaziridine derivatives and different site accessibility produced 

highly stable conjugates that were candidates for ADC production. 

 We next incorporated these mutations into a trastuzumab Fab and tested the ADC 

conjugates for killing of breast cancer cell lines. However, we noticed that the wild-type 

trastuzumab Fab labeled 25% with the oxaziridine reagent when reacted at 20 equivalents, which 

was a necessary concentration of oxaziridine to label the less accessible sites (Fig. 1.7). We 

hypothesized this additional and undesirable labeling was due to labeling of the methionine at 

position HC.M107 in the CDR H3 of trastuzumab. Simply mutating HC.M107 to an unreactive 

leucine eliminated labeling at this site (Fig. 1.7a). The HC.M107L mutation did not affect binding 

to HER2 on SKBR3 cells (Fig. 1.7b). 

  We chose our two most stable sites, LC.R66M and LC.T74M, and incorporated methionine 

into the corresponding sites on trastuzumab aHER2 Fab antibody to use in cellular toxicity and 

serum stability assays. Both labeled to greater than 80% when reacted with 20 equivalents of 

oxaziridine-azide 8 (Table 1.2). The two stable sites were individually converted to methionines 
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on the trastuzumab Fab scaffold and then labeled with oxaziridine azide 8, followed by strain 

promoted click chemistry with DBCO-PEG4-valine-citrulline-MMAF to be used in a cellular 

toxicity assay. We chose to use the cathepsin B cleavable linker valine-citrulline for its improved 

effect over a non-cleavable linker (data not shown). We picked the microtubule inhibitor MMAF 

as the toxic payload due to its previously characterized strong potency in ADC formats and 

improved solubility compared to MMAE26. Both ADCs showed high potency in a HER2-positive 

breast cancer cell line, BT474-M1, compared to either trastuzumab alone or an aGFP Fab isotype 

control (Fig. 1.6e). The ADC conjugates were 10-100-fold more potent than the free MMAF 

reflecting their capacity as a drug chaperone. Interestingly, the ADC derived from the LC.R66M 

was about 10-fold less active than LC.T74M due to a modest loss in affinity when conjugated with 

drug (Fig. 1.8a). Fortunately, upon conversion to a full IgG, the loss in affinity was greatly restored 

due to the higher avidity of the IgG and much lower off-rates (Fig. 1.8b). Both sites were also 

tested for their stability in human serum and showed similar levels compared to their stability 

measured in buffer (Fig. 1.6f). Thus, the two sites in the Fab arms are promising candidates for 

ADC formation. 

 

Labeling and stability at homologous sites on the Fc domain 

 To explore more flexibility in labeling sites for methionine antibody conjugates, we probed 

for suitable labeling sites on the Fc domain of the IgG. We found there are two endogenous 

methionines on the Fc (HC.M252 and HC.M428) that are surface exposed and one of which readily 

reacts with the oxaziridine azide 8 (Fig. 1.9, Fig. 1.10a). Also, it is known that these methionines 

sit directly at the FcRn binding site and that even oxidation at these sites can disrupt FcRn 

binding27. In fact, labeling these methionines with oxaziridine ablated FcRn binding (Fig. 1.10b). 
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Thus, we scrubbed these methionines by mutation to leucine as above and found these had little to 

no effect on overall protein stability or FcRn binding ability (Fig. 1.10c). We also incorporated an 

N297G mutation to prevent glycosylation of the Fc to simplify our mass spectrometry analysis. 

We then used this Fc mutant as a template to search for more stable methionine conjugation sites. 

To simplify our quest for new methionine sites in the Fc we took advantage of the high 

structural similarity between the Fc and Fab arms. We used PyMol to align the five most stable 

conjugation sites from the Fab arm studies above to sites in the Fc domain (Fig. 1.9a, Table 1.3). 

An example alignment is shown between LC.K149 and HC.E382 (Fig. 1.9b). We introduced 

single methionine mutants into these sites in the native methionine-scrubbed Fc, expressed the 

variants in Expi293 mammalian cells, and tested them for their labeling efficiency and stability. 

Interestingly, two of the engineered sites (HC.T307M, HC.T437M) did not label at all and thus 

could not be tested for their stability. The other three sites labelled to over 50%, and site 

HC.V262M showed greater than 80% labeling efficiency with virtually no hydrolysis after a three 

day incubation at 37°C (Fig. 1.9c).  

 

Functional activity of methionine oxaziridine ADCs on breast cancer cell lines and in vivo efficacy 

in a breast cancer xenograft model 

 We then tested how each of the three stables sites (LC.R66M, LC.T74M, and 

HC.V262M) performed as ADCs in an IgG format on HER2-positive breast cancer cell lines 

(Fig. 1.11a, Fig. 1.11b). On both SKBR3 and BT474-M1 cell lines, all three sites were almost 

equally effective at reducing cell growth (IC50 ~100-1000pM). All three were 20-50-fold more 

potent than trastuzumab alone. When compared to one of the previously reported optimal 

engineered cysteine sites LC.V205C20, we saw comparable cell killing at sites LC.T74M and 
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HC.V262M (Fig. 1.11c). We also saw improved efficacy of LC.T74M ADC compared to T-

DM1 in the BT474-M1 cell line (Fig. 1.12a) and similar efficacy to T-DM1 in the SKBR-3 cell 

line (Fig. 1.12b). We also tested how these conjugates performed by size exclusion 

chromatography (SEC) as a test for antibody aggregates and a proxy for good pharmacokinetics. 

ADCs produced at sites LC.T74M and HC.V262M showed a single symmetrical elution peak 

comparable to trastuzumab, while site LC.R66M formed three broad peaks (Fig. 1.13). Thus, we 

decided not to use site LC.R66M in vivo. We also discovered that after reintroducing the 

wildtype N297 residue and corresponding glycosylation, we were not able to label site 

HC.V262M, suggesting the glycosylation blocks labeling (Fig. 1.14). Therefore, we nominated 

LC.T74M as our lead candidate for in vivo studies. We conjugated trastuzumab IgG to the 

valine-citrulline cleavable MMAF with an average DAR of 1.9 (Fig. 1.15) and performed a 

dose-response study in a mouse xenograft BT474-M1 breast cancer model (Fig. 1.11d). We saw 

dose-response efficacy and with the highest dose of 6mg/kg saw inhibition of tumor growth 

compared to PBS control across 5 weeks. All mice maintained healthy body weights during the 

study (Fig. 1.16) 

 With these promising data, we sought to increase our efficacy by creating a DAR of four 

ADC with our Met sites. Ideally, we wanted a second site with not only high stability, but also a 

site spatially apart from the LC.T74M site to reduce the steric hindrance and potential for 

hydrophobic MMAF interactions between sites. Thus, we chose the partially buried stable site 

HC.S21M, which is almost directly opposite of the LC.T74M. After incorporation of both 

methionines into the HER2 IgG, we were able to obtain 80% labeling of the HC.S21M site with 

oxaziridine-azide 8 at 20 equivalences over 30 minutes. Using the double mutant we were able to 

obtain quantitative labeling of both sites with DBCO-PEG4-valcit-MMAF with an average DAR 
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of 3.6 (Fig. 1.17). We evaluated the conjugate by SEC and saw a monodispersed peak, suggesting 

there were no aggregates (Fig. 1.18). The DAR of four derivative showed an increase in in vitro 

efficacy on the BT474-M1 cell line compared to DAR of two derivative from the LC.T74M IgG 

(Fig. 1.11e). There was a slight decrease in cell binding with the DAR of four ADC compared to 

DAR of two ADC (Fig 1.19) possibly due to the increase in hydrophobicity. We then tested our 

DAR of four ADC (10mg/kg) in the BT474-M1 xenograft model and saw efficacy in reducing 

tumor growth over 5 weeks (Fig. 1.11f). The efficacy was greater than Trastuzumab IgG control 

(10mg/kg), showing the use of these sites in an ADC model. Healthy body weights were 

maintained for all mice except one mouse in the DAR of four treatment group (Fig. 1.20). This 

data shows the proof of concept application of using these engineered sites in antibody drug 

conjugates and the potential for this method in future stable protein bioconjugation applications. 

 

Discussion 

 We layout a systematic and general approach for identifying efficient, stoichiometric, and 

stable methionine labeling sites for antibodies using ReACT that preserves antibody function and 

stability for stable protein bioconjugations such as ADCs. We explored a number of variables and 

addressed potential pitfalls to find optimal labeling sites. Surprisingly, almost all of the single 

methionine mutants were tolerated in the context of the trastuzumab scaffold. Of the 95 highly 

accessible methionine sites, 93 were expressed at wild-type levels, and 92 retained a Tm greater 

than 77°C. Even for the 23 partially buried sites, 19 were expressed at wild-type levels and 17 

maintained a high Tm. We did not detect methionine oxidation for the purified recombinant 

antibodies expressed either as Fabs in E.coli or as IgGs expressed from mammalian cells. This 

obviated the need to chemically reduce prior to conjugation with oxaziridine. This is a substantial 
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advantage to cysteine labeling which typically requires reduction and reoxidation prior to thiol-

conjugation. The conjugation to the oxaziridine was done rapidly (30 min at 5-30 fold excess) at 

room temperature in aqueous conditions and consistently produced high yields of the bioconjugate. 

For example, of the 92 accessible methionine sites expressed, 57 were labelled over 90%. Even 

for the 23 expressible partially buried methionine sites, 11 were labeled to over 80%.  

One can tolerate, manage, or exploit endogenous methionines for antibody conjugations. 

In our aGFP trastuzumab Fab there are three buried methionines. We found them to be unreactive 

and thus preserved them throughout our experiments. Once we switched to the wild type 

trastuzumab, there was a reactive methionine in CDR H3, but was benignly replaced with a leucine 

and did not affect the affinity of the antibody. Moreover, methionines are routinely mutated out of 

CDRs in therapeutic antibodies to avoid oxidation upon long-term storage or treatment28. We also 

identified two endogenous methionines in the Fc and these were readily mutated to leucine without 

significant impact on expression or binding. In some cases methionine sites have been mutated to 

non-oxidatively sensitive residues to extend antibody half-life and improve FcRn binding29.  

We found the initial oxaziridine compound did not have the desired stability for long-term 

studies, but structure-activity analysis identified new compounds with significantly improved 

stability to hydrolysis. The stability tracked with the electron density surrounding the carbonyl as 

found in parallel studies on isolated methionine25. We believe these new compounds (especially 

oxaziridine azide 8) will find general utility for ReACT applications for other protein 

bioconjugations.  

We found significant variation in stability depending on the site of modification. There is 

an inverse trend between accessibility and site stability. We expect this may be because the 

sulfimide is shielded from water and hindered from being hydrolyzed. The hydrolysis reaction of 
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the sulfimide is expected to go through a tetrasubstituted intermediate30 and neighboring sites will 

likely impact the stability of this intermediate based on the chemical environment. Further 

mechanistic and computational work may help to further dissect these factors. Interestingly, the 

stability, and therefore therapeutic effectivity, of cysteine conjugates also varies depending on the 

conjugation sites22,31.  

We believe site-specific modification of methionine by ReACT has great potential for 

antibody and protein bioconjugations. The expression of the methionine mutants is robust and 

multiple methionines can easily be introduced. The conjugation procedure is rapid, simple, and 

does not require pre-reduction. There is good flexibility with site selection and the resulting linkage 

can be stable at biological temperatures. The sites described here will provide candidates for other 

antibody scaffolds. In fact, the discovery of the stable Fc site did not require a complete methionine 

surface scan, but rather simple homology modeling was sufficient to identify useful sites. Site-

specific methionine labeling by ReACT offers more homogeneity of modification compared to 

lysine modification. It produced highly stable conjugates, and robust ADC activity in a BT474-

M1 mouse xenograft model. While there is still much to do to validate their clinical use, we believe 

this modification will be useful for many other antibody and protein bioconjugation applications 

such as for fluorescence, affinity labels, DNA barcoding, and protein-protein bioconjugation. The 

general parameters studied and optimized here will expand the use of ReACT bioconjugation on 

many other biomolecules.  
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Methods 

Selection of accessible conjugation sites 

To estimate the relative solvent accessibility (RSA) of engineered methionines on a Fab, a 

computational methionine scan was performed with MODELLER using PDB structure 1FVE as a 

template32. MODELLER generates homology models for comparative structure analysis by 

satisfaction of spatial restraints33. Single methionine mutations were systematically modeled 

across the entire structure of the Fab including an additional model with a methionine appended at 

the end of the light chain for a total of 439 individual models generated. The solvent accessible 

surface area (SASA) of the engineered methionine sulfur atom was determined using the 

“get_area” function (dot_solvent = 1, dot_density = 4, solvent_radius = 1.4) in PyMol. Due to the 

stochasticity of the S-methyl group placement, the group was removed prior to SASA calculations 

and was found to reduce variability. The RSA was calculated by taking the SASA values and 

dividing by the maximum SASA value observed in the set. Positions were rank ordered and the 

top 95 sites with the highest RSA (excluding CDR positions, prolines and cysteines) were selected 

for bioconjugation. 

 

Preparation and characterization of aGFP Fab methionine mutants 

All methionine mutants were made using QuikChange to introduce single codon mutations onto 

the aGFP Fab. Fabs were expressed and purified by an optimized auto-induction protocol 

previously described24. In brief, C43 (DE3) Pro +E. coli containing expression plasmids were 

grown in TB auto-induction media at 37 ˚C for 6 hours, then cooled to 30 ˚C for 16–18 hr. Cells 

were harvested by centrifugation and Fabs were purified by Protein A affinity chromatography. 

Fab purity and integrity was assessed by SDS-PAGE and intact protein mass spectrometry using 
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a Xevo G2-XS Mass Spectrometer (Waters) equipped with a LockSpray (ESI) source and Acquity 

Protein BEH C4 column (2.1 mm inner diameter, 50 mm length, 300 Å pore size, 1.7 µm particle 

size) connected to an Acquity I-class liquid chromatography system (Waters). Deconvolution of 

mass spectra was performed using the maximum entropy (MaxEnt) algorithm in MassLynx 4.1 

(Waters). 

 

Labeling of aGFP Fab methionine mutants with oxaziridine and Sulfo-DBCO-NH2 

Fabs were prepared at 30uM in PBS and labeled with 5 equivalents of the original oxaziridine 

azide reagent. The reaction proceeded for 2 hours at room temperature before being quenched with 

500mM methionine. Sulfo-DBCO-NH2 was added at a final concentration of 625uM and 

incubated at room temperature overnight. Labeling was analyzed by intact protein mass 

spectrometry using a Xevo G2-XS Mass Spectrometer as previously described. 

 

Single-point kinetic screen 

To determine if binding was perturbed by conjugation, a single-point kinetic screen was performed 

by bio-layer interferometry on a ForteBio Octet RED384. Biotinylated-GFP was captured by 

streptavidin biosensors and the remaining biotin binding sites were saturated with free biotin. 

Association of 10 nM unlabeled or labeled Fab was measured for 15 min followed by dissociation 

for 30 min. KD values of all unlabeled and labelled Fabs were estimated to be sub-0.5nM. Binding 

affinity for FcRn was performed in a similar manner but at pH 6.0 to mimic binding in the acidic 

endosome. Biotinylated FcRn (Acro Biosystems) was used as the loading ligand. 
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Protein stability Differential Scanning Fluorimetry (DSF) assay 

Stability was measured by a Sypro Orange based DSF assay. In brief, Fabs (2µM) were incubated 

with 4x Sypro Orange Protein Gel Stain (ThermoFischer) in PBS. Fluorescence scanning was 

performed from 25°C- 95°C at a rate of 1°C/min using a Lightcycler 480 Instrument (Roche Life 

Scientific). Melting temperatures were calculated from the inflection point in the first-derivative 

curve. 

 

Synthesis of Compounds 

All oxaziridine compounds were previously synthesized and reported in Christian et al25. Synthesis 

of the azide-piperdine oxaziridine (oxaziridine azide 8) can be found in the supplementary 

methods. 

 

Parameter Derivation 

A conformational search on the respective ureas and carbamates was performed using the 

MacroModel suite from Schrödinger34 using an OPLS_2005 force field without solvent 

corrections. A Monte-Carlo molecular mechanics method was employed. The output was restricted 

to structures within 1.30 kcal/mol (5 kJ/mol) of the lowest energy conformer. Conformers were 

submitted to a geometry optimization in Gaussian 09 using the def2-TZVP basis set and M06-2x 

functional35. A triple zeta potential basis set was chosen along with the M06-2x functional, as these 

generally lead to quantitative correlations36. Using a cutoff limit of 2.5 kcal/mol, the parameters 

of each low energy conformer were weighted using the Boltzmann distribution (equations 1 and 

2) where the energy of a given conformer is calculated relative to the lowest energy conformation.  
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PyMol homology alignment 

To determine analogous stable sites on the Fc, the alignment function was used in PyMol, using 

the PDB structure 1FVE (Fab) and 1H3X (Fc). Stable sites on light chain or heavy chain were 

aligned to either the CH2 or CH3 domains in the Fc. Corresponding positions were chosen on the 

Fc to mutate to methionine. 

 

Expression of IgG single methionine mutants 

IgGs containing the engineered methionines were expressed and purified from Expi293 BirA cells 

according to established protocol from the manufacturer. Briefly, 30µg of pFUSE (InvivoGen) 

vector was transiently transfected into 75 million Expi293 BirA cells using the Expifectamine kit. 

Enhancer was added 20 hours after transfection. Cells were incubated for a total of 6 days at 37 ˚C 

in a 5% CO2 environment before the supernatants were harvested by centrifugation. Protein was 

purified by Protein A affinity chromatography and assessed for quality and integrity by SDS-

PAGE. 
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Conjugation of engineered methionine Fabs and IgGs with oxaziridine and DBCO-PEG4-

valcit-MMAF 

For Fab ADCs, endotoxins were removed prior to conjugation using Pierce endotoxin removal kits 

(ThermoFischer Scientific). For conjugation, Fabs were incubated at 50µM with 15 molar 

equivalents of compound 8 azide oxaziridine for 30 minutes at room temperature in PBS. For IgGs, 

IgGs were incubated at 10µM with 30 molar equivalents of compound 8 azide oxaziridine per 

methionine for 1 hour at room temperature in PBS. For both, the reaction was quenched by the 

addition of methionine and antibody was buffered exchanged into PBS using a 0.5mL Zeba 7kDa 

desalting column (ThermoFischer Scientific). Then 10 molar equivalents of DBCO-PEG4-valcit-

MMAF (Levena Biosciences) was added and the click reaction proceeded overnight at room 

temperature. The conjugate was desalted twice using two 0.5mL Zeba 7kDa columns to remove 

excess unconjugated drug. Full conjugation was monitored by intact protein mass spectrometry 

using a Xevo G2-XS Mass Spectrometer (Waters). 

 

Stability measurements of oxaziridine labeled Fabs in PBS and serum 

Fabs were labeled as previously described, placed in either buffer or human AB serum (Valley 

Biomedical), and incubated at 37°C. PBS samples were measured directly by intact protein mass 

spectrometry. Serum samples were able to be purified with a Ni-NTA column due to the presence 

of a His-tag on the Fab. The sample was then consequently measured by intact protein mass 

spectrometry to determine proportion of labeled Fab. 
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Conjugation of engineered cysteine ADCs for comparison 

Engineered cysteine conjugation was performed as previously reported37. In brief, after 

purification of the LC.V205C mutant aHer2 IgG (see IgG expression), the IgG (10µM) was buffer 

exchanged into 50mM Tris-HCl, pH 7.5, 2mM EDTA. DTT was added at 40-fold molar excess 

and incubated at room temperature for 16 hours. Desalting into PBS proceeded with 0.5mL Zeba 

7kDa columns. DHAA was added in 15-fold molar excess to reoxidize the interchain disulfides 

for 3 hours at room temperature. Maleimide-valcit-MMAF (BOC Sciences) was added at 3-fold 

molar excess and conjugation was monitored by mass spectrometry. Excess drug was removed by 

two 0.5mL Zeba desalting columns.  

 

Cell culture of HER2-positive breast cancer cells 

The BT474-M1 cell line was provide by the Preclinical Therapeutics Core at the UCSF Helen 

Diller Cancer Center. These cells were maintained in DMEM media supplemented 10% FBS and 

1X Pen/Strep. The SKBR3 cells were purchased from the UCSF Cell Culture Facility. They were 

maintained in McCoy 5a media supplemented with 10% FBS and 1X Pen/Strep. Cell line identities 

were authenticated by morphological inspection. The SKBR3 cell line identity was validated by 

UCSF Cell Culture Facility. Symptoms for mycoplasma contamination were not observed and thus 

no test for mycoplasma contamination was performed. All cell lines that were received as gifts 

were previously authenticated. 

 

ADC cell killing assay in vitro 

Antibody drug conjugate cell killing assays were performed using an MTT modified assay to 

measure cell viability. In brief, 10000 BT474-M1 or SKBR3 cells were plated in each well of a 
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96-well plate on day 0. On day 1, Fab/IgG was added in a 10-fold dilution series. Cells were 

incubated for 120 hr at 37°C under 5% CO2. On day 6, 40uL of 2.5mg/mL of Thiazolyl Blue 

Tetrazolium Bromide (Sigma Aldrich) was added to each well and incubated at 37°C under 5% 

CO2 for 4 hours. Following, 100µL of 10% SDS 0.01M HCl was added to lyse the cells to release 

the MTT product. After 4 hours, absorbance at 600nm was quantified using an Infinite M200 PRO 

plate reader (Tecan). Data points were plotted using GraphPad Prism (version 8.2) and curves were 

generated by using non-linear regression with Sigmoidal 4PL parameters. 

 

ADC study in mouse xenograft model in vivo 

The xenograft was performed with 6-8 week old nude female mice (NCR, nu/nu) purchased 

from Taconic Labs (n=3 per group for the dose response, n=8 for the DAR=4 study). Prior to tumor 

cell engraftment, mice were implanted subcutaneously with Estradiol pellet (0.36mg, 60 day 

release, Innovative Research). BT474-M1 xenografts were then established by bilateral 

subcutaneous injection into the right and left flanks of mice with BT474-M1 tumor cells (5x106 

cells in 100 µl of serum free medium mixed 1:1 with Matrigel). When BT474-M1 xenografts 

reached average volume of 200mm3 (measured as width x width x length x 0.52), mice were dosed 

intravenously weekly for 3 weeks with PBS, drug alone, antibody alone and ADCs. Tumor size 

and body weight were monitored biweekly for 5 weeks total. Data was plotted in GraphPad Prism 

and SEM for the 6 tumors across 3 mice in each group was determined for the first study For the 

second study, data was plotted and SEM was determined for 7 mice in the PBS group, 8 mice in 

the Trastuzumab control group, and 7 mice in the DAR of 4 ADC group (one mouse is not shown 

due to early sacrifice due to low body weight). All experiments were performed in accordance with 
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relevant guidelines, regulations, and in full accordance with UCSF Institutional Animal Care and 

Use Committee (IACUC). 

 

Supplementary Detailed Methods 

Preparation and characterization of aGFP Fab methionine mutants 

All methionine mutants were made using QuikChange to introduce single codon mutations onto 

the aGFP Fab. Fabs were expressed and purified by an optimized auto-induction protocol 

previously described24. In brief, C43 (DE3) Pro +E. coli containing expression plasmids were 

grown in TB auto-induction media at 37 ˚C for 6 hours, then cooled to 30 ˚C for 16–18 hr. Cells 

were harvested by centrifugation and Fabs were purified by Protein A affinity chromatography. 

Fab purity and integrity was assessed by SDS-PAGE and intact protein mass spectrometry using 

a Xevo G2-XS Mass Spectrometer (Waters) equipped with a LockSpray (ESI) source and Acquity 

Protein BEH C4 column (2.1 mm inner diameter, 50 mm length, 300 Å pore size, 1.7 µm particle 

size) connected to an Acquity I-class liquid chromatography system (Waters). Deconvolution of 

mass spectra was performed using the maximum entropy (MaxEnt) algorithm in MassLynx 4.1 

(Waters). Endotoxins were removed using ThermoFischer’s Pierce High Capacity Endotoxin 

Removal Columns. 

 

Labeling of aGFP Fab methionine mutants with oxaziridine and Sulfo-DBCO-NH2 

Fabs were prepared at 30uM in PBS and labeled with 5 equivalents of the original oxaziridine 

azide reagent. The reaction proceeded for 2 hours at room temperature before being quenched with 

500mM methionine. Sulfo-DBCO-NH2 was added at a final concentration of 625uM and incubated 
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at room temperature overnight. Labeling was analyzed by intact protein mass spectrometry using 

a Xevo G2-XS Mass Spectrometer as previously described. 

 

Single-point kinetic screen 

To determine if binding was perturbed by conjugation, a single-point kinetic screen was performed 

by bio-layer interferometry on a ForteBio Octet RED384. Biotinylated-GFP was expressed and 

purified as previously described24. Biotinylated-GFP was captured by streptavidin biosensors and 

the remaining biotin binding sites were saturated with free biotin. Association of 10 nM unlabeled 

or labeled Fab was measured for 15 min followed by dissociation for 30 min. KD values of all 

unlabeled and labelled Fabs were estimated to be sub-0.5nM. Binding affinity for FcRn was 

performed in a similar manner but at pH 6.0 to mimic binding in the acidic endosome. Biotinylated 

FcRn (Acro Biosystems) was used as the loading ligand. 

 

Protein stability Differential Scanning Fluorimetry (DSF) assay 

Stability was measured by a Sypro Orange based DSF assay. In brief, Fabs (2µM) were incubated 

with 4x Sypro Orange Protein Gel Stain (ThermoFischer) in PBS. Fluorescence scanning was 

performed from 25°C- 95°C at a rate of 1°C/min using a Lightcycler 480 Instrument (Roche Life 

Scientific). Melting temperatures were calculated from the inflection point in the first-derivative 

curve. 

 

Parameter Derivation 

A conformational search on the respective ureas and carbamates was performed using the 

MacroModel suite from Schrödinger34 using an OPLS_2005 force field without solvent 
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corrections. A Monte-Carlo molecular mechanics method was employed. The output was restricted 

to structures within 1.30 kcal/mol (5 kJ/mol) of the lowest energy conformer. Conformers were 

submitted to a geometry optimization in Gaussian 09 using the def2-TZVP basis set and M06-2x 

functional35. A triple zeta potential basis set was chosen along with the M06-2x functional, as these 

generally lead to quantitative correlations36. Using a cutoff limit of 2.5 kcal/mol, the parameters 

of each low energy conformer were weighted using the Boltzmann distribution (equations 1 and 

2) where the energy of a given conformer is calculated relative to the lowest energy conformation.  

 

!! = "!"#$/&'

"!"#(/&'#"!"#)/&'#⋯#"!"#*/&'  (1) 

 

#% = !&#& + !'#' +⋯+ !(#(  (2) 

 

PyMol homology alignment 

To determine analogous stable sites on the Fc, the alignment function was used in PyMol, using 

the PDB structure 1FVE (Fab) and 1H3X (Fc). Stable sites on light chain or heavy chain were 

aligned to either the CH2 or CH3 domains in the Fc. Corresponding positions were chosen on the 

Fc to mutate to methionine. 

 

Expression of IgG single methionine mutants 

IgGs containing the engineered methionines were expressed and purified from Expi293 BirA cells 

according to established protocol from the manufacturer. Briefly, 30µg of pFUSE (InvivoGen) 

vector was transiently transfected into 75 million Expi293 BirA cells using the Expifectamine kit. 

Enhancer was added 20 hours after transfection. Cells were incubated for a total of 6 days at 37 ˚C 



 25 

in a 5% CO2 environment before the supernatants were harvested by centrifugation. Protein was 

purified by Protein A affinity chromatography and assessed for quality and integrity by SDS-

PAGE. Clinical grade T-DM1 was a generous gift from Dr. Mark Moasser. 

 

Flow cytometry  

Cells were lifted with Versene (0.04% EDTA, PBS pH 7.4 Mg/Ca free), and subsequently blocked 

with flow cytometry buffer (PBS, pH 7.4, 3% BSA). Fabs or IgGs were added to cells for 30 min 

on ice. Antibodies were detected with addition of Alexa Fluor 647 AffiniPure F(ab’)2 conjugate 

(Jackson Immuno Researech, 1:50). Cells were extensively washed and fluorescence in the APC 

channel was quantified using a FACSCanto II (BD Biosciences). All flow cytometry data analysis 

was performed using FlowJo software. 

 

Size Exclusion Chromatography 

SEC analysis was performed using an Agilent HPLC 1260 Infinity II LC System using an 

AdvanceBio SEC column (300Å, 2.7µm, Agilent). Each analyte was injected at 5-10µM and run 

with a constant mobile phase of 0.15 M sodium phosphate for 15 minutes. Fluorescence (excitation 

285nm, emission 340nm) and absorbance was measured.  
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Figures and Tables 

 

 

Figure 1.1: Oxaziridine labeling of most accessible sites on model aGFP-Fab in the 
trastuzumab scaffold. (a) Scheme for oxaziridine labeling on trastuzumab Fab. The Fab light 
chain is shown in dark blue and the heavy chain is shown in cyan. After conjugation with 
oxaziridine, different functionalities can be clicked on with a DBCO reagent. (b) The top 95 
calculated accessible sites on the Fab scaffold are shown as red spheres. (c) Triage of the 95 most 
accessible mutants is shown. Each site was engineered to methionine on a model aGFP-Fab in the 
trastuzumab scaffold. Sites were then assessed for expression, affinity, structural stability, and 
labeling percentage. (d) Representative ESI mass spectra of one labeling reaction of aGFP 
Fab.Cmet with oxaziridine, shown by a mass shift of 140 (expected: 140). 
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Figure 1.2: Native methionines in the trastuzumab Fab. 

Methionines present in the trastuzumab Fab are shown in orange. One methionine (LC.M04) is 
present in the variable domain of the light chain (dark blue) and two (HC.M86, HC.M107) are 
present on the heavy chain (cyan), with HC.M107 present on the H3 loop of the CDR binding 
domain. 
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Figure 1.3: Stability of the light chain C-terminal methionine at 37°C. 

Incubation of the C-terminal methionine oxaziridine conjugate results in 80% hydrolysis over three 
days at the biological temperature of 37°C. 
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Figure 1.4: Correlation of labeling and estimated relative solvent accessibility of the 95 

mutants in the aGFP Fab. 

57 of 95 methionine mutants label greater than 90% with oxaziridine reagent (dotted line 
represents 90%). Other sites that do not appear to label well may have improved labeling with 
higher equivalents of oxaziridine. For the few sites that do not appear to label well with oxaziridine 
despite having high estimated RSA, there may be other chemical environment factors that govern 
reactivity. 
  

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

Relative solvent accessibility (RSA)

%
 L

ab
el

ed



 30 

 
 
 

 
Figure 1.5: Labeling and stability of top 12 accessible sites with different oxaziridine 
compounds. (a) Ribbon diagram of the trastuzumab Fab where the the top 12 labeled sites (all 
>95% labeling yield) are shown as red spheres. (b) Stability of top 12 sites labeled with oxaziridine 
at 4°C, 25°C, and 37°C over three days varies across sites and temperatures. All sites show a 
significant decrease in stability to hydrolysis at elevated temperatures. Each data point represents 
one measurement from one sample at that temperature. (c) Panel of oxaziridine compounds tested 
for stability. (d) Conjugate stability at site LC.T20M over three days at 37°C when reacted with 
each oxaziridine. Oxaziridine 6 is not shown because it showed 0% conjugation. Oxaziridine 10 
is not shown because no initial labeling could be detected. Each bar height represents the average 
from three biological replicates. (e) Correlation of compound conjugate stability of LC.T20M and 
carbonyl stretching frequency (nC=O). The more electron rich the substitution on the oxaziridine, 
the less electrophilic the sulfimide becomes, thus increasing conjugate stability on the protein.  
Each data point represents the mean of three individual samples. (f) The structure of the azide 
derivative of the piperdine-derived oxaziridine 8. 
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Figure 1.6: Labeling, stability, and activity of partially buried sites on aGFP-Fab and 
Trastuzumab Fab. (a) Structure of the trastuzumab Fab showing 23 partially buried sites 
(spheres) chosen to mutate to methionine. Scale represents calculated relative fractional surface 
accessibility from 0 (black) to 1 (red). (b) Triage of the 23 individual mutants on the aGFP-Fab 
after testing expression, binding to GFP, structural stability, and oxaziridine conjugate stability for 
3 days at 37°C. (c) Conjugate stability of 14 sites after incubation at 37°C for 3 days. The dotted 
line indicates 85% stability. Three biological replicate data points are shown. (d) Correlation 
between measured stability at 37°C and calculated accessibility for the 23 partially buried sites. 
Linear regression analysis using GraphPad Prism was used to calculate the coefficient of 
determination (R2 =0.32) to determine correlation. (e) In vitro potency of two stable sites on 
trastuzumab Fab on the BT474-M1 breast cancer cell line. Three biological replicate data points 
are shown. (f) Stability measured in human serum for oxaziridine conjugates at the three top stable 
sites over 3 days at 37°C compared to stability measured in buffer. Three biological replicate data 
points are shown. 
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Figure 1.7: Labeling of trastuzumab Fab HC M107 and mutation to leucine prevents further 

labeling and minimal change in affinity for HER2. 

(a) Native trastuzumab Fab begins to be labeled with oxaziridine at equivalents of 20 or higher. 
However, upon mutation of M107 to leucine, this labeling is abolished. 
(b) When in the IgG format, there is no detectable difference in affinity for HER2 between 
trastuzumab and M107L trastuzumab mutant, as detected by flow cytometry on SKBR3 cells. 
(c) Flow cytometry gating of live cells by FSC-H and SSC-H is shown here. This applies to all 
further flow cytometry data. 
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a 

 
b 

 
Figure 1.8: Affinity for HER2 of antibody drug conjugates in Fab and IgG format. 

(a) Flow cytometry was performed on BT474-M1 cells to confirm binding of Fab-drug conjugates 
at different methionine sites. LC.T74M shows similar affinity to HER2 as the unmodified 
trastuzumab Fab, while LC.R66M takes about a 10-fold hit in affinity. (b) Upon conversion to IgG 
and labeling with drug, both sites along with HC.V262M show high affinity for HER2 at two 
different concentrations, as determined by flow cytometry. All have roughly similar binding shifts 
as unlabeled IgG. All IgGs contain the HC.M252L and HC.M428L mutations in the Fc domain. 
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Figure 1.9: Labeling, stability, and activity of homologous Fc sites. (a) Structure of IgG1 Fc 
domain (PDB: 1H3X) showing five sites chosen to individually mutate to methionine (dark 
purple). The two endogenous methionines are shown in magenta. (b) Example alignment of part 
of the Fc domain with part of the Fab light chain to show the structural homology between site 
LC.K149 and HC.E383. (c) Stability and labeling measurements for three top sites on the Fc 
region. Two sites (HC.T307M, HC.T437M) are not shown because they did produce viable 
conjugates with oxaziridine. Each data point represents a stability measurement from a single 
sample. 
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Figure 1.10: Stability of endogenous Fc methionines and mutation to leucine does not affect 

FcRn binding. 

(a) Rapid labeling of one methionine on the native Fc with 30 equivalents of oxaziridine. The three 
peaks are different glycosylation forms of the antibody. All peaks shift 167 demonstrating reaction 
with the oxaziridine azide 8. 
(b) BLI analysis demonstrates that Fc methionines have undetectable binding to FcRn after being 
labeled with oxaziridine (orange and purple), while unlabeled IgG shows good binding to FcRn 
(red and blue). 
(c) BLI analysis demonstrates a very similar binding affinity for FcRn of the native Fc of the IgG 
(blue) and M252L/M438L Fc of the IgG (purple), as noted by the similar shift by octet. 
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Figure 1.11: In vitro and in vivo potencies of IgG based ADCs in a breast cancer model. (a,b) 
In vitro potency of three sites (LC.R66M, LC.T74M, and HC.V262M) on two HER2 positive 
breast cancer cell lines, SKBR3 (a) and BT474-M1 (b) against Trastuzumab unlabeled IgG control. 
Three biological replicate data points are shown. (c) Comparison of site LC.T74M and stable 
cysteine site LC.V205C20. (d) In vivo potency of site LC.T74M ADC in a breast cancer xenograft 
model in nude female mice, demonstrating clear dose response of the ADC. Arrows show 
intravenous administration schemes of controls and ADCs. Lines indicate the average for each 
group and error bars represent the SEM. (e) In vitro potency of DAR of two and DAR of four 
ADCs on the BT474-M1 cell line. Increasing to a DAR of four decreases the IC50 of the ADC 
from 0.24nM (DAR=2, red) to 0.091nM (DAR=4, dark blue). (f) In vivo potency of the DAR of 
four ADC with sites LC.T74M and HC.S21M in a BT474-M1 xenograft model in nude female 
mice (PBS: n=7, Herceptin IgG: n=8, ADC DAR of four: n=7). Arrows show intravenous 
administration schemes of trastuzumab (10mg/kg) and ADC (10mg/kg). Lines indicate the average 
for each group and error bars represent the SEM. 
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Figure 1.12: Comparison of LC.T74M vcF ADC with trastuzumab + free MMAF and T-
DM1. 
(a) In vitro cell killing on the HER2+ BT474-M1 cell line confirmed that conjugation of 
trastuzumab IgG to MMAF at site LC.T74M was ~100 fold more potent than treating with the IgG 
and unconjugated free drug. Additionally, the LC.T74M ADC had increased efficacy over the 
FDA approved drug T-DM1, which may be because maytansine is less toxic than MMAF in this 
cell line. The error bars represent the standard deviation from data of three biological replicates. 
The lines simply represent connection between the data points. 
(b) In vitro cell killing on the HER2+ SKBR-3 cell line also showed 100 fold increased potency 
of the LC.T74M ADC over IgG and free drug alone. In this cell line, we saw similar efficacy of 
LC.T74M ADC and T-DM1. The error bars represent the standard deviation from data of three 
biological replicates. The lines simply represent connection between the data points. 
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Figure 1.13: Size exclusion chromatography (SEC) of drug labeled IgG ADCs. 

SEC analysis across three sites of drug labeled IgGs compared to an unlabeled trastuzumab IgG. 
Drug labeling at sites LC.T74M and HC.V262M both show similar SEC profiles to unlabeled IgG, 
but site LC.R66M shows a drastically different SEC profile shape. 
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Figure 1.14: Crystal structure showing the position of Fc glycosylation and site HC.V262. 

Crystal structure of a glycosylated Fc (PDB: 5XJF) demonstrates that the HC.V262 site (shown in 
purple) sits right beneath the glycans. Thus, it is likely that presence of these glycans inhibits 
oxaziridine conjugation to HC.V262M. 
 
 

N297
HC.V262



 42 

 
Figure 1.15: Reduced mass spectrum of final LC. T74M IgG with DBCO-PEG4-vc-MMAF. 
The spectrum shows high percentage labeling of the LC (MW: 23,573 Da) with oxaziridine and 
DBCO-PEG-vc-MMAF (MW: 25,395 Da). The deglycosylated HC is shown unlabeled (MW: 
49,393 Da). The calculated average DAR for this prepared ADC was 1.9. The final yield was 30% 
of the original unlabeled IgG. *Denotes an artifact from MaxEnt, corresponding to half the 
molecular weight of the HC. **Denotes PNGase F added to remove glycosylation of the HC. 
***Denotes not fully deglycosylated HC. 
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Figure 1.16: Percent body weight of mice in the initial mouse xenograft study. 

Percent body weight is plotted over time for each mouse in the 5 groups over the course of the 
study. All mice maintained appropriate body weight, suggesting no toxicity was encountered. 
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Figure 1.17: Reduced mass spectrum of final DAR4 HC.S21M LC. T74M IgG with DBCO-

PEG4-vc-MMAF. 

The spectrum shows high percentage labeling of the LC (MW: 23,573 Da) with oxaziridine and 
DBCO-PEG4-vc-MMAF (MW: 25,395 Da). The deglycosylated HC is shown unlabeled (MW: 
49,452 Da) and labeled with oxaziridine and DBCO-PEG4-vc-MMAF (MW: 51,276 Da). The 
calculated average DAR for this prepared ADC was 3.6. The final yield was 20% of the original 
unlabeled IgG. *Denotes an artifact from MaxEnt, corresponding to half the molecular weight of 
the labeled HC. **Denotes PNGase F added to remove glycosylation of the HC. ***Denotes not 
fully deglycosylated HC. 
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Figure 1.18: SEC profile of the DAR4 IgG. 

SEC analysis shows a monodispersed peak for the DAR of four IgG and elution at a similar time 
to unlabeled IgG (Supplementary Fig. 6), suggesting no aggregation is present. 
 
 
 

 
Figure 1.19: On cell binding on SKBR3 cells for DAR2 and DAR4 ADCs. 

On cell binding was determined by serial dilutions of the IgG on HER2+ SKBR3 cells, followed 
by detection with a fluorescent anti-Fab antibody conjugate as previously described in the 
methods. IgG refers to Trastuzumab IgG (unlabeled IgG). EC50 values were determined 
(Trastuzumab (IgG): 13.3nM , DAR2: 16.0nM, DAR4: 28nM). 
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Figure 1.20: Percent body weight of mice in the DAR4 ADC study. 

Percent body weight is plotted over time for each mouse in the 3 groups over the course of the 
study. All mice maintained healthy body weight except one mouse in the DAR4 group that was 
sacrificed at day 25. 
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Table 1.1: Labeling, stability, and affinity of 95 methionine substitutions in model aGFP-

Fab (rAB1001) in trastuzumab scaffold. 

  Residue 
  Yield % 

Labeled 
Kd (pM) Thermostability 

(°C) 
Kabat RSA (mg/L) Pre Post Pre Post 

rAB10
01  - - 0 8 0 88 197 82.5 82.6 

LC-
Cmet - - 0.67 7.2 93 129 183 82.4 82.2 

LC001 D 1 0.94 7.1 76 118 293 83.2 82.5 
LC003 Q 3 0.95 0 85 138 58 82.5 82.2 
LC007 S 7 0.98 5.4 96 111 150 82.6 81.5 
LC009 S 9 0.86 16.9 93 96 339 81.9 81.5 
LC010 S 10 0.73 7.2 94 50 189 82.9 82.2 
LC012 S 12 0.67 8.3 63 115 169 81.7 80.3 
LC014 S 14 0.9 6.4 93 112 162 82.3 81.8 
LC018 R 18 0.86 10.9 80 80 246 82 81.2 
LC020 T 20 0.71 9.6 95 80 183 81.8 80.6 
LC041 G 41 0.92 7.3 95 132 175 81.7 82.4 
LC042 K 42 0.79 7.8 87 101 155 81.8 81.2 
LC045 K 45 0.73 5.9 93 167 216 80.9 79.9 
LC057 G 57 0.94 9.1 93 123 252 80.3 79.9 
LC060 S 60 1 6.3 92 125 267 81.7 81 
LC065 S 65 0.9 11.8 92 82 285 81.6 81.5 
LC067 S 67 1 6.6 94 120 205 82.2 81.9 
LC068 G 68 0.9 6.5 91 88 191 80.2 79.6 
LC069 T 69 0.83 11.4 69 103 170 82.3 81.7 
LC076 S 76 0.74 6.3 82 135 175 81.9 80.7 
LC081 E 81 0.69 6.4 84 116 213 79.9 78.8 
LC085 T 85 0.68 8.3 61 118 147 81.6 80.2 
LC100 Q 100 0.86 5.2 90 116 74 81.1 80.9 
LC107 K 107 0.84 5.1 90 148 149 81.5 80.1 
LC108 R 108 0.8 0  -  -  -  -  - 
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  Residue Kabat RSA Yield 
(mg/L) 

% 
Labeled 

Kd (pM) Thermostability 
(°C) 

Pre Post Pre Post 
LC112 A 112 0.73 6.4 88 94 201 80.2 77.7 
LC114 S 114 0.83 4.7 89 165 207 82.5 81.3 
LC123 E 123 0.76 8.1 57 147 183 82.3 81.8 
LC126 K 126 0.87 7.7 87 97 198 82.3 82.3 
LC128 G 128 0.98 6.5 90 94 177 81.6 81.3 
LC143 E 143 0.94 7.6 87 129 138 81.8 81.5 
LC145 K 145 0.82 6.3 93 93 190 82.4 82.2 
LC152 N 152 0.71 4.3 88 95 192 82 82.1 
LC156 S 156 0.99 9.8 89 124 190 82.6 82.3 
LC157 G 157 1 7.4 86 116 223 82 82 
LC160 Q 160 0.77 4.8 58 94 169 82.7 80.6 
LC168 S 168 0.92 0  -  -  -  -  - 
LC169 K 169 1 5.1 92 264 179 82 81.9 
LC182 S 182 0.9 8.1 89 92 168 82.3 81.6 
LC184 A 184 0.94 3.6 71 110 148 82.3 82.2 
LC190 K 190 1 4.4 94 227 202 82.5 82.3 
LC202 S 202 0.92 6.8 93 103 237 82.3 82.2 
LC203 S 203 1 6.3 92 211 152 82.3 82.2 
LC205 V 205 0.76 7.7 71 97 190 82.1 80.8 
LC210 N 210 0.72 7.6 88 79 178 82.6 82.4 
HC001 E 1 0.78 6.3 92 101 141 82.3 82.2 
HC003 Q 4 0.85 4.5 94 94 149 82.5 82.6 
HC005 V 5 0.89 4.9 96 139 111 82.4 82.5 
HC007 S 7 0.95 7.4 95 128 156 82.3 82.6 
HC008 G 8 0.72 5.2 95 141 189 81.2 81 
HC010 G 10 0.97 7.2 85 113 219 81.5 81.1 
HC013 Q 13 0.69 4.1 89 133 138 82.1 81.7 
HC015 G 15 0.98 4.9 92 114 170 81.8 81.6 
HC017 S 17 0.75 5.2 96 84 137 81.9 82 
HC019 R 19 0.86 4.3 88 83 47 82.3 81.9 
HC023 A 23 0.86 5.2 94 54 153 82.6 82.6 
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 Residue Kabat RSA Yield 
(mg/L) 

% 
Labeled 

Kd (pM) Thermostability 
(°C) 

Pre Post Pre Post 
HC042 G 42 1 5.4 96 143 183 81.8 82.2 
HC043 K 43 0.89 6.3 87 122 122 82.3 81.5 
HC044 G 44 0.72 7.9 94 72 165 80 78.7 
HC046 E 46 0.89 6.3 85 93 169 82 81.3 
HC066 G 65 1 5.8 92 216 155 82 81.8 
HC069 T 68 0.84 7.3 94 95 187 82.2 82.3 
HC071 S 70 0.84 6 82 130 197 82.2 81.8 
HC075 S 74 0.9 7 93 126 177 82.2 82.2 
HC076 K 75 0.88 10.2 93 129 224 82 82.2 
HC077 N 76 0.74 5.4 94 64 139 81.2 80.9 
HC084 N 82A 0.79 6.7 95 110 151 81.9 82 
HC085 S 82B 0.77 6.9 94 86 134 82.3 82.3 
HC087 R 83 0.71 7 93 96 193 82.2 82 
HC112 Q 105 0.85 8.8 96 76 168 82 82.1 
HC119 S 112 0.72 4.9 93 91 136 79.5 79.2 
HC120 S 113 0.7 6 78 105 137 82.4 82.3 
HC122 S 115 1 6.2 92 90 155 82 82.1 
HC124 K 117 0.82 4.4 92 108 217 81.8 81.6 
HC127 S 120 0.74 7.2 88 78 214 82.3 81.9 
HC137 S 130 0.97 7.2 88 72 188 82.2 81.2 
HC139 S 134 1 7.2 93 84 163 82.3 82 
HC141 G 136 0.92 5 94 114 177 82.3 82.3 
HC142 T 137 0.92 8 95 91 148 82.4 81.4 
HC151 D 146 0.76 3 49 94 138 68.8 69.9 
HC158 T 153 0.71 5.5 95 97 136 82.2 81.7 
HC163 S 163 0.99 17.7 94 74 177 82 82.4 
HC164 G 164 0.99 4.4 94 106 144 80.9 80.3 
HC168 S 168 1 4.6 93 125 94 82.2 82.2 
HC179 S 180 0.98 2.8 91 117 125 82 81.8 
HC180 S 182 0.73 2.8 92 161 158 80.9 80.3 
HC181 G 183 0.97 3.7 97 126 160 81.5 82.4 
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 Residue Kabat RSA Yield 
(mg/L) 

% 
Labeled 

Kd (pM) Thermostability 
(°C) 

Pre Post Pre Post 
HC194 S 196 0.98 4.6 90 107 90 82.2 82 
HC197 G 199 0.77 4.2 92 166 191 82.5 82.4 
HC198 T 200 0.94 4 94 122 134 82.2 81.9 
HC202 I 207 0.73 5 35 72 157 81.9 81.2 
HC206 N 211 0.92 5.7 94 110 144 82.5 81.8 
HC211 N 216 1 10.1 85 74 192 82.2 82.3 
HC213 K 218 0.99 6.7 91 89 126 82.3 82.1 
HC222 S 229 0.88 7.8 91 113 128 82.5 82.5 
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Table 1.2: Labeling, stability, and affinity of 23 less accessible methionine substitutions in 

model aGFP-Fab in trastuzumab scaffold. 

Site Residue Kabat RSA 
Yield 
(mg/L) 

Kd 

(pM) 
Thermo-
stability°C 

% 
Labeling 
at 5x 

% 
Labeling 
at 20x 

% 
Stability 
at 37°C 

LC022 T 22 0.36 11.9 770 82.3 92 - 42 
LC063 S 63 0.52 10.8 190 81.9 76 - 59 
LC066 R 66 0.40 6.9 780 82.7 68 91 99 
LC069 T 69 0.83 21.8 450 82.7 55 84 62 
LC070 D 70 0.40 0.4 230 82.8 - - - 
LC072 T 72 0.56 0.5 270 82.2 - - - 
LC074 T 74 0.44 31.2 820 81.4 47 83 96 
LC147 Q 147 0.48 25.5 490 82.5 61 85 49 
LC148 W 148 0.10 2.0 630 75.6 0 - - 
LC149 K 149 0.27 3.2 520 82.3 55 - 88 
LC192 Y 192 0.12 0.5 290 78.2 - - - 
LC193 A 193 0.46 13.3 430 81.8 0 - - 
LC195 E 195 0.49 49.7 430 82.4 70 87 55 
LC208 S 208 0.57 5.9 380 82.4 0 - - 
HC018 L 18 0.46 33.2 650 82.6 0 - - 
HC021 S 21 0.54 36.7 530 82.3 52 78 87 
HC025 S 25 0.42 17.2 800 82.7 81 - 65 
HC082 Q 81 0.67 0.0 - - - - - 
HC201 Y 206 0.13 22.4 720 81.0 0 - - 
HC204 N 209 0.47 5.1 730 81.7 84 - 46 
HC212 T 217 0.26 23.7 18200 81.8 62 83 95 
HC215 D 220 0.49 21.3 550 80.8 85 - 55 
HC217 K 222 0.64 20.5 530 82.3 62 84 60 
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Table 1.3: Alignment, labeling, and stability of chosen Fc sites. 

Site Residue Kabat Aligned 
Fab site 

% labeling % stability 

HC262 V 275 HC.S21 86 100 
HC292 R 309 LC.R66 80 74 
HC307 T 326 LC.T74 0 - 
HC382 E 407 LC.K149 61 90 
HC437 T 468 HC.T212 0 - 
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Chapter 2 

Engineering luminescent biosensors for point-of-care SARS-CoV-2 antibody detection 
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Abstract 

Current serology tests for SARS-CoV-2 antibodies mainly take the form of enzyme-linked 

immunosorbent assays or lateral flow assays, with the former being laborious and the latter being 

expensive and often lacking sufficient sensitivity and scalability. Here we present the 

development and validation of a rapid, low-cost solution-based assay to detect antibodies in 

serum, plasma, whole blood, and saliva, using rationally designed split luciferase (spLUC) 

antibody biosensors. The ability to lyophilize assay components also opens up the possibility of 

applications of this sensor format in low-resource settings. This new assay, which generates 

quantitative results in 30 minutes, substantially reduces the complexity and improves the 

scalability of COVID-19 antibody tests for potential point-of-care and broad population testing.  
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Introduction 

As the COVD-19 pandemic continues worldwide, broad testing for SARS-CoV-2 infection 

still faces severe limitations. While nucleic acid testing is critical to detecting the virus, serological 

antibody tests are vital tools for monitoring the dynamic human humoral response to SARS-CoV-

2 viral infection and vaccines response to primary virus and variants38. Antibody tests serve as a 

complement or an alternative to nucleic acid diagnostics for patients with a low viral load or for 

low-resource areas where expensive RT-PCR testing is difficult to access39–41. Serological tests 

also support therapeutic development either through identification of individuals who could serve 

as donors for convalescent serum therapeutics42, or patients with potentially strong neutralizing 

antibodies that can be produced in vitro as new antivirals and prophylactics43,44. Importantly, as a 

vaccine is developed, population-scale, longitudinal evaluation of antibody responses is needed to 

determine the response to vaccination and the strength and duration of immunity to the primary 

virus and variants thereof. This would be greatly accelerated with an assay that is simple, rapid, 

and high-throughput without sacrificing accuracy and sensitivity45–50.  

Traditional serological assays are not optimal in the face of this broad pandemic. The most 

widely used laboratory serological tests take the form of enzyme-linked immunosorbent assays 

(ELISA)46,51–53, which usually entail a >2-hour protocol involving several steps of protein 

incubation and washes, and is not readily amenable to deployment outside of a laboratory. A faster 

but significantly more expensive approach is a lateral flow assay54,55. However, lateral flow assays 

can produce less reliable results depending on the quality of the lateral flow device and different 

evaluation criteria55,56. In addition, lateral flow tests poorly capture the magnitude of a patient’s 

antibody response as the test is qualitative and not quantitative. Here we provide a next-generation, 

simple, and rapid assay to meet the mounting needs for broad antibody testing in the face of the 
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ongoing pandemic and eventual vaccine deployment. The assay, which is compatible with serum, 

plasma, whole blood, and saliva samples, utilizes a simple split luciferase (spLUC) antibody sensor 

to generate quantitative serological data in 30 minutes. Testing of over 150 patient serum/plasma 

samples across three validation cohorts demonstrates that the spLUC assay has a sensitivity of 

89% for detecting anti-S protein antibodies and 98% for anti-N protein antibodies, and a specificity 

of > 99% for both.  

 

Results 

Engineering split luminescent (spLUC) biosensors for SARS-CoV-2 antibody detection 

When envisioning a next-generation serological assay, we hypothesized that sensitive 

biosensors for anti-SARS-CoV-2 antibodies could be utilized to greatly enhance the speed and 

simplicity of serological testing57. We constructed anti-SARS-CoV-2 antibody biosensors by 

fusing split Nanoluciferase (NanoLuc) fragments SmBiT and LgBiT57 to SARS-CoV-2 viral 

protein antigens (Fig. 2.1a). Since an antibody has two Fragment Antigen Binding (Fab) arms, 

incubating serum with 1:1 mixed SmBiT and LgBiT biosensors will result in half of the anti-viral 

antibodies binding LgBiT with one Fab arm, and SmBiT with the other Fab arm. This hetero-

bivalent interaction localizes the LgBiT and SmBiT fragments in close proximity, resulting in 

reconstitution of an intact, active NanoLuc enzyme for luminescence-based detection of reactive 

antibodies. 

We chose to develop S and N sensors for SARS-CoV-2 antibody tests because COVID-19 

patient antibodies are predominantly directed against epitopes on the viral S protein, which 

interacts with the host receptor angiotensin-converting enzyme 2 (ACE2) and mediates viral 
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entry58, and  the N protein, which packages the viral genome into a ribonucleocapsid59. These two 

viral proteins are the primary antigens used in the current COVID-19 serological tests46,51,60–63.   

The S sensors were constructed by fusing NanoLuc fragments to its receptor binding 

domain (S-RBD), which is the primary target of neutralizing antibodies (Fig. 2.2a, Fig. 

2.2b)46,51,63,64. We modeled S-RBD binding to two antibodies, C10543,65 , an ACE2-competing 

binder, and CR302266, an ACE2 non-competing binder, to determine linker lengths 

(Supplementary text, Fig. 2.2c). Based on the models, we constructed SmBiT fusions to the S-

RBD C-terminus with 15 or 25 residue Glycine/Serine (GS) linkers (S15 and S25), and LgBiT 

fusions to S-RBD C-terminus with 5, 15, or 25 residue GS linkers (L5, L15 and L25). These 

variants varied in expression yields (Fig. 2.2e). Using recombinantly expressed S-RBD antibodies 

and ACE2 variants67, we determined the optimal linker variant, enzyme concentration, buffer 

conditions, and impact of antibody-antigen binding affinity to signal strength (Methods, Fig. 2.2, 

Fig 2.3, Fig 2.4). The (L15 + S25) sensor pair at 1 nM enzyme concentration was identified as 

optimal, and these conditions were used for all subsequent assays.  

In further characterizing the relationship between assay signal strength and antibody 

concentration/binding affinity, we performed ordinary differential equation modeling in R 

(Methods and Fig. 2.5). The modeling predicted a linear relationship between antibody 

concentration and luciferase signal (Fig. 2.5b), consistent with our experimental data (Figure 

2.1b). In addition, the results highlighted that the sensors at 1 nM are more sensitive to an antibody 

binder with a KD = 1 nM (Fig 2.5b,c). This threshold is equivalent to the median affinity reported 

for polyclonal antibody repertoires68,69.  

To construct the N sensors, we used the N-terminal sequence because aa 44–257 are found 

to be more immunogenic than the C-terminal dimerization domain (aa 258–419) (Fig. 2.6a)70. In 
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addition, dimerization promoted by the C-terminal domain may lead to high basal NanoLuc 

reconstitution levels. The atomic structures of N (aa 44–180)59 showed the N and C termini are not 

in close proximity and therefore fusion at the N or C terminus may result in different sensor 

sensitivity (Fig 2.6b). Given this knowledge, three fusion sensor pairs were designed: (a) LN+SN: 

L/S-N(aa 44–257), (b) LC+SC: N(aa 44–180)-L/S (LC+SC), and (c) LC2+SC2: N(aa 44–257)-

L/S, where L and S represent LgBiT/SmBiT, C represents C-terminal fusion, and N represents N-

terminal fusion (Fig 2.6c). Testing on a commercial polyclonal anti-N protein antibody revealed 

that the LC + SC and LC2 + SC2 sensors generated stronger signals over LN + SN (Fig 2.6d). The 

LC + SC sensors generated linear, dose-dependent signals with commercial anti-N protein 

antibody (Fig 2.1c).  

We next designed a simple and rapid protocol to assay a pilot set of serum samples from 

convalescent SARS-CoV-2 patients (Fig. 2.1d). Two healthy control sera collected before the 

emergence of SARS-CoV-2 virus were also tested. Serial dilutions (1:12.5, 1:25, and 1:50) of heat-

inactivated sera were measured using S or N sensors. Robust, dose-dependent luminescence signal 

was observed across all serum concentrations tested, with the 12.5-fold dilution showing the 

highest signal (Fig. 2.1e, f). The S (L15+S25) sensors generated signal for all five patients tested 

(Fig. 2.1e). The N (LC+SC) sensors detected patient antibodies from all four patients tested (Fig. 

2.1f).  However, the N (LN+SN) sensors only detected antibodies from two patient sera samples 

that had the strongest seropositivity (Fig. 2.6e), which further confirmed a C-terminal fusion 

enhances NanoLuc reconstitution relative to the N-terminal fusion. Interestingly, much higher 

signals were generated with the N (LC+SC) sensor compared to the S sensor. This could be due to 

differing levels of anti-N or S antibodies in the patients71, or a favored geometry for split enzyme 

reconstitution when anti-N antibodies bind to the N (LC+SC) sensors.  
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Competitive spLUC assay to profile epitope-classes of antibodies 

In addition to a test to determine total binding antibodies, an assay that allows profiling of 

epitope classes of antibodies can be highly valuable. In this regard, competitive ELISA assays 

developed by us and others have enabled characterization of percentage of ACE2-competitive 

antibodies63,72. However, S-RBD is known to have multiple additional neutralization epitopes 

outside of the ACE2-binding site. An assay that allows rapid, unbiased profiling of those 

alternative epitopes could unveil further details of a patient’s humoral response to neutralize 

SARS-CoV-2.   

We first showed that spLUC assay can detect antibodies binding to various S-RBD epitopes 

(Fig. 2.1g). We expressed and tested four reported neutralizing antibodies against S-RBD. This 

includes: C004 and C10543, which are ACE2-competitive binders; CR302266, which binds at a 

cryptic site outside of the ACE2-binding site; and C13543, which does not compete with C004, 

C105, CR3022 or ACE2-Fc, representing a third binding epitope on S-RBD (Fig. 2.7). All four 

IgG antibodies generated dose-dependent luminescence signals at ³ 0.1 nM concentrations (Fig. 

2.1h).  

We then designed a competitive spLUC assay to determine presence of a specific epitope 

class of antibodies (Fig. 2.1i). Out of the four antibodies tested, C135, represents an 

unconventional and less understood epitope class. It neutralizes very potently (IC50 = 17 ng/ml) 

and may be used in combination with other ACE2-competitive binders as a cocktail therapy43. We 

converted C135 IgG to a single binding arm Fab binder, and pre-incubated 1 µM of C135 Fab with 

the S sensors to generate “blocked sensors”. We then determined how much signal from a patient’s 

sample corresponds to antibodies with a C135 epitope by comparing signals between the original 

and the “epitope masked” sensors (Fig. 2.1i). We assayed 12 patient serum samples with 
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representative high, medium, and low anti-S-RBD antibody levels at a 1:25 dilution of serum. IgG 

C135 served as a control for competition with Fab C135. As expected, the luminescence signal of 

IgG C135 was reduced by ~90% with the blocked sensors. Sera 7, 42, 98 showed >50% decreases 

in luminescence signals, indicating a large portion of the antibodies in these samples are C135-

competitive (Fig. 2.1j). These results suggested that antibodies recognizing this unconventional, 

neutralizing S-RBD epitope are present in a significant proportion of patient samples. Performing 

this competitive spLUC assay with different competitive Fab antibodies in an expanded patient 

cohort could further our understanding of the distribution of epitopes on S-RBD and the correlation 

between epitopes and clinical outcomes.   

 

Characterization of larger cohorts of serum/plasma samples using the spLUC assay 

We next applied the spLUC assay in an expanded number of patients (Fig. 2.8). First, to 

determine assay cutoff values and specificity, which reflects how well an assay performs in a group 

of disease-negative individuals, we performed the tests on three cohorts of negative control 

samples (Total n = 144), which included mainly healthy individual samples, 12 seasonal 

coronavirus patient samples, and 20 flu vaccine pre- and post-vaccination samples. All controls 

were collected before the SARS-CoV-2 pandemic. These controls generated significantly lower 

luminescent signals than the COVID-19 patient sera samples (Fig. 2.8a, b). The range, median, 

mean and standard deviation values were calculated, and stringent cutoff values were determined 

by calculating the mean plus three standard deviations (Table 2.1). With these determined cutoffs, 

we calculated the specificity of the S sensors (1:12.5 serum dilution) to be 100% (56/56), and the 

N sensors (1:12.5 serum dilution) to be 99.2% (119/120).  
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We then used the spLUC assay to study three additional cohorts of patient samples (Fig. 

2.8a, b). Cohort 1 is an outpatient cohort recruited at the Rockefeller University Hospital43. The 

samples were collected from individuals free of COVID-19 symptoms for ³ 14 days. The S sensors 

showed 84.2% (48/57) sensitivity, and the N sensors showed 100% (56/56) sensitivity. Cohort 2 

samples consisted of remnant sera from COVID-19 patients within Kaiser Permanente Hospitals 

of Northern California. These samples were drawn in any phase of infection, including the early 

acute phase. A subset of these patients, who may have not fully seroconverted at the time of 

sampling, had lower S sensor or N sensor signals compared to others in the spLUC assays. The 

sensitivities of the assays were 89% (49/55) for S sensors and 98% (46/47) for N sensors. Cohort 

3 patients were part of the LIINC (Long-term Impact of Infection with Novel Coronavirus) study 

from San Francisco General Hospital and included plasma of a mixture of outpatient and inpatient 

samples drawn in the convalescent phase of the disease. With the S sensors, we detected antibodies 

in 94% (44/47) of outpatient samples and 100% (9/9) of inpatient samples. With the N sensors, we 

detected antibodies in 96% (45/47) of outpatient samples and 100% (9/9) of inpatient samples. For 

all cohorts, the S and N signals show a strong correlation (Fig. 2.8c, Fig. 2.9). Consistent with 

previous findings, we observed varying degrees of anti-S and N antibody seropositivity between 

patients (Fig. 2.8a, b), which reflects a wide range of patient humoral response to this virus39,45.  

Importantly, we observed strong correlation of spLUC assay results to anti-Fab and anti-

IgG S-RBD ELISA signals (Fig. 2.10 a-c, R = 0.43-0.91). A base-10 logarithmic scale conversion 

was applied to the spLUC assay signals for the correlation analysis to ELISA signals. This non-

linear correlation between the spLUC and ELISA assays is likely due to signal compression in 

ELISAs at high antibody concentrations (Abcam, ELISA guide). For all cohorts, the S sensor 

seronegative samples also had very low signals in S-RBD ELISA assays (Fig. 2.10d-f), which 
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confirmed the presence of low levels of anti-S-RBD antibodies in these sub-cohorts of patients. 

Interestingly, the correlations to IgM signals were much weaker (Fig. 2.10a-c). It is possible that 

IgM was not sensitively detected by the spLUC assay due to the weaker affinities of the individual 

binding arms in IgMs73, or that the IgG response dominated the signal in many of the tested 

patients.  

One of the key uses of a highly sensitive serology assay is to grade the quality of 

convalescent sera to neutralize virus38. In cohort 1, our analysis showed the S sensor signals 

correlated with the half-maximal neutralizing titers (NT50s) reported by Robbiani et al (Fig 2.8d, 

left panel), consistent with previous studies43,47,51,74. Moreover, we found that the N sensor signals 

showed a similar correlation with NT50 (Fig. 2.8d, right panel). Our results indicate determining 

either anti-S or anti-N seropositivity is a general means to assess the neutralization potential of 

sera samples.  

We further analyzed our data in the context of demographic and clinical features. First, the 

degree of seropositivity for inpatient samples was significantly higher than that of outpatient 

samples (Fig. 2.8a, b, e). Disease severity scores and fever were also associated with a stronger 

antibody response (Fig. 2.8f, g). These results indicated a direct correlation of disease severity and 

adaptive immune response consistent with previous studies39,41,43,45,47,75,76. In addition, no 

statistical differences were observed in antibody titers between males and females (Fig. Fig 2.6b 

2.8h, Fig. 2.11a) or for different age groups (Fig. 2.8i, Fig 2.11b). We expect that analyzing a 

larger number of samples can further unveil if infected older adults develop more antibodies than 

younger individuals as suggested in previous studies55,56. These results highlight that clinical 

features are correlated with the antibody response of COVID-19 patients.  
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Collectively, our assay showed high sensitivity and specificity for all three representative 

cohorts of serum/plasma samples (inpatient, outpatient, acute phase, convalescent phase), with an 

overall specificity of 100% (S sensor) and 99% (N sensor), and sensitivity of 89% (S sensor) and 

98% (N sensor). These values are comparable or superior to reported values for laboratory ELISA 

and lateral flow tests55,56.  

Additionally, we sought to determine the inter-day and intra-day assay variability. To 

further reduce labor work, we used a liquid handler system to dispense plasma, sensors, and 

substrate. We characterized a set of 46 convalescent plasma samples multiple times over two days 

to determine assay variation (Fig. 2.12a). We observed average intra-assay coefficient of 

variations (CVs) of 6% for both S and N sensors, intra-day CVs of 7% for S sensors and 9% for N 

sensors, and inter-day CVs of 8% for S sensors and 9% for N sensors (Fig 2.12b). 

The simplicity of the assay can greatly improve laboratory antibody test throughput. From 

our experience, one individual can run 4 plates of 96 samples (in total 384 assays) per hour by 

hand with multichannel pipettes. The automation of the assay is also straightforward as no wash 

step is involved. We showed that individual steps can be assisted with liquid dispenser instruments 

(Fig. 2.12a). We further set up a workflow for full automation of this assay using the UCSF 

Antibiome Center robotics platform (Fig. 2.13a, b)24, which will further improve assay throughput. 

A simulated run for 40 plates (3840 assays) was estimated to take 3 hours (Fig. 2.13c). This robotic 

platform opens up the opportunity for characterizing hundreds of thousands of samples for 

population-wide epidemiology and longitudinal studies.  
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Adapting the assay for low-resource settings and expanded sample types 

Lastly, we adapted our assays to begin to meet the clinical needs in remote and low-

resources settings and for point-of-care deployment. A target assay profile was created based on a 

WHO consensus meeting report on high-priority target product profiles for new tuberculosis 

diagnostics (Table 2.2)77. While the current properties of the assay meet most of the assay profile 

requirements, we tested to see if the reaction time (30 minutes), reagent format (frozen aliquots of 

sensors), luminescence instrument type (plate-based luminometer), and sample type 

(serum/plasma) could be further optimized.   

We first tested if our initial reaction times (20-minute sensor incubation and 10-minute 

substrate incubation, Figure 2.1d) are necessary and optimal. CR3022 (10 nM) was incubated 

with 1 nM S sensors for 5, 10, 15, and 20 min, followed by luciferase substrate addition and 

incubation for 0, 2, 4, 6, 8, and 10 minutes (Fig. 2.14a). We found all time points resulted in 

comparable, bright luminescence signal, suggesting the time of the assay protocol can be further 

shortened. 

 We then tested if the sensors can be lyophilized for ambient temperature storage and 

transportation. Although a small quantity (0-30%) of S sensors and N sensors were lost due to the 

lyophilization process (Fig. 2.15a), both the lyophilized S and the N sensors can still robustly 

detect recombinant IgG or patient antibodies in serum with similar sensitivities seen for the fresh 

sensors Fig. 2.15b, c). Furthermore, we found that vacuum drying of the commercial liquid form 

of the NanoLuc substrate, furimazine, and lyophilization of the substrate dilution buffer, did not 

affect the signals of the assay (Fig. 2.15d).  

 As plate readers may be difficult to access at point-of-care locations or in the field, we 

tested a battery-supported portable luminometer (32526-11 Junior LB9509, Berthold 
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Technologies), and found it detected the same concentration range of CR3022 compared to a Tecan 

M200 infinite plate reader (Fig. 2.16). The device uses a tube to read samples and therefore 

requires twice or more of the sample volume than in a 384-well plate, which (~2 µL of 

serum/plasma) is still compatible with the amount of sample generated from a finger prick. 

Together our data indicated both the reagents and instruments required for the spLUC assay are 

well suited for point-of-care or field applications.    

Finally, we sought to determine if the spLUC assay could be compatible with other sample 

types. First, whole blood samples were collected from six convalescent COVID-19 patients and 

plasma samples were prepared in parallel for comparison (Fig. 2.14b). Remarkably, although the 

overall signals were lower from whole blood samples, all six samples generated N sensor signals 

and four had S sensor signals above control levels with the lyophilized sensors (Fig. 2.14a). In 

comparison, all six patients generated N sensor signals and five had S sensor signals above cutoff 

values from the plasma samples. Strong correlations were observed between the whole blood 

signals and the plasma signals (R > 0.9). Fresh and lyophilized sensors showed very little 

difference in performance. 

Next, we tested the potential of using saliva as an input. To determine conditions, we added 

varying concentrations of the CR3022 antibody into saliva from a healthy individual (Fig. 2.17). 

We saw a significant reduction in sensitivity for undiluted saliva relative to buffer alone, but 

remarkably no loss in sensitivity when the saliva was diluted 1:2 in PBS buffer. We then tested 42 

saliva samples at 1:2 dilution with the S sensors. We increased the reaction volume from 20 to 100 

µl and the luminescence signal integration time from 1000 ms to 5000 ms for better sensitivity, as 

lower antibody concentrations are expected from saliva samples78. Out of the 42 samples, 33 had 

signals above the two healthy saliva controls, indicating a 79% assay sensitivity (Fig. 2.14c). A 
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moderate correlation of saliva signal with corresponding serum signals was observed (R = 0.66), 

consistent with recent reports79. These results highlight the potential of using lyophilized 

sensors/substrates and whole blood or saliva samples for rapid and quantitative point-of-care 

antibody testing. 

 

Discussion 

As the SARS-CoV-2 virus continues to spread, the need will continue to grow for serology 

assays to determine not only the scope of infection, but also vaccine efficacy during clinical trials 

and after large-scale vaccine deployment. We present here spLUC, a simple, sensitive, specific, 

fast, low-input sample volume, and quantitative solution-phase serological assay to detect 

antibodies against S and N proteins. We were able to test 159 patient samples across three different 

cohorts with varying clinical and demographic features. Our results enabled association analysis 

between these features and antibody titers, demonstrating the promise of this assay to generate 

large datasets to better understand factors that modulate the humoral response following SARS-

CoV-2 infection.  

The quantitative and solution-based nature of the spLUC assay allows convenient assay 

variations. We presented a competitive spLUC assay using epitope masked S sensors and used it 

to study the prevalence of an unconventional neutralization epitope in the S-RBD domain. This 

competitive spLUC assay has the potential to serve as a surrogate virus neutralization assay and to 

unveil details of the interaction of patient antibodies to viral antigens.  

Robust ELISA-based assays such as the one developed by Krammer and co-workers have 

enabled tremendous progress of COVID-19 serological studies51,61, but these assays are still 

laborious with multiple wash steps, which limits their broad application for population-scale sero-
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surveillance, point-of-care diagnostics, and deployment in countries or remote areas that have 

limited access to analytical equipment and reagents. The spLUC assays have important features 

amenable to these applications. We have shown that our reagents are not only compatible with 

lyophilization for easy transport and storage, but can also readily detect antibodies directly from 

whole blood samples and saliva samples. With simple pipettes and a battery-supported portable 

luminometer, the spLUC assay could be readily established at care centers or in the field 

worldwide, regardless of infrastructure. To this end, we showed a commercially available portable 

luminometer is compatible with this assay, and we are currently collaborating with bioengineers 

to further develop luminometers that can be manufactured at lower cost but provide equal or better 

detection sensitivity. We have also shown that the assay is amenable to automation with standard 

liquid dispenser instruments, which allows for an opportunity to set up automated stations for self-

testing at point-of-care locations. 

Another important strength of our approach is the modularity. We expect that our strategy 

can be readily adapted to develop rapid serological tests for immunity against any infectious or 

autoimmune disease that elicits an antibody response for which the protein antigen is known. Our 

work identified important protein engineering details in constructing sensitive biosensors against 

anti-coronavirus antibodies, such as using the RBD domain of the S protein, removing the 

dimerization domain from the N protein, and fusing split enzymes to the C terminus of the N 

protein. These sensor designs are instructive for a rapid response if we have to face a future 

pandemic caused by a new strain of coronavirus. Moreover, the spLUC constructs are also nimble 

for engineering variant RBD domains to assess antibody response to new viral variants that are 

emerging. These should be useful for determining vaccine effectiveness in communities having 

multiple viral strains. Future development of our spLUC assay includes exploring orthogonal split 
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enzyme systems to allow multiplexing of assays. For instance, split ß-lactamase, used by Huang 

and co-workers for detecting herpes simplex virus antibodies80, can provide an orthogonal readout 

to luminescence. We envision that such multiplexed assays could be used to develop broad-

spectrum serological assays to simultaneously detect immunity against multiple infectious 

diseases.  

In summary, we have taken a structure-based protein engineering approach to design novel 

split enzyme-fused sensors. These biosensors enable spLUC, a next-generation SARS-CoV-2 

antibody test suited for population-scale sero-surveillance, epitope mapping of patient antibody 

responses, and testing in resource-limited areas. Future efforts will focus on continued evaluation 

of alternative sample source, collaboration with industry and clinical labs for broad deployment of 

the assay, and development of similar split enzyme-based serological approaches for a range of 

infectious diseases. 
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Methods 

Plasmid construction 

Plasmids were constructed by standard molecular biology methods. The DNA fragments of Spike-

RBD, N protein, ACE2, and LgBiT were synthesized by IDT Technologies. The SmBiT tag was 

generated by overlap-extension PCR. The Spike-RBD-5/15/25aa-LgBiT-12xHisTag, Spike-RBD-

15/25aa-SmBiT-12xHisTag, N protein(44-180)-10aa-LgBiT-12xHisTag, N protein(44-180)-

10aa-SmBiT-12xHisTag, LgBiT-10aa-N protein(44-257)-12xHisTag, and SmBiT-10aa-N 

protein(44-257)-12xHisTag were generated by subcloning into a pFUSE-12xHisTag vector 

(adapted from the pFUSE-hIgG1-Fc vector from InvivoGen). The ACE2-Fc fusion plasmids were 

generated by subcloning the gene fragments of ACE2 and mutant into the pFUSE-hIgG1-Fc 

vector. The C004, C105, and C135 IgGs LC and HC plasmids were a generous gift from the 

Nussenzweig lab (Rockefeller University). The CR3022 IgG plasmids were a generous gift from 

the Kim lab (Stanford) and the Wilson lab (Scripps). The C135 Fab was cloned by removing the 

Fc domain from the HC plasmid. Snapgene and ApE were used for cloning design and sequence 

verification. 

 

Expression and protein purification 

All proteins were expressed and purified from Expi293 BirA cells according to established 

protocol from the manufacturer (Thermo Fisher Scientific). Briefly, 30 μg of pFUSE (InvivoGen) 

vector encoding the protein of interest was transiently transfected into 75 million Expi293 BirA 

cells using the Expifectamine kit (Thermo Fischer Scientific). For the IgG and Fab proteins, 15 μg 

of each chain was transfected. Enhancer was added 20 h after transfection. Cells were incubated 

for a total of 3 d at 37 °C in an 8% CO2 environment before the supernatants were harvested by 
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centrifugation. Fc-fusion proteins were purified by Protein A affinity chromatography and His-

tagged proteins were purified by Ni-NTA affinity chromatography. Purity and integrity were 

assessed by SDS/PAGE. Purified protein was buffer exchanged into PBS and stored at −80 °C in 

aliquots. Concentration was verified by absorbance on a NanoDrop with Nanodrop 2000c 

software. 

 

Solution serology protocol for in vitro, serum, blood, and saliva samples 

LgBiT and SmBiT sensors for either the Spike or N protein were prepared at a final concentration 

of each sensor at 2nM in PBS + 0.05% Tween-20 + 0.2% BSA (PBSTB). For in vitro IgGs or 

ACE2-Fc, the samples were prepared at 1:10 dilutions in PBSTB unless otherwise specified. 

Serum and blood samples were diluted to 1:12.5 for both the S and N sensor samples in PBSTB 

unless otherwise specified. Healthy individual saliva was spiked in with CR3022 and used 

undiluted or diluted 1:2 in PBSTB. 10 μL of the 2 nM sensor mix and 10 μL of the sample were 

combined in a 384 Lumitrac white plate (Greiner), skipping every other well and row to avoid 

potential bleedover in signal. The plate was mixed on a plate shaker for 20 minutes. NanoLuc 

substrate was diluted according to protocol 1:50 in NanoLuc dilution buffer (Promega) and 15 μL 

was added to each well, followed by a 10-minute incubation period for the signal to stabilize. 

Luminescence was measured on a Tecan M200 infinite plate reader with an integration time of 

1000 ms. Tecan i-control plate reader software was used for data acquisition. 

 

Competition serology protocol for in vitro and serum samples 

The competition serology assay was performed similarly to the solution serology assay except that 

the S sensors were individually preincubated at 4 nM with 4 μM of either C004 Fab, C105 Fab, or 
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C135 Fab for the in vitro competition assay and C135 Fab only for the serum competition assay. 

The two sensors + Fab were combined 1:1 to make a 2 nM mix, and 10 μL of this mix was added 

to the assay as described above. 

 

Epitope binning experiment 

Biolayer interferometry data was measured using an Octet RED384 (ForteBio). Biotinylated Spike 

RBD protein was immobilized on the streptavidin (SA) biosensor (ForteBio). After blocking with 

biotin, the sensor was loaded with one IgG followed by another IgG or ACE2-Fc to determine 

epitope binning. PBS with 0.05% Tween-20 and 0.2% BSA was used for all diluents and buffers. 

ForteBio Octet Acquisition software was used for acquiring data, and ForteBio Octet Data analysis 

software was used for analyzing data. 

 

Spike protein ELISA assay 

The Spike ELISA assay was performed as previously described. Briefly, 384 Maxisorp plates were 

coated with 100 μL of 0.5 μg/mL Neutravidin for 1 hr. The plate was washed 3 times with PBS + 

0.05% Tween-20 (PBST) followed by incubation with 20nM S-RBD for 30 minutes. Following 3 

washes, the plate was blocked with 3% non-fat milk in PBS for 1 hour. The plate was washed 3 

times before the addition of 1:50 dilutions of serum in 1% non-fat milk for 1 hour. After 3 washes, 

secondary anti-human Fab (Jackson ImmunoResearch Laboratories 109-036-097 [1:5,000]), anti-

human IgM (Sigma-Aldrich A6907 [1:3,000]), or anti-human IgG (Sigma-Aldrich A0170 

[1:3,000]) antibody was added and incubated for 30 minutes before the addition of TMB for 3 

minutes. The reaction was quenched with 1 M phosphoric acid and absorbance was read on a 

Tecan M200 infinite plate reader at 450 nm. 
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Inter-day and Intra-day assay with liquid dispensers 

Plasma was diluted 12.5 fold into a 96-well plate and subsequently 10µl was dispensed into an 

individual flat bottom white plate (Greiner LUMITRAC™ 200 384 well plates) using a Biomek 

FXᴾ Automated Workstation (Beckmann Coulter). 10 µl of 1 nM biosensors were dispensed using 

Thermo Multidrop™ Combi Reagent Dispenser (ThermoFisher Scientific) to assay plates and 

incubated at room temperature for 20 min. 15 µl of substrate was added using the same reagent 

dispenser and incubated at room temperature for 10 min. Luminescence was read on a Tecan M200 

infinite plate reader with an integration time of 1000 ms. 

 

Simulated automation of the spLUC assay on a robotic platform 

To facilitate high-throughput screening of serum, a semi-automated approach was developed and 

simulated using the UCSF Antibiome Center robotics platform40. Serum in 96-well plates would 

be first diluted 12.5-fold and 10µl is dispensed into 4 individual flat bottom white plate (Greiner 

LUMITRAC™ 200 384 well plates) using a Biomek FXᴾ Automated Workstation (Beckmann 

Coulter). Serum containing assay plates would be then transferred to a robotics protocol with 

dispensing of biosensor and substrate followed by luminescence reading. While one iteration of 

96 samples takes 40 mins, each additional iteration takes an additional 3.5 mins limited by 

luminescence reading (1s per well plus plate transfer). As such, it is estimated that 40 plates (3840 

assays) could be run in 3 hours. The robotics run was developed and simulated using Thermo 

Momentum software (v5.0.6). 
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Lyophilization of sensors and dilution buffer 

The S and N protein sensors were flash frozen in liquid nitrogen at concentrations between 10-60 

µM in 10 µL. The dilution buffer was frozen in liquid nitrogen in 5 mL aliquots. A small hole was 

poked into the caps of the samples and left on a Benchtop K (VirTis) lyophilizer overnight. The 

next day the sensors were reconstituted in 10 µL of ddH2O and concentration was verified by 

nanodrop. The dilution buffer was similarly reconstituted in 5 mL of ddH2O. 

 

Vacuum dried centrifugation of substrate sample 

20 µL of substrate was aliquoted in a dark eppendorf tube and subjected to vacuum centrifugation 

overnight on a Genevac instrument. The substrate was stored in the dark for two days at room 

temperature before reconstitution in 20 µL of 100% methanol. The substrate was diluted 1:50 as 

normal in dilution buffer for the assay. 

 

Serum, plasma, whole blood, and saliva samples 

The initial small patient cohort was a generous gift from the Wilson lab (UCSF) and heat 

inactivated at 56°C for 1 hour before storage at -80°C. The first (outpatient) sample serum set 

(cohort 1) was a generous gift for the Wilson lab (UCSF) and Nussenzweig lab (Rockefeller). 

These samples were heat inactivated at 56°C for 1 hour and stored at 4°C in a 1:1 dilution in 40% 

glycerol, 40 mM HEPES (pH 7.3), 0.04% NaN3, in PBS. The second (inpatient) sample serum set 

(cohort 2) was a generous gift from the T. Wang lab (Stanford) and were stored at -80°C as pure 

serum samples. The third plasma cohort (cohort 3) and blood samples were generous gifts from 

the Greenhouse lab (UCSF) and Henrich Lab (UCSF) as part of the LIINC study. The plasma 

samples were stored at 4°C in a 1:1 dilution in 40% glycerol, 40 mM HEPES (pH 7.3), 0.04% 
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NaN3, in PBS. The whole blood was stored undiluted at 4°C. Healthy blood samples were 

purchased from Vitalent and stored undiluted at 4°C. The saliva samples were obtained 

unstimulated, unexpectorated saliva and were stored at -80°C. Before assayed, the samples were 

thawed and centrifuged at 9,000g to remove any insoluble or coagulated matter. Control saliva 

from Nov 2019 was purchased from Lee Biosciences, stored at -20°C, and processed similarly. 

 

Data and Statistical analysis 

All graphing and statistical analysis was performed in GraphPad Prism or Microsoft Excel. The 

unpaired multiple t test was performed in Prism to compare conditions in each patient for the 

competition spLUC assay. The non-parametric Spearman correlation analysis was used in Prism 

to determine the correlation R value between datasets. When two groups were compared, an 

unpaired Mann-Whitney test was performed to determine the difference between datasets. For 

comparison of three or more groups, a Kruskal-Wallis test with Dunn’s multiple comparison post 

hoc testing. A two-tail P value was used to determine statistical significance for all analysis. P < 

0.05 was considered statistically significant. 

 

PBD Datasets 

PBD datasets 6XCN, 6W41, 1N8Z, 5IBO, 5D6D used for modeling were downloaded from 

https://www.rcsb.org. 

 

Code availability statement 

R scripts used for ordinary differential equation modeling are available for download from: 

https://github.com/alexmartinko/Serological_ODE_Model . 
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S sensor engineering and characterization 

Linker modeling  

We modeled S-RBD binding to two antibodies to determine the optimal linker lengths 

between the S-RBD domains and the SmBiT/LgBiT fusions. The antibody C105 is an ACE2-

competitive binder (Fig. 2.2c)1,2, while the antibody CR3022 does not compete with ACE2 (Fig. 

2.2d)3. Based on the assumption that the wing-span of antigen binding sites between Fab arms on 

a flexible-hinge region of an Fc are roughly ~117-134 Å apart4, and residue-to-residue distance in 

a linker lies between the length of tightly packed alpha-helix residues (1.5 Å) and extended beta-

strand residues (3.5 Å), we estimated the total number of linker residues should be ~30-80 amino 

acids. Antibodies binding to the CR3022 epitope may require a shorter linker for NanoLuc 

reconstitution (Fig. 2.2d) than antibodies competitive with ACE2 (Fig. 2.2c). Considering S-RBD 

has a C-terminal 15-residue loop to function as part of the linker, we constructed SmBiT fusions 

to S-RBD C-terminus with 15 or 25 residue Glycine/Serine (GS) linkers (S15 and S25), and LgBiT 

fusions to S-RBD C-terminus with 5, 15, or 25 residue GS linkers (L5, L15 and L25). These linker 

variants were expressed in Expi293 cells and varied in expression yields (Fig. 2.2e). The N-

terminal fusions to S-RBD were not designed because the N and C termini localize in close 

proximity and we hypothesized this alternative fusion design would result in similar sensor 

performance as the C-terminal fusions (Fig. 2.2b). All modeling was performed in PyMoL. 

 

Optimization of enzyme concentrations, linkers and buffer conditions 

We then determined the optimal enzyme concentration. A three-fold dilution series from 

27 to 0.11 nM of the L15 + S25 sensors were mixed with increasing 10-fold dilutions of 

recombinant CR3022 (Fig. 2.2f). After a 20-minute incubation, the NanoLuc substrate was added 
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and allowed to develop for 10 minutes before luminescence signal was read. High sensor 

concentrations (27, 9, 3 nM) resulted in stronger background luminescence signal and therefore 

lower detection sensitivity of CR3022, due to increased basal association of the two split sensors. 

Meanwhile, low sensor concentrations (0.33 and 0.1 nM) generated overall less signal than 1 nM 

sensors because fewer sensors are captured on each antibody. As a result, sensors at 1 nM were 

used in all subsequent assays.  

 Next, we queried if linker lengths affect detection sensitivity. Sensors with varied linker 

lengths were mixed with 10-fold dilutions of CR3022 and all resulted in dose-dependent 

luminescence signals (Fig. 2.2f). Little difference in detection sensitivity was observed, except 

that the (L5 + S15) and (L5 + S25) linker combinations resulted in slightly decreased sensitivity 

at low antibody concentrations. This result indicated that we had selected a proper range of linker 

lengths. Based on robust signal and expression yields (Fig. 2.2e), we chose the L15 and S25 sensor 

pair for subsequent assays. 

Interestingly, we observed that the regular PBSTB assay buffer (PBS, 0.05% Tween-20, 

0.2% m/v BSA, PBSTB) produced a higher background signal (average relative luciferase units 

(RLU) = 70-80) than in serum samples (RLU = 24.5). We tested if supplementing Fetal Bovine 

Serum (FBS) can reduce background (Fig. 2.4). PBS + 0.05% Tween-20 (PBST) with 4-10 % FBS 

was found to reduce the signal (mean RLU = 21) to a level that is close to signal from 12.5% 

serum, and therefore can serve as a proper negative control. Both the recombinant anti-S antibody 

C004 and the commercial anti-N antibody (Sino biological, Cat#40588-T62-50) produced linear 

dose-dependent signal in this buffer (Fig. 2.1b,c), which can be used to generate standard curves 

and calibrate the instruments for the spLUC assay.   
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Impact of binding affinities 

To determine whether the affinity of the target binding to S-RBD affects signal strength, 

we turned to two dimeric ACE2 constructs: ACE2-Fc, which is the human ACE2 peptidase domain 

fused to IgG1 Fc5, and an engineered ACE2-Fc variant that binds ~10x tighter to S-RBD (Fig. 

2.3). Overall, signal from wild-type ACE2-Fc (KD = 10 nM) is weak, with signal that is more than 

two standard deviations above background only detected at the highest tested ACE2-Fc 

concentration (10 nM). Conversely, the enhanced-affinity ACE2-Fc variant (KD = 1 nM) generated 

a dose-dependent signal from 0.1-10 nM protein concentrations and exhibited 2.6-fold higher 

signal observed at 10 nM relative to the wild-type ACE2-Fc. These findings indicated the sensors 

report the presence of not only larger quantities of anti-S-RBD binders but also higher-affinity 

binders. This property of the sensors suggested spLUC assay may be used to characterize binding 

affinities of S-RBD antibodies or ACE2 variants for therapeutic applications.  

 

Thermodynamic sensor model 

In further characterizing the relationship between assay signal strength and antibody 

concentration/binding affinity, we performed ordinary differential equation modeling in R. We 

made assumptions such as a sensor can only be bound by one antibody, that antibody binding is 

non-cooperative, and that there is no detectable basal affinity of LgBiT and SmBiT at the 

concentrations tested (Fig. 2.5a). The modeling predicted a linear relationship between antibody 

concentration and luciferase signal (Fig. 2.5b), consistent with our experimental data (Fig. 2.1b,c).  

The following set of ordinary differential equations (ODEs) was written to describe the 

system depicted in Fig. 2.5a and generated the curve graphs in Fig. 2.5b, c: 

&[(]
&* = −,&)[-][(] − ,&)[.][(] 	−	,&)[0][(] 	+	,&*[.] 	+	,&*[1] 	+	,&*[2] 
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&[3]
&* = 	−,&)[-][3] 	−	,&)[0][3] 	−	,&)[.][3] 	+	,&*[0] 	+	,&*[4] 	+ 	,&*[2] 

 

&[-]
&* = 	−,&)[-][(] 	−	,&)[-][3] 	+	,&*[.] 	+	,&*[0] 

 

&[.]
&* = 	−,&*[.] − ,&)[.][(] 	−	,&)[.][3] 	+	,&)[-][(] 	+	,&*[1] 	+	,&*[2] 

 

&[0]
&* = 	−,&*[0] − ,&)[0][(] 	−	,&)[.0][3] 	+	,&)[-][3] 	+	,&*[2] 	+	,&*[4] 

 

&[1]
&* = 	−,&*[1] 	+	,&)[.][(] 

 

&[2]
&* = 	−,&*[2] 	−	,&*[2] 	+	,&)[.][3] 	+	,&)[0][(] 

 

&[4]
&* = 	−,&*[4] 	+ 	,&)[0][3] 

Where: 

A = LgBiT sensor 

B = SmBiT sensor 

C = Antibody 

D = Antibody/ LgBiT sensor heterodimer 

E = Antibody/ SmBiT sensor heterodimer 
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G = Antibody/ LgBiT sensor/LgBiT sensor trimer 

H = Antibody/Active Enzyme trimer (Active Enzyme) 

I = Antibody/ SmBiT sensor/SmBiT sensor trimer 

k1f = on rate of Antibody binding to Spike 

k1r = off rate of Antibody binding to Spike 

For simplification, we assumed the following: 1) LgBiT sensor and SmBiT sensor had no 

measurable interaction, 2) Antibody binding to LgBiT sensor or SmBiT sensor was non-

cooperative, and 3) Antibody binding to LgBiT sensor was equivalent in rate to antibody binding 

to SmBiT sensor. The equations above were solved in R using the deSolve package to find the 

concentration of each species at equilibrium. In all cases the initial concentrations of D,E,G,H, and 

I were set to 0. All thermodynamic modeling was performed in R, Rstudio and the deSolve 

package. 
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Figures and Tables 
 

 
 
Figure 2.1: Engineering luminescent biosensors for rapid and quantitative detection of 
SARS-CoV-2 antibodies. a, Schematic of the solution-based serology assay. Patient antibodies 
are incubated with SARS-CoV-2 S or N proteins fused to LgBiT/SmBiT. For the population of 
antibodies with one arm bound to the LgBiT sensor and the other arm bound to the SmBiT sensor, 
the NanoBiT luciferase enzyme is reconstituted and thus can produce active luciferase signal. b, 
Dose-dependent spLUC signals for the recombinant anti-S-RBD antibody C004 in PBST + 10% 
FBS. Two technical replicates are plotted from n=1 independent experiment. c, Dose-dependent 
spLUC signals for an anti-N-RBD antibody (Sino Biological, Cat#40588-T62-50) in PBST + 8% 
FBS. Two technical replicates are plotted from n=1 independent experiment.  d, Comparison of 
assay procedure between the ELISA and the spLUC assay. While ELISA takes > 2 hours and 
involves multiple wash and incubation steps, the spLUC solution-based assay is simply completed 
in ≤ 30 minutes without the need for wash steps. e, The S (L15+S25) sensors are able to detect 
antibodies in 5/5 COVID-19 recovered patients. At all dilutions tested, all 5 patients generated 
signal above the background signal of two control serum samples collected before the pandemic. 
Each dot represents a technical replicate. N=2 independent experiments with 3 replicates each are 
plotted for all samples except Patient 1, Patient 7 and Control 2, which have n=1 independent 
experiment plotted due to limited reagents. f, The N (LC+SC) sensors are able to detect antibodies 
in 4/4 COVID-19 recovered patients. At all dilutions of serum tested, all 4 patients generated signal 
above the background signal of two control serum samples collected before the pandemic. Two 
technical replicates are plotted from n=1 independent experiment.  g, Patient antibodies for SARS-
CoV-2 have various epitopes on the S-RBD (red). C004 and C105 have ACE2-competitive 
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epitopes, while C135 and CR3022 (blue) have non-ACE2 competitive epitopes. h, S sensors can 
detect patient antibodies of various epitopes with similar sensitivity. C004, C105, C135, and 
CR3022 patient antibodies were incubated with the S sensors at 10-fold antibody dilutions from 
10 nM to 0.001 nM. The average of three technical replicates from n=2 independent experiments 
are plotted i, Schematic of antibody epitope competition assay with patient serum samples. Direct 
signal is compared to signal generated in the presence of the pre-incubated 1 µM Fab +1 nM 
sensor. j. Competition assay performed with C135 Fab on twelve outpatient sera samples and 
recombinant C135 IgG protein. Samples were incubated with either no Fab (blue) or C135 Fab 
(off-white). Sera 7, 42, 98 showed >50% decreases in luminescence signal, suggesting the presence 
of antibodies with the C135 epitope. Each dot represents a technical replicate from n=1 
independent experiment. The center of the bar represents the mean of the measurements. Direct 
signals (-Fab) were measured in technical duplicates and competition signals (+ C135 Fab) 
samples were done in technical triplicate. For b,c,e,f,h the center of the line represents the mean 
of all measurements. Lines connecting the means of the samples are plotted. 
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Figure 2.2: Design and characterization of S sensors. a, Annotated depiction of the SARS-CoV-
2 Spike protein. The S sensors were developed using only the S-RBD domain (aa 328 – 533, PDB: 
6W41) shown in pink. b, Structure of the S-RBD domain shows the N and C termini locate in 
close proximity. c, d, Modeling of c, ACE2-competitive antibody C105 (PDB: 6XCN) binding to 
S-RBD-SmBiT/LgBiT sensors, and d, CR3022 (PDB: 6W41) binding to S-RBD-SmBiT/LgBiT 
sensors. Modeling and distance measurements were performed with PDB 6XCN, 6W41, 1N8Z, 
5IBO and 5D6D in PyMOL. e, Yield of the 5 Spike-NanoBiT sensor fusions. The Spike LgBiT 
sensors were made with 5aa, 15aa, and 25aa Glycine-Serine (GS) linkers (L5, L15 and L25). The 
Spike SmBiT sensors were made with 15aa, and 25aa GS linkers (S15 and S25). Because the N 
and C termini of the S-RBD domain locate in close proximity, only fusions to the C termini of S-
RBD were constructed. f, The S sensors are most sensitive at 1 nM for detecting CR3022 in 
solution compared to higher or lower sensor concentrations. Two technical replicates are plotted 
from n=2 individual experiments. Lines connecting the means of the samples are plotted. g, S 
sensors with varied linker lengths resulted in very similar signal strength in detecting CR3022. 
Two technical replicates are plotted from n=1 individual experiment. Lines connecting the means 
of the samples are plotted. 
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Figure 2.3: The biosensors are more sensitive to high-affinity binders. The ACE2-Fc variant 
which binds 10-fold tighter to S-RBD generated ~3-fold higher signal at 10 nM protein 
concentration comparing to WT ACE2-Fc. Two technical replicates are plotted from n=1 
individual experiment. Lines connecting the means of the samples are plotted. 
 
 
 

 
Figure 2.4: Supplementing FBS reduces background signal in spLUC assays. PBST with 4-
10% FBS can be used as a negative control for serum samples as it shows similar signal 
suppression. Two technical replicates are plotted from n=1 individual experiment. Center of the 
bar represents the mean. 
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Figure 2.5: ODE models predict a linear, dose-dependent response and KD dependence of 
the luminescence signal. a, Antibody (C) and sensor components (A and B) are in thermodynamic 
equilibrium with enzymatically inactive (D, E, G, and I) and active (H) sensor bound species. b, 
At 1 nM starting concentration of sensor ([A] and [B]), spLUC assays are predicted to generate 
signals linearly correlated to a broad range of antibody concentrations ([Ab]). Signal is predicted 
to be insensitive to antibody concentrations for antibodies with high affinity for the sensor (≤ 1nM), 
but weaker affinity antibodies (KD > 1 nM) will result in significantly lower levels of reconstituted 
enzyme. c, At KD values equivalent or higher than the sensor concentrations, the spLUC signals 
are predicted to drop significantly. 
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Figure 2.6: Design and characterization of N sensors. a, Annotated depiction of the SARS-
CoV-2 Nucleocapsid protein (protein N). All N protein fusions designed included the RNA 
binding domain (aa 44-180, N-RBD) and excluded the dimerization domain (aa 257-419). b, 
Structure of the N-RBD domain shows the N and C termini locate far from each other and fusion 
of the split enzyme fragments to N or C termini may result in different detection sensitivity (PDB: 
6YI3). c, Yield of the six N protein-NanoBiT sensor fusions. d, The N-terminal N sensor pair (LN 
+ SN, 44-257) was less sensitive than the LC + SC (44-180) and LC2 + SC2 (44-257) C terminal 
N sensor pairs when the assay was performed on a rabbit polyclonal anti-N protein antibody (Sino 
Biological, Cat#: 40588-T62-50). Two technical replicates are plotted from n=1 individual 
experiment. Lines connecting the means of the samples are plotted. e, Additionally, only patient 6 
and 8 showed signals above controls in the serological assay performed with LN + SN sensors, 
while all four patients showed signals with the LC + SC sensors.  Each dot represents the average 
of two technical replicates for a single experiment. N=2 experiments are plotted. Lines connecting 
the means of the samples are plotted. 
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Figure 2.7: Epitope characterizations of CR3022, C004, C105 and C135. a, Design of a 
Biolayer interferometry (BLI) experiment to characterize competitive binding of the antibodies 
with ACE2-Fc and other antibodies. b, BLI experiments showed C004 and C105 both competed 
with ACE2-Fc for binding while C135 does not. c, BLI experiments showed C004 competed with 
C105 for binding while the other antibodies do not compete. 
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Figure 2.8: Characterization of outpatient and inpatient serum samples using the spLUC 
test. Cohort 1: samples drawn during the convalescent phase of an outpatient group, Cohort 2: 
samples drawn during the acute phase or the convalescent phase of a hospitalized group, and 
Cohort 3: samples drawn during the convalescent phase of a mixed inpatient and outpatient group. 
A 10-base logarithmic scale conversion was applied to all the solution assay signals for the 
correlation analysis unless otherwise specified. a, SpLUC assay tested on expanded COVID-19 
patient cohorts with S sensors at 1:12.5 serum dilution. Dots represent the average between two 
technical duplicates. Lines represent median values. The inpatient samples showed significantly 
higher antibody titers than the outpatient cohorts. Samples sizes are as indicated in parentheses: 
Control(56), Cohort 1(57), Cohort 2(55), Cohort 3 outpatient(47), and Cohort 3 inpatient(9). b, 
SpLUC assay tested on expanded COVID-19 patient cohorts with N sensors at 1:12.5 serum 
dilution. The inpatient samples showed significantly higher antibody titers than the outpatient 
cohorts. Samples sizes are as indicated in parentheses: Control(120), Cohort 1(56), Cohort 2(47), 
Cohort 3 outpatient(47), and Cohort 3 inpatient(9). c, A positive correlation (R = 0.78) was 
observed between S sensor signal and N sensor signal in the three cohort samples. All cohorts 
individually presented a similar trend (Fig. 2.9). Line represents linear regression. 159 patient 
samples are plotted. d, Correlation of spLUC signals (cohort 1) to neutralization efficiency6. S 
sensor signal (blue) and N sensor signal (purple) is plotted against 50% maximal neutralization 
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titer (NT50). Both show positive correlation (R = 0.76 for S and NT50 and R = 0.62 for N and 
NT50). 57 patient samples are plotted for the S sensor and 56 samples for the N sensor. e, Inpatients 
show significantly higher signal over outpatients in all three cohorts (p < 0.0001). Samples sizes 
are as indicated in parentheses: S-outpatient(104), S-inpatient(64), N-outpatient(103), and N-
inpatient(56). f, Patients from cohort 1 that reported higher disease severity (6-10 vs 1-5) had 
higher antibody titer for both S and N sensors and the difference for N sensors is statistically 
significant (p = 0.0049). Samples sizes are as indicated in parentheses: S-score 1-5(24), S-score 6-
9(33), N-score 1-5 (24), and N-score 6-9(32). g, Higher overall antibodies titers were observed in 
patients that reported fever compared to no fever patients for cohort 3. This difference was 
statistically significant for the S sensors (p = 0.0011) but not N sensors. 17 patient samples 
associated with no fever and 38 patient samples associated with a fever are plotted. h, Slightly 
higher overall antibodies titers were observed in females compared to males for cohort 3, although 
the differences were not statistically significant. There is a similar trend for cohort 1 (Fig. 2.11a). 
The difference was more obvious for S sensors. 25 female patient samples and 30 male patient 
samples are plotted. i, For cohort 3, there is a slightly higher level of antibodies in the 60-85 age 
group compared to 19-39 and 40-59. There is a similar trend for cohort 1 (Fig. 2.11b). The 
differences were not statistically significant. Samples sizes are as indicated in parentheses: age 19-
39 (23), age 40-59 (25), and age 60-85 (8). For a and b, P value (two-tail) of a Kruskal-Wallis test 
with Dunn’s multiple comparison post hoc testing to compare each clinical cohort with the healthy 
control group is indicated. For c-d, R values and P values (two-tail) of a non-parametric Spearman 
correlation analysis are labeled in the graphs. For e-i, an unpaired Mann-Whitney test is performed 
and P values (two-tail) for each comparison are labeled on top of the datasets. For all panels, dots 
represent the average of two technical replicates from n=1 independent experiment. For a, b, e-i, 
horizonal lines represent median values. For c-d, lines represent linear regression.  
 

 
Figure 2.9: Individual cohorts show good correlation between S and N sensors. Each cohort 
shows robust correlation with R = 0.59, 0.87, and 0.73 for a, cohort 1 (56 samples), b, cohort 2 
(47 samples), and c, cohort 3 (56 samples), respectively. R values and P values (two-tail) of a non-
parametric Spearman correlation analysis are labeled in the graphs. Lines represent linear 
regression. For all graphs, dots represent the average of two technical replicates from n=1 
independent experiment. 
  

Fig. S8 The seronegative inpatient samples in the solution tests also showed low anti-Fab
or anti-IgG signal in ELISA serology tests.
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Figure 2.10: Comparison of the ELISA and the spLUC results. a, Signals from the S sensor 
spLUC assay (cohort 1, 57 samples) correlate very well with S-RBD ELISA anti-Fab signals (R = 
0.91), moderately well with anti-IgG signals (R = 0.43), and poorly with anti-IgM signals for 
cohort 1 (R = -0.066). Line represents linear regression. b, Signals from the S sensor spLUC assay 
(cohort 2, 40 samples with anti-Fab detection, 47 samples with anti-IgM/IgG detection) correlate 
very well with S-RBD ELISA anti-Fab signals (R = 0.84) and with anti-IgG signals (R = 0.86), 
but poorly with anti-IgM signals for cohort 1 (R = 0.29). Line represents linear regression. c, 
Signals from the S sensor (cohort 3, 56 samples) correlate well with S-RBD ELISA anti-IgG 
signals (R = 0.88). For a-c, R values and P values (two-tail) of a non-parametric Spearman 
correlation analysis are labeled in the graphs. Lines represent linear regression. d, e, f, The 
seronegative samples in the anti-S spLUC assay also showed low anti-Fab or anti-IgG signals in 
ELISA serology tests for d, cohort 1 (negative samples (9), positive samples (48)), e, cohort 2, 
(negative samples (5), positive samples (35)), and f, cohort 3, (negative samples (3), positive 
samples (53)). Horizontal lines represent the median value. For all graphs 
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Figure 2.11: Further correlation of spLUC signal and gender/age. a, For cohort 3, males show 
a slightly higher spLUC assay signal compared to females, although this difference is not 
statistically significant. Samples sizes are as indicated in parentheses: S-female (30), S-male (27), 
N-female (29), and N-male (27). b, Cohort 1 spLUC signal shows no significant difference in 
signal among age groups. Samples sizes are as indicated in parentheses: age 19-39 (26), age 40-
59 (24), and age 60-85 (6). For a and b, an unpaired Mann-Whitney test is performed and P values 
(two-tail) for each comparison are labeled on top of the datasets. Horizontal lines represent the 
median value. For both graphs, dots represent the average of two technical replicates from n=1 
independent experiment. 
 
 

 
Figure 2.12: Inter-assay, Inter-day and Intra-day variability of spLUC assay. a, 46 plasma 
samples were assayed a total of five times in three independent experiments over two days for each 
sensor. All five replicates are plotted on the graph, with the bar representing the average. The 
dotted line represents the cutoff values for positive and negative samples for the S and N sensors. 
b, The coefficient of variation was calculated for intra-assay, intra-day, and inter-day variability. 
Coefficient of variation is calculated as ratio of standard deviation to the average value. 
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Figure 2.13: Simulated robotics-assisted spLUC assay. a, Serum sample transfer to an assay 
plate using Biomek Fx Automated Workstation in ~2 minutes. b, Robotics-assisted dispensing and 
luminescence reading for one iteration of 96 assays takes ~35 minutes. c, Simulated run for 40 
iterations (3840 assays) can be completed in 3 hours. Gantt chart generated by simulated run using 
Thermo Momentum software. 
  

Fig. S11 Robotics assisted spLUC assay. A) Serum sample transfer to assay plate using
Biomek FX Automated Workstation in ~2 mins. B) Robotics assisted dispensing and
luminescence reading for one iteration of 96 assays take ~35 mins. C) Simulated run for
40 iteration (3840 assays or 960 serum samples) can be completed in 3 hours. Gantt
chart generated by simulated run using Thermo Momentum software.
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Figure 2.14: Adapting the assay for whole blood and saliva sample types.  a, spLUC assays 
can be accomplished in as short as 5 minutes. CR3022 (10 nM) was incubated with S sensors for 
5, 10, 15, or 20 min. Luciferase substrates were then added and incubated with the reaction mix 
for 0, 2, 4, 6, 8 or 10 min. All reactions showed bright luminescence signal. Each dot represents 
the average of two technical duplicates from n=1 independent experiment. Lines connecting the 
means of the samples are plotted. b, The spLUC assay is compatible with whole blood samples 
and shows similar signal in the corresponding plasma samples with both fresh and lyophilized 
sensors.  Each dot represents the average of two technical replicates from n=1 independent 
experiment. A non-parametric spearman correlation analysis was performed and R = 0.94 was 
observed for S sensors, and R = 1 and 0.98 were observed for N sensor fresh and lyophilized 
sensors, respectively. c, Anti-S antibodies were detected in saliva samples with moderate 
sensitivity (33/42, 79%). The signals from saliva samples positively correlated with corresponding 
serum samples. Each dot represents the average of two technical replicates from n=1 independent 
experiment. A non-parametric spearman correlation analysis was performed and the R value (0.66) 
and P value (<0.0001, two-tail) are labeled in the graphs. Line represents linear regression. 
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Figure 2.15: S and N sensors are functional after lyophilization. a, Both the S and the N sensors 
can survive lyophilization. The majority of proteins (70-100%) can be reconstituted after 
lyophilization. The lyophilized S sensors lost 50% of signal. The lyophilized N sensors remain 
100% active. b, The lyophilized S sensors detected CR3022 at ~50% signal strength compared to 
fresh sensors. Three technical replicates are plotted from n=1 independent experiment. Lines 
connecting the means of the samples are plotted. c, The lyophilized N sensors detected antibodies 
from patient sera at similar signal strength compared to fresh sensors. Two technical replicates are 
plotted from n=1 independent experiment. The bars represent the mean. d, Vacuum dried substrate 
and substrate stored at -20°C (fresh) behave similarly when detecting recombinant CR3022 with 
S sensors. Lyophilized dilution buffer and dilution buffer stored at -20°C (fresh) also showed 
similar signal. Three technical replicates are plotted from n=1 independent experiment. Lines 
connecting the means of the samples are plotted. 
  

Fig. S12 The S and N sensors were functional after lyophilization.
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Figure 2.16: Portable luminometer.  The spLUC assay is also amenable to detection with a 
Berthold portable luminometer. The handheld luminometer showed similar sensitivity of 
recombinant CR3022 with S sensors compared to the plate reader. Due to the tube format of the 
handheld luminometer, the sample volume was doubled and thus the overall signals are higher 
than for the plate reader samples, but similar sensitivity is maintained. Two technical replicates 
are plotted from n=1 independent experiment. Lines connecting the means of the samples are 
plotted.   
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Figure 2.17: Saliva condition optimization.  spLUC reactions are compatible with saliva 
samples. The CR3022 antibody was spiked into healthy individual saliva at 10-fold dilutions from 
100 nM to 0.01 nM. While undiluted saliva reduced signal 10-fold and reduced sensitivity, 1:2 
dilution of saliva only reduced signal by 3-fold and did not decrease the sensitivity. Two technical 
replicates are plotted from n=1 independent experiment. Lines connecting the means of the 
samples are plotted. 
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Table 2.1: Determination of assay cutoff values 

 S N 

SERUM DILUTIONS 1:12.5 1:12.5 
# SAMPLES 56 120 

MIN 12 2.5 
MAX 44.5 84 

MEDIAN 23.2 25 
MEAN 24.5 29.5 

STANDARD DEVIATION (SD) 7.1 17.8 
DERIVED CUTOFF (MEAN+3XSD) 45.9 83.1 

 
 

 

Table 2.2: A target profile proposed for SARS-CoV-2 serology tests in low resource areas 

PROPERTY OPTIMAL GOAL 

SENSITIVITY >95% 
SPECIFICITY >95% 

QUANTIFICATION Quantitative 
SAMPLE TYPE Whole blood, saliva 

SAMPLE PROCESSING Not required 
REAGENT FORMAT RT stable 

TIME TO RESULT < 30 min 
DAILY THROUGHPUT High 

POWER REQUIREMENT Battery 
CONSUMABLE COST < $10 

DEVICE Portable 
MAINTENANCE None 
DATA ANALYSIS Integrated 

  



 97 

Chapter 3 

Cell-surface tethered promiscuous biotinylators enable comparative small-scale surface 

proteomic analysis of human extracellular vesicles and cells 
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Abstract 

Characterization of cell surface proteome differences between cancer and healthy cells is a 

valuable approach for the identification of novel diagnostic and therapeutic targets. However, 

selective sampling of surface proteins for proteomics requires large samples (>10e6 cells) and long 

labeling times. These limitations preclude analysis of material-limited biological samples or the 

capture of rapid surface proteomic changes. Here, we present two labeling approaches to tether 

exogenous peroxidases (APEX2 and HRP) directly to cells, enabling rapid, small-scale cell surface 

biotinylation without the need to engineer cells. We used a novel lipidated DNA-tethered APEX2 

(DNA-APEX2), which upon addition to cells promoted cell agnostic membrane-proximal labeling. 

Alternatively, we employed horseradish peroxidase (HRP) fused to the glycan binding domain of 

wheat germ agglutinin (WGA-HRP). This approach yielded a rapid and commercially inexpensive 

means to directly label cells containing common N-Acetylglucosamine (GlcNAc) and sialic acid 

glycans on their surface. The facile WGA-HRP method permitted high surface coverage of cellular 

samples and enabled the first comparative surface proteome characterization of cells and cell-

derived small extracellular vesicles (EV), leading to the robust quantification of 953 cell and EV 

surface annotated proteins. We identified a newly-recognized subset of EV-enriched markers, as 

well as proteins that are uniquely upregulated on Myc oncogene-transformed prostate cancer EVs. 

These two cell-tethered enzyme surface biotinylation approaches are highly advantageous for 

rapidly and directly labeling surface proteins across a range of material-limited sample types. 
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Introduction 

The cell surface proteome, termed the surfaceome, serves as the main communication hub between 

a cell and the extracellular environment81. As such, this cellular compartment often reveals the 

first signs of cellular distress and disease, and is of substantial interest to the medical community 

for diagnostic and therapeutic development82. The precise and comprehensive profiling of the 

surfaceome, termed surfaceomics, provides critical insights for our overall understanding of 

human health and can inform drug development efforts. Several strategies have emerged for either 

selective or comprehensive surfaceomics, including biocytin hydrazide labeling of surface 

glycoproteins81, chemical biotinylation of lysines via NHS-ester labeling83, and promiscuous 

biotinylator fusion proteins (APEX2, BioID, SPPLAT)81,84,85. Membrane protein enrichment is a 

necessary step in surfaceomics, due to the inherent low abundance of membrane proteins compared 

to cytosolic proteins, and their identification can be overwhelmed by cytosolic contaminants. 

While each of these strategies robustly label surface proteins, they: (1) require large sample inputs 

(biocytin hydrazide), (2) require production of genetically engineered cells (APEX2, BioID), (3) 

label only partner proteins by binding targeting antibodies fused to APEX2 or HRP (SPPLAT), 

(4) require extensive sample manipulation (biocytin hydrazide), or (4) exhibit increased 

nonspecific labeling (NHS-ester)86–89. Moreover, many of these methods are not able to capture 

short and transient changes that occur at the cell surface, such as binding, adhesion, assembly, and 

signaling90. These current methods complicate the direct characterization of small clinical samples 

such as extracellular vesicles in patient serum. As biological research increasingly depends on 

animal models and patient-derived samples, the requirement for simple and robust methods 

amenable to direct labelling of material-limited samples for proteomic analysis will become 

paramount. 
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Exosomes and other small extracellular vesicles (EVs) are produced by both healthy and 

diseased cells91. In cancer, these small EVs contribute to tumor growth and metastasis, modulate 

the immune response, and mediate treatment resistance92–95. Consequently, these extracellular 

vesicles are a focus of intense clinical investigation. Recent studies suggest that small EVs 

incorporate proteins and RNA from the parent tumor from which they originate96,97, and certain 

proteins may be preferentially shuttled into EVs98. There is also strong evidence that cancer-

derived EVs are unique from the EVs derived from healthy surrounding tissues, and therefore 

represent a promising target for non-invasive, early-detection diagnostics or EV-focused 

therapies94,99,100. However, strategies for the unbiased profiling of small EV membrane proteomes 

remain limited. Isolation of high-quality, enriched small EV populations is challenging, requiring 

numerous centrifugation steps and a final sucrose gradient isolation, precluding the use of current 

labeling methods for membrane proteome characterization95,98. Strategies to characterize the 

surface proteome of small EVs would propel biomarker discovery and enable the differential 

characterization of small EVs from that of the parent cell. These important studies could help 

illuminate mechanisms underlying preferential protein shuttling to different extracellular vesicle 

populations.  

Here, we functionalize the promiscuous biotinylators, APEX2 and HRP, as non-cellularly 

encoded exogenous membrane tethering reagents for small-scale surfaceomics, requiring <5e5 

cells. This method is 10-100 fold more rapid than other existing protocols and requires fewer wash 

steps with less sample loss. Likewise, due to its selectivity towards tyrosines, it is not hindered by 

variability in individual protein glycosylation status82 or by impeding complete tryptic peptide 

cleavage through modification of lysines101, like biocytin hydrazide or NHS-biotin methods, 

respectively. Using this robust new strategy, we performed surfaceomics on cells and 
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corresponding small EVs from a cellular model of prostate cancer using the prostate epithelial cell 

line, RWPE-1 with or without oncogenic Myc induction. While certain proteins show increased 

expression in both parental cell and EV surfaces, a subset of proteins were found to be either pan-

EV markers (ITIH4, MFGE8, TF, DSG1, TSPAN14, AZGP1, and IGSF8) or selectively enriched 

with Myc overexpression in cancer-derived EVs (ANPEP, SLC38A5, FN1, SFRP1, CDH13, 

THBS1, and CD44). These differentially-regulated proteins pose interesting questions related to 

preferential protein shuttling, and the proteins upregulated in both cellular and EV contexts reveal 

candidates for early-stage urine or serum-based detection without invasive surgical intervention. 

We believe these simple, rapid, and direct surfaceomic labeling tools may be broadly applied to 

small-scale surfaceomics on primary tissues. 

 
Results 

Generation of promiscuous cell-surface tethered peroxidases for exogenous addition to cells 

Both APEX2 and HRP are broadly used promiscuous proximity biotinylators that label nearby 

tyrosine residues in proteins through a radical intermediate mechanism using a biotin-tyramide 

reagent (Fig. 3.1a)102,103. HRP has been targeted to specific cell-surface proteins through antibody 

conjugation to label target proteins and their binding partners84. More recently, HRP was used as 

a soluble cell surface labeler to identify rapid cell surface proteome changes in response to 

insulin104. Genetically encoded, membrane-targeted APEX2 and HRP have also permitted 

promiscuous labeling of proteins in specific cellular compartments, but these efforts required 

cellular engineering102,105. We sought to expand the use of these tools to biotinylate surface 

proteins of cells without the need for cellular engineering, enabling the specific enrichment of 

surface-resident proteins for mass spectrometry analysis.  
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The first approach we tested was to tether a DNA-APEX2 conjugate to the cell membrane 

through a lipidated DNA anchor. Gartner and co-workers have shown lipidated DNA anchors can 

tether together molecules or even cells106,107. Here the lipidated DNA is first added to cells, then 

hybridized with a complimentary strand of DNA conjugated to APEX2 (Fig. 3.1b, left panel). To 

conjugate DNA to APEX2, we leveraged the single unpaired cysteine in the protein for site-

specific bioconjugation of the complementary DNA. We first reacted APEX2 (Fig. 3.2) with 

DBCO-maleimide, after which the DBCO moiety was readily conjugated with azido-DNA. The 

kinetics of coupling was monitored using LC-MS and the conjugate was purified by nickel column 

chromatography, yielding a single conjugated product (Fig. 3.3a) that retained full enzymatic 

function relative to unlabeled APEX2 (Fig. 3.3b). Microscopy was used to observe the 

colocalization of DNA-conjugated APEX2 to the membrane (Fig. 3.1c). This result was 

recapitulated using flow cytometry, indicating that this approach results in surface tethering of 

APEX2, an important step towards the specific labeling of the cell surfaceome (Fig. 3.3c). 

To avoid the need for bioconjugation, we also tested a commercially available reagent 

where the promiscuous biotinylator HRP is conjugated to the lectin wheat germ-agglutinin (WGA) 

(Fig. 3.1b, right panel). WGA-HRP is used regularly in the glycobiology and neuroscience fields 

to label cell membranes for immuno-histochemistry and live cell imaging108,109. This is an 

inexpensive and widely available tool that only requires the presence of surface protein N-

acetylglucosamine (GlcNAc) and sialic acid glycans to localize HRP to the membrane. The 

successful and rapid colocalization of WGA-HRP to the plasma membrane compared to HRP 

alone was verified using immunocytochemistry, indicating this approach is a potential alternative 

for cell surface labeling (Fig. 3.1d). Further testing showed that adding WGA-HRP to cells in the 
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presence hydrogen peroxide and biotin-tyramide led to robust surface labeling even with no pre-

incubation time (Fig. 3.4). 

 
Cell-tethered biotinylators more effectively label the surfaceome than non-tethered biotinylators 

and are comparable to biocytin hydrazide 

Next, we set out to optimize labeling conditions for small-scale sample characterization. As 

APEX2 is kinetically slower than HRP110, we used APEX2 to establish a suitable concentration 

range of enzyme for cell surface labeling. We found that 0.5 µM APEX2 produced maximal 

labeling of cells (Fig. 3.5a) and maintained equivalent labeling across a range of cell numbers 

(2.5e5 – 1e6 cells; Fig. 3.5b). Next, we compared the efficiency of DNA-APEX2, WGA-HRP, 

and their non-tethered counterparts to biotinylate a small sample of 5e5 Expi293 cells. We found 

a 5- to 10-fold increase in biotin labeling for both tethered DNA-APEX2 and WGA-HRP relative 

to non-tethered controls as assessed by flow cytometry (Fig. 3.6a) and western blotting (Fig. 3.6b). 

Moreover, tethered DNA-APEX2 and WGA-HRP systems exhibited similar biotinylation 

efficiency, suggesting either system is suitable for small-scale surfaceomics. Having both systems 

is useful, as some cells may not widely express glycoproteins recognized by commercially 

available lectin-HRP conjugates—such as some prokaryotic species—and therefore could require 

the glycan-agnostic DNA-tethered APEX2 construct111. 

To compare the degree of surface protein enrichment these two systems offer, we enriched 

biotinylated proteins generated with either approach and compared the resulting enrichments using 

LC-MS/MS. As an initial efficacy comparison, cell surface labeling with DNA-labeled APEX2 or 

WGA-HRP was compared using 5e5 cells. In order to eliminate the possibility of suspension cell-

specific results, we used a popular cell line model of pancreatic cancer, KP-4. We observed that 

the WGA-HRP identified slightly more plasma membrane annotated proteins in the Uniprot Gene 
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Ontology Cellular Component Plasma Membrane (GOCC-PM) database (>2 unique peptides, 

found in all replicates) relative to DNA-APEX2, totaling 501 and 467, respectively. Notably, the 

number of IDs for both cell-tethered enzymes was higher than their untethered counterparts, with 

HRP identifying 389 cell surface proteins and APEX2 identifying 247 (Fig. 3.6c). Importantly, in 

the upset plot shown, the group with the highest intersection includes all four enzyme contexts, 

showcasing the reproducibility of labeling through a similar free-radical based mechanism. The 

cell-tethered biotinylators also showed heightened surface enrichment compared to their 

untethered counterparts, as illustrated by the higher overall intensities for proteins annotated to the 

plasma membrane (Fig. 3.7a,b). As equal amounts of total protein is injected on the LC-MS/MS 

instrument, the higher intensities for plama membrane proteins suggest that localizing the enzyme 

to the membrane increases labeling of the membrane compartment, which we have previously 

observed with other enzymatic reactions112.  

As the mode of tethering WGA-HRP involves GlcNAc and sialic acid glycans, we wanted 

to determine whether there was a bias towards Uniprot annotated 'Glycoprotein' vs 'Non-

Glycoprotein' surface proteins identified across the WGA-HRP, APEX2-DNA, APEX2, and HRP 

labeling methods. We looked specifically at surface annotated proteins found in the SURFY 

database, which is the most stringent surface protein database and requires that proteins have a 

predicted transmembrane domain113. We performed this analysis by measuring the average MS1 

intensity across the top three peptides (LFQ area) for SURFY glycoproteins and non-glycoproteins 

for each sample and dividing that by the total LFQ area found across all GOCC-PM annotated 

proteins detected in each sample. We found similar normalized areas of non-glycosylated surface 

proteins across all samples (Fig. 3.8). If a bias existed towards glycosylated proteins in the WGA-

HRP compared to the glycan agnostic APEX2-DNA sample, then we would have seen a larger 
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percentage of non-glycosylated surface proteins identified in APEX2-DNA over WGA-HRP. Due 

to the large labeling radius of the HRP enzyme, we find it unsurprising that the WGA-HRP method 

is able to capture non-glycosylated proteins on the surface to the same degree84. There is a slight 

increase in the area percentage of glycoproteins detected in the WGA-HRP compared to the 

APEX2-DNA sample, but this is likely due to the fact that a greater number of surface proteins in 

general are detected with WGA-HRP. As HRP is known to have faster kinetics compared to 

APEX2, it was anticipated that WGA-HRP would outperform DNA-APEX2 in cell surface protein 

identifications. The heightened labeling of WGA-HRP was consistent with every cell line tested, 

including another pancreatic cancer model, PaTu8902, which resulted in more proteins identified 

in the WGA-HRP sample over DNA-APEX2 for both 1 and 2 minute time points (Fig. 3.9).  

To confirm that the improved labeling by WGA-HRP was due to the binding of sugar units 

on the cell surface, we performed a sugar-blocking experiment with WGA-HRP using N-acetyl-

D-glucosamine (GlcNAc) that would block the conjugate from binding to the cell. By pre-

incubating WGA-HRP with excess GlcNAc, the ability of WGA-HRP to label the cell surface was 

markedly lower than WGA-HRP without GlcNAc as observed by microscopy (Fig. 3.6d). A 

similar effect was also seen by flow cytometry (Fig. 3.10). In addition, we also tested an on-plate 

protocol for simpler cell surface labeling of adherent KP-4 cells. We showed that cell surface 

labeling in this manner was comparable to labeling when the cells were in suspension (Fig. 3.11).  

As WGA-HRP consistently outperformed DNA-APEX2 by proteomics and represents a 

more facile method amenable to broad application in the field, we chose to compare the proteomic 

labeling results of WGA-HRP to other standard cell surface labeling methods (sulfo-NHS-LC-LC-

biotin and biocytin hydrazide) on a prostate epithelial cell line, RWPE-1 with and without 

oncogenic c-Myc overexpression. Sulfo-NHS-LC-LC-biotin reacts with primary amines to form 
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amide conjugates, but has notoriously high background contamination with intracellular 

proteins114. Biocytin hydrazide labeling is a two-step process that first involves oxidizing vicinal 

diols on glycoproteins at the cell surface, then reacting the aldehyde byproducts with biocytin 

hydrazide87. Both WGA-HRP and biocytin hydrazide had similar levels of cell surface enrichment 

on the peptide and protein level when cross-referenced with the SURFY curated database for 

extracellular surface proteins with a predicted transmembrane domain (Fig. 3.12a). Sulfo-NHS-

LC-LC-biotin and whole cell lysis returned the lowest percentage of cell surface enrichment, 

suggesting a larger portion of the total sulfo-NHS-LC-LC-biotin protein identifications were of 

intracellular origin, despite the use of the cell-impermeable format. These same enrichment levels 

were seen when the datasets were searched with the curated GOCC-PM database, as well as 

Uniprot's entire human proteome database (Fig. 3.12b). Of the proteins quantified across all four 

conditions, biocytin hydrazide and WGA-HRP returned higher overall intensity values for 

SURFY-specified proteins than either sulfo-NHS-LC-LC-biotin or whole cell lysis. Importantly, 

although biocytin hydrazide shows slightly higher cell surface enrichment compared to WGA-

HRP, we were unable to perform the comparative analysis at 500,000 cells--instead requiring 1.5 

million--as the protocol yielded too few cells for analysis.  All three methods were highly 

reproducible across replicates (Fig. 3.13a-c). Compared to existing methods, WGA-HRP not only 

labels cells efficiently with much lower input material requirements, it is also able to enrich for 

cell surface proteins to a similar extent in a fraction of the time. 

 
WGA-HRP identifies surface markers of Myc-driven prostate cancer in both cells and small EVs 

Prostate cancer remains one of the most common epithelial cancers in the elderly male population, 

especially in Western nations115,116. While metastatic progression of prostate cancer has been 

linked to many somatic mutations and epigenetic alterations (PTEN, p53, Myc etc.), more recent 
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work determined that alterations in Myc occurs in some of the earliest phases of disease, i.e. in 

tumor-initiating cells117. This finding promotes the idea that the development of early-stage 

diagnostic tools that measure these Myc-driven disease manifestations could improve detection 

and overall patient disease outcomes117,118. One mode of early detection that has gained 

prominence is the use of prostate cancer-derived exosomes in patient serum and urine119,120. Small 

EVs are known to play important roles in the progression of prostate cancer, including increasing 

tumor progression, angiogenesis, metastasis, and immune evasion, making this subcellular particle 

an extremely informative prognostic tool for disease progression121–123. 

To elucidate promising targets in Myc induced prostate cancer, we utilized our WGA-HRP 

method to biotinylate cells from both normal epithelial prostate cells (RWPE-1 Control) and 

oncogenic Myc-induced prostate cancer cells (RWPE-1 Myc, Fig. 3.14a). Importantly, by using 

an isogenic system, we are able to delineate specific Myc-driven protein expression changes, 

which could be helpful in the identification of non-invasive, early-detection diagnostics for cancer 

driven by early Myc induction.  In addition to having marked overexpression of c-Myc in the 

RWPE-1 Myc cells compared to Control, they also grow with a more mesenchymal and elongated 

morphology compared to their Control cell counterparts (Fig. 3.14b), which would suggest large 

cell surface changes upon oncogenic Myc induction. We initially used WGA-HRP to 

quantitatively compare the cell surface profiles of Myc-induced prostate cancer to Control cells 

and found large and bidirectional variations in their surfaceomes (Fig. 3.14c,d). We have 

highlighted the 15 most upregulated proteins in each cell type that are annotated as extracellular 

surface proteins in the GOCC-PM database. Proteins that are also found in the most restrictive 

SURFY database that requires a predicted transmembrane domain are bolded in the Fig.. Proteins 

annotated to be secreted (Uniprot) from the cell are italicized113. Vimentin, a marker known to be 
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associated with epithelial-to-mesenchymal transition (EMT) showed heightened expression, in the 

context of oncogenic Myc, as well as CDH2 (N-Cadherin), another marker of EMT (Fig. 

3.14e)124,125. While vimentin has traditionally been described as an intracellular protein, an 

extracellular membrane-bound form has been found to be important in the context of cancer126,127. 

ANPEP and fibronectin-1 were also highly upregulated.  Notably, a number of HLA molecules 

were downregulated in the Myc induced RWPE cells, consistent with prior findings of loss of 

MHC class I presentation in prostate cancer128–130. A subset of these findings were verified by both 

western blot (Fig. 3.14f) and microscopy (Fig. 3.14g), which highlights the robustness of the 

protein quantification afforded by using this method. 

Next, we wanted to use our WGA-HRP method to quantify cell surface proteins on a 

sucrose-gradient purified population of small EVs derived from both normal epithelial prostate 

cells (RWPE-1 Control) and oncogenic Myc-induced prostate cancer cells (RWPE-1 Myc, Fig. 

3.15a). While sucrose gradient centrifugation generally yields a mixture of vesicle populations, 

we wanted to confirm that our preparation enriched for vesicles originating from multiple vesicular 

bodies (MVBs), consistent with an exosome-enriched sample131. To do so, we prepared EVs from 

both Control and Myc cells and carried out label-free quantification (LFQ) mass spectrometry on 

the whole EV lysates. After normalizing for cell number, we found the Myc cells produced nearly 

40% more EVs than the corresponding control cells, which is consistent with previous work that 

has shown Myc overexpression yields higher quantities of EVs132. After averaging the intensities 

between Control and Myc derived EVs, many of the highest intensity proteins (CD9, SDCB1, 

CD81, LAMP1, LAMP2, ALIX, and CD63) are consistent with MVB-derived vesicle biogenesis, 

supporting that the sample was likely enriched in EVs rather than other sedimentable particles that 

can co-isolate during centrifugation (Fig. 3.15b). Due to the complex process and extensive 
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washing involved in small EV isolation, many standard labeling methods are not amenable for EV 

surface labeling. Using WGA-HRP, we are able to biotinylate the small EVs before the sucrose 

gradient purification and isolation steps (Fig. 3.15c). This delineated an important subset of 

proteins that are differentially expressed under Myc induction, which could serve as interesting 

targets for early-detection in patient urine or serum (Fig. 3.15d). This subset included fibronectin-

1 (FN1) and ANPEP (Fig. 3.15e), which were further validated by quantitative western blotting 

(Fig. 3.15f). A subset of these targets display similar phenotypic changes to the parent cell, 

suggesting that they could be biomarker candidates for non-invasive indicators of disease 

progression. While certain proteins are shuttled to vesicle compartments largely based off of the 

extent of expression in the parent cell (Control: IFITM3, BST2, HLA-B, Myc: ANPEP, SLC38A5, 

FN1), remarkably some proteins are singled out for small EV packaging, indicating a pronounced 

differential shuttling mechanism of the proteome between cells and EVs. This pattern was 

recapitulated in both the RWPE-1 Control cells and corresponding EVs, as well as the Myc cells 

and EVs, where the majority of markers were unique to either cellular or EV origin (Fig. 3.16a,b). 

These protein targets are of extreme interest for not only biomarker discovery, but also 

understanding the role of small EVs in secondary disease roles, such as interfering with immune 

function or priming the metastatic niche133. 

Due to the difficulty of proteomic characterization of vesicular populations, our current 

understanding of EV protein shuttling remains limited. Prior proteomic EV analysis has involved 

whole EV preparations, which lacks a surface protein enrichment step134–136. Not only is whole EV 

lysate analysis less advantageous for the specific identification of cell surface proteins on EVs, but 

it makes it impossible to compare cellular and EV samples due to the inherent surface area-to-

volume differences between cells and the vesicles they produce137,138. Our WGA-HRP method 
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allows us to compare surface proteins between small EV populations, as well as between small EV 

and cell samples (Fig. 3.17a). By principle component analysis (PCA), each sample separates by 

oncogenic status and origin (Fig. 3.17b). Indeed, when performing functional annotation for each 

gene cluster defined by the PCA, 'extracellular exosome' and 'extracellular vesicle' are the highest 

ranking annotation features differentiating the EVs from their parent cells (Fig. 3.17c). Through 

this comparison, we were able to delineate a host of proteins that were upregulated in EVs over 

their parent cells and vice versa (Fig. 3.17d). Notably, secreted proteins were more highly 

represented in the EV surface proteome compared to cells. A subset of proteins were highly 

upregulated in the small EVs compared to parent cell, including ITIH4, MFGE8, TF, DSG1, 

TSPAN14, AZGP1, and IGSF8, (Fig. 3.17e) and a subset of the findings were validated by western 

blot (Fig. 3.17f). The samples showed good overlap between replicates across all four datasets, 

with cellular and EV samples clustering by origin and oncogenic status (Fig. 3.18). To our 

knowledge, this is the first experiment to wholistically characterize the surface proteome of both 

small EVs and parental cells. These data strongly suggest that protein triage into EVs is a 

controlled process, enabling only a subset of the cell surface proteome to be shuttled to this 

important compartment. Our data shows that there are a variety of pan-prostate-EV markers, 

notably lactadherin (MFGE8), serotransferrin (TF), inter-alpha-trypsin inhibitor (ITIH4), 

immunoglobulin superfamily 8 (IGSF8),  desmoglein-1 (DSG1), tetraspanin-14 (TSPAN14), and 

zinc-alpha-2-glycoprotein (AZGP1) (Fig. 3.17d), which do not seem to be Myc-specific. Some of 

the pan-prostate EV targets in our data have previously been linked to cancer-specific contexts, 

and we show here that they are also found on Control EVs139–141. Our work suggests that these 

markers are more broadly associated with small EVs, regardless of disease status, outlining an 

expanded set of targets to probe these vital compartments. 



 111 

Discussion 

The importance of understanding and characterizing cellular and EV membrane compartments is 

vital for improving our understanding of vesicle biogenesis. New, improved methodologies 

amenable to small-scale and rapid surface proteome characterization are essential for continued 

development in the areas of therapeutics, diagnostics, and basic research. We sought to develop a 

simple, rapid surface protein labeling approach that was compatible with small sample sizes, while 

remaining specific to the cell surface. We took advantage of fast peroxidase enzymes and either 

complementary lipidated DNA technology (DNA-APEX2) or the glycan binding moiety wheat 

germ agglutinin (WGA-HRP) and demonstrated that tethering was much more effective than 

soluble addition, with increases in protein identification of between 30-90%. Additionally, we 

compared WGA-HRP to the existing methods, sulfo-NHS-LC-LC-biotin and biocytin hydrazide. 

While these alternative methods are robust, they are unable to capture time-sensitive changes, and 

are either plagued by low selectivity/specificity (NHS-Biotin) or the requirement for large sample 

inputs (biocytin hydrazide).  

There are many advantages of our new methods over the current cell surface labeling 

technologies. Compared to both sulfo-NHS-LC-LC-biotin and biocytin hydrazide, WGA-HRP 

experiments require 2 minutes instead of 30 or 120 minutes, respectively. It is also able to enrich 

cell surface proteins much more efficiently than sulfo-NHS-LC-LC-biotin labeling. Furthermore, 

NHS peptide isolation and preparation is complicated due to the reactivity of NHS chemistry 

towards free-amines, which blocks tryptic and LysC cleavages typically used in proteomics101,142.  

The hydrazide method is highly effective for enriching cell surface proteins, but it is 

challenging for small sample sizes, due to the two-step labeling process and cell loss from the 

oxidation step and extensive washing. Additionally, neither NHS-biotin nor biocytin hydrazide are 
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able to capture short time points to encompass dynamic changes at the cell surface. Due to the fast 

kinetics of peroxidase enzymes (1-2 min), our approaches could enable kinetic experiments to 

capture rapid post-translational trafficking of surfaces proteins, such as response to insulin, certain 

drug treatments, T-cell activation and synapse formation, and GPCR activation104,143,144. Another 

disadvantage of the hydrazide method is that it can only enrich for proteins that are glycosylated 

at the cell surface and it is estimated that 10-15% of cell surface proteins are not glycosylated145. 

Glycosylation patterns also readily change during tumorigenesis, which can alter the quantification 

of glycan-based labeling methods, such as biocytin hydrazide146. While the WGA-HRP method 

requires glycosylated proteins to be present to bind, it is still able to label non-glycosylated proteins 

nearby due to its large labeling radius. It is a possibility that certain cells may have low or uneven 

levels of glycosylation on their surfaces. In these cases, the DNA-APEX2 method can be utilized 

to obtain effective labeling. However, both these peroxidase-based methods require the presence 

of tyrosine residues (natural abundance 3.3%) to react with the biotin-tyramide radical, which is 

not equally abundant in all proteins3. 

With the WGA-HRP method, we were able to compare the surfaceome of small EVs to 

parental cells for Myc-induced prostate cancer cells and identified proteins that were upregulated 

in Myc-induced cells and EVs, as well as proteins that were differentially shuttled between EVs 

and parental cells. We found a number of Myc specific markers in our study, which were enriched 

in both Myc EV and Myc Cell samples. These include ANPEP, SLC38A5, FN1, CDH13, VIM, 

and CA12. ANPEP is a membrane-bound ectopeptidase that degrades N-termini with neutral 

amino acids and was found 140-fold upregulated in the Myc-induced cell compared to the Control 

cell and 49-fold upregulated in the Myc-induced EV compared to Control EV. This peptidase has 

been associated with angiogenesis and cancer growth147,148. Recent studies have shown ANPEP is 
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systematically upregulated on isogenic cell lines expressing149,150 proliferative oncogenes or in 

tubular sclerosis bladder cancers151, suggesting it is commonly upregulated in cancers.  The second 

most differentially expressed protein between the Myc and Control samples was SLC38A5 (23 

and 73-fold upregulated in cells and EVs, respectively). SLC38A5 is a glutamine co-transporter 

and has previously been shown to be a downstream target of c-Myc in glutamine-addicted cancers. 

Moreover, given that SLC38A5-based glutamine transport leads to proton flux and intracellular 

alkanization, overexpression of SLC38A5 has also been hypothesized to be a strategy for pH 

regulation in cancer cells that regularly experience intracellular acidification due to high glycolytic 

flux152,153. Additionally, Fibronectin-1 (FN1) was also found to be upregulated in Myc samples 

over Control samples (5 and 63-fold upregulated in cells and EVs, respectively), and has been 

shown to drive all stages of tumorigenesis154. Importantly, FN1 provides an extracellular scaffold 

by which other matrix proteins can be deposited. Through these interactions with matrix proteins 

and cell-associated integrins, FN1 regulates cellular fate decisions, proliferation, and metastasis155.  

While some proteins were present in both the EV and cellular samples, others were only 

found enriched in Myc EVs. THBS1, also known as thrombospondin-1 was over 10-fold 

upregulated in Myc EVs over Control EVs. Interestingly, this relationship was not found in the 

parent cells, which suggests that THBS1 is differentially shuttled into oncogenic EVs. The role of 

this protein has newly been associated with the growth and metastasis of glioblastoma and a 

potential serum prognostic factor in myeloid leukemia156,157. Moreover, using a model of THBS1 

overexpressing breast cancer, recent work has shown that exosomes laden with THBS1 promote 

cancer cell migration via disruption of the endothelial barrier158. 

Another such target is CD44, which was over 8-fold upregulated in the Myc EVs over 

Control EVs. CD44 has long been known to drive cancer progression and aberrant cell signaling159. 
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Recently, CD44 has also been found to be preferentially loaded into cancer-derived exosomes and 

has been implicated in driving chemoresistance in a model of doxorubicin-treated breast cancer157. 

Similarly, it has been shown that exosome-mediated transfer of CD44 from cells with high 

metastatic potential promoted migratory behavior in neighboring cells with low metastatic 

potential160. These targets delineate an important subset of proteins that are triaged into EVs and 

could play long-range roles in promoting tumorigenesis and downstream metastasis96,133,161,162. 

As research shifts into analyzing native biological samples from extracellular vesicles to 

xenograft models or patient biopsies, it will become increasingly important to develop sensitive, 

effective methods to label these small samples sizes. It is our hope that these tools will provide 

much needed avenues by which to pursue pressing biological questions in the areas of diagnostic 

and therapeutic development, as well as basic research. 

 
Methods 

Large-Scale APEX2 Expression, Purification, and Heme Reconstitution  
 
APEX2 was expressed using previous methods in BL21(DE3)pLysS cells163. Briefly, APEX2 

expression plasmid was transfected into competent BL21(DE3)pLysS cells and heat shocked for 

45 seconds before being placed on ice. Cells were plated on LB/Carb plates and grown overnight 

at 37°C. A single colony was isolated and grown in a mixture of 30 ml of 2XYT + Carb overnight 

at 37°C while shaking. The overnight culture was combined with 3 L of 2XYT with Carb and 

placed in a 37°C shaking incubator. At an OD600 of 0.6, 100 µg/ml of IPTG was added and the 

temperature of the incubator was lowered to 30°C. Cells were allowed to incubate for 3.5 hours 

and were spun down at 6,000xg for 20 minutes. Cell pellet was resuspended in protease inhibitor 

containing resuspension buffer (5 mM Imidazole, 300 mM NaCl, 20 mM Tris pH=8) and mixed 

thoroughly. The mixture was sonicated at 50% (5 seconds on:15 seconds off) for 5 minutes on ice 
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to avoid bubble formation. Lysate was mixed by inversion at 4°C for 15 minutes and spun down 

at 19,000xg for 20 minutes. The slurry was introduced to 5 ml of washed Nickel resin slurry and 

allowed to bind by gravity filtration. The beads were washed 3x with wash buffer (30 mM 

Imidazole, 300 mM NaCl, 20 mM Tris pH=8) and eluted in 5 ml of elution buffer (250 mM 

Imidazole, 300 mM NaCl, 20 mM Tris pH=8) before undergoing buffer exchange into PBS.  

Enzyme underwent heme reconstitution as per previous methods164. Briefly, 50 mg of 

hemin-Cl (Sigma) was diluted in 2.0 mL of 10 mM NaOH. The mixture was thoroughly 

resuspended, then diluted further using 8.0 mL of 20 mM KPO4, pH 7.0, and vortexed extensively. 

Mixture was spun down at 4,000xg 2x to eliminate insoluble hemin. APEX2 was diluted 1:2 in 20 

mM KPO4. 6 ml of heme stock was added to 2 ml of APEX over 20 minutes and allowed to rotate 

at 4°C wrapped in tin foil for 3 hours. The mixture was introduced to a column with 20 ml of 

DEAE Sepharose pre-equilibrated in 20 mM KPO4, pH 7.0 buffer. Enzyme was eluted using 100 

mM KPO4 and spin concentrated. To verify complete reconstitution, absorbance was measured at 

403 and 280 nm. A403/280 > 2.0 is considered sufficient for reconstitution. The isolated protein 

was flash frozen and stored at -80°C for long-term storage. Each batch of enzyme was run out on 

a 4-12% Bis-Tris gel to confirm purity (Fig. 3.2). 

 
APEX2 DNA labeling protocol 
 
APEX2 was incubated at 50 µM with 40 molar equivalents of maleimide-DBCO for 5 hours at 

room temperature in PBS. The reaction was desalted with Zeba columns (7 kDa cutoff). 2.5 molar 

equivalents of Azido-DNA was added to the reaction and incubated at 4°C overnight. Successful 

conjugation was monitored by LC-MS before the mixture was purified by nickel column. 
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Cell culture 
 
Prior to all experiments, cells were tested for the presence of mycoplasma (MycoAlert PLUS, 

Lonza, LT07-703). Expi293 suspension cells were maintained in Expi293 media (Thermo, 

A1435101) while rotating at 125 rpm in a 37°C incubator with 8% CO2. Cells were split every 3 

days by diluting into new media. Adherent PaTu8902 and KP-4 cells were grown in pre-warmed 

Iscove’s Modified Dulbecco’s Media (IMDM) supplemented with 10% FBS (Gemini Bio-

Products, 100-106) and 5% Penicillin/Streptomycin (Thermo Fisher Scientific, 15-140-122) at 

37°C in a 5% CO2-humidified incubator. Adherent RWPE-1 prostate cells were grown in complete 

keratinocyte-SFM (Thermo; 17005-042) supplemented with bovine pituitary extract (BPE), 

recombinant EGF, and 5% penicillin/streptomycin at 37°C in a 5% CO2-humidified incubator. The 

media was exchanged every two days. For splitting, cells were lifted with 0.05% Trypsin (Life 

Technologies) and quenched with 5% FBS before spinning down cells to remove residual trypsin 

and FBS. Cells were then plated in pre-warmed complete keratinocyte-SFM media. 

 
Microscopy 
 
Cells were plated at a density of 15,000 cells per well in a 96-well clear bottom plate (Greiner Bio-

One, 655090) pre-treated with poly-D-lysine (Thermo Scientific, A3890401). Cells were allowed 

48 hours to reattach and grow undisturbed. Cells were washed 3x in cold PBS. For DNA-APEX2, 

100 µl of 0.5 µM enzyme solution was combined with anchor and co-anchor at a final 

concentration of 1 µm. For all other enzymes, enzyme was combined with PBS at a final 

concentration of 0.5 µM. For sugar blocking studies, 100 µl of diluted enzyme solution (0.5 µM) 

was combined with 100 mg/ml N-acetyl-D-glucosamine (Sigma Aldrich, A3286-5G). Cells were 

allowed to sit on ice for 5 minutes to allow WGA to bind fully, as labeling was not altered by 
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increased incubation time (Fig. 3.4). Biotin tyramide (Sigma Aldrich, SML2135-50MG) was 

added to cells with a final concentration of 500 µM before adding 1 mM of H2O2. Reaction was 

allowed to continue for 2 minutes before rinsing cells 3x with 1X quench buffer (10 mM sodium 

ascorbate + 5 mM Trolox + 1 mM sodium pyruvate). The cells were rinsed 2x with PBS and 

crosslinked with 4% PFA for 10 minutes at RT. Cells were washed 3x with PBS before 

introduction to 1:100 primary antibody. Primary antibodies used were: HisTag-650 (Invitrogen, 

MA1-21315-D650), Streptavidin-488 (Thermo Fisher Scientific, S-11223), biotin-conjugated 

anti-HRP (Rockland, 200-4638-0100), ANPEP (R&D Systems, AF3815), vimentin (Cell 

Signaling Technology, 5741S), and HLA-B (ProteinTech, 17260-1-AP). Cells were washed 3x in 

PBS and imaged on an IN Cell Analyzer 6500. Images were processed in Fiji using the Bio Formats 

plugin165,166. 

 
Cell-tethered APEX2, soluble APEX2, cell-tethered WGA-HRP and soluble HRP cell surface 

labeling 

 
Cultured cells were grown for 3 days in tissue culture plates and dissociated by addition of versene 

(PBS + 0.05% EDTA). Cells were washed 3x in PBS (pH 6.5), resuspended in PBS (pH 6.5) and 

aliquoted to 500,000 cells per sample. Samples were resuspended in 100 µL of PBS (pH 6.5). For 

anchored APEX2 samples, lipidated anchor DNA was allowed to bind for 5 minutes at 1 µM on 

ice, followed by 1 µM of lipidated co-anchor DNA on ice for 5 minutes. 0.5 µM DNA-labeled 

APEX2 was allowed to bind on cells for 5 minutes before final wash with PBS (pH 6.5). For 

soluble APEX2, WGA-HRP, and soluble HRP samples, cells were resuspended in 0.5 µM of the 

corresponding enzyme. WGA-HRP was allowed to bind to cells for 5 minutes on ice. Biotin 

tyramide was added at a final concentration of 500 µM and mixed thoroughly, before the addition 
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of 1 mM H2O2. Cells underwent labeling in a heated shaker (500 rpm) at 37°C for 2 minutes before 

being quenched with 5 mM Trolox/10 mM Sodium Ascorbate/1 mM Sodium Pyruvate. Cells were 

washed 2x in quench buffer and spun down. The pellet was either further processed for flow 

cytometry, western blot, or flash frozen in liquid nitrogen for mass spectrometry. 

 
On plate WGA-HRP cell surface labeling 
 
KP-4 cells were grown on a 6 cm tissue culture treated plate and washed 3x with PBS (pH 6.5). 2 

mL of 0.5 µM WGA-HRP in PBS (pH 6.5) was added to the plate, followed by biotin tyramide 

(0.5mM final concentration) and H2O2 (1mM final concentration). After a 2 minute incubation at 

37°C, the cells were washed 2x with 5 mM Trolox/10 mM Sodium Ascorbate/1 mM Sodium 

Pyruvate quenching solution. The cells were washed 1x with PBS before being lifted with versene 

(PBS + 0.05% EDTA). Once lifted, the cells were washed once with PBS and subsequentially 

processed for flow cytometry analysis. 

 
Biocytin hydrazide cell surface labeling 
 
Cultured cells were grown for 3 days in tissue culture plates and dissociated by addition of versene 

(PBS + 0.05% EDTA). Cells were washed 3x in PBS (pH 6.5), resuspended in PBS (pH 6.5) and 

aliquoted to 1.5 million cells per sample. Samples were resuspended in 100 µL of PBS (pH 6.5) 

and fresh sodium periodate (Sigma Aldrich, 311448, 1 µL of a 160 mM solution) was added to 

each sample. The samples were mixed, covered in foil, and incubated while rotating at 4°C for 20 

minutes. Following three washes with PBS (pH 6.5), the samples were resuspended in 100 µL of 

PBS (pH 6.5) with the addition of 1 µL of aniline (Sigma Aldrich, 242284, diluted 1:10 in water) 

and 1 µL of 100 mM biocytin hydrazide (Biotium, 90060). The reaction proceeded while rotating 

at 4°C for 90 minutes. The samples were then washed 2x with PBS (pH 6.5) and spun down. The 
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pellet was either further processed for flow cytometry, western blot, or flash frozen in liquid 

nitrogen for mass spectrometry. 

 
Sulfo-NHS-LC-LC-biotin cell surface labeling 
 
Cultured cells were grown for 3 days in tissue culture plates and dissociated by addition of versene 

(PBS + 0.05% EDTA). Cells were washed 3x in PBS (pH 7.4), resuspended in PBS (pH 8) and 

aliquoted to 1.5 million cells per sample. Samples were resuspended in 50 µL of PBS (pH 8). An 

aliquot of EZ-Link Sulfo-NHS-LC-LC-Biotin (ThermoFisher, 21338) was resuspended in 150 µL 

of PBS (pH 8). 7.5 µL was added to each cell sample and the reaction proceeded while rotating at 

4°C for 30 minutes. The reaction was quenched by the addition of 2.5 µL of 1M Tris (pH 8.0). The 

samples were washed 2x in PBS (pH 8.0) and spun down. The pellet was either further processed 

for flow cytometry, western blot, or flash frozen in liquid nitrogen for mass spectrometry. 

 
Flow cytometry for cell surface biotinylation 
 
After labeling and quench washes, cells were washed once with PBS + 2% BSA to inhibit 

nonspecific binding. Samples were then incubated with 100 µL Streptavidin-Alexa Fluor 647 

(Thermo Fischer, 1:100 in PBS + 2% BSA). Following a 30-minute incubation at 4°C while 

rocking, samples were washed three times with PBS + 2% BSA. Samples were analyzed in the 

APC channel and quantified using a CytoFLEX (Beckman Coulter). All flow cytometry data 

analysis was performed using FlowJo software. 

 
RWPE-1 small EV isolation and labeling protocol 
 
RWPE-1 Control and Myc cells were plated at 7 million and 4 million cells per plate, respectively, 

across 16 x 15 cm2 plates and allowed to grow in normal keratinocyte-SFM media with provided 

supplements. Small EVs were isolated as previously described98. Briefly, two days prior to EV 
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isolation, media was replaced with 15 milliliters BPE-free keratinocyte-SFM media. For vesicle 

enrichment, media was isolated after two days in BPE-free media and centrifuged at 300 x g for 

10 minutes at RT, followed by 2,000 x g for 20 minutes at 4°C. Large debris was cleared by a 

12,000 x g spin for 40 minutes at 4°C. The pre-cleared supernatant was spun a final time at 100,000 

x g at 4°C for 1 hr to pellet extracellular vesicles. Isolated extracellular vesicles were brought up 

in 50 µl of PBS with 0.5 µM of WGA-HRP and the mixture was allowed to bind on ice for 5 

minutes. WGA-HRP bound vesicles were placed on a shaker (500 rpm) at 37°C before the addition 

of biotin tyramide (0.5 mM final concentration) and H2O2 (1 mM final concentration). Vesicles 

underwent labeling for 2 minutes before being quenched with 5 mM Trolox/10 mM Sodium 

Ascorbate/1 mM Sodium Pyruvate. Biotinylated small EVs were purified from other sedimentable 

particles by further centrifugation on a sucrose gradient (20-60%) for 16 hours at 4°C at 100,000xg. 

Precisely, the gradient was loaded using 0%, 20%, 40%, and 60% sucrose fractions from top to 

bottom. The sample was loaded at the bottom in 60% sucrose and the purified small EVs were 

isolated in the 20-40% sucrose fractions. Differential sucrose centrifugation yielded between 3-5 

µg of small EVs. 

 
Western blot protocol 
 
Cultured cells were grown in 15 cm2 tissue culture plates and dissociated by addition of versene 

(PBS + 0.05% EDTA). Cells were washed in PBS (pH 6.5) and resuspended in 100 µl PBS (pH 

6.5) at a concentration of 10 million cells/ml in PBS (pH 6.5). Cells were labeled, reaction was 

quenched with 1X NuPage Loading Buffer, and immediately boiled for 5 minutes. To enable 

proper addition of lysate to gel wells, the mixture was thinned with addition of nuclease, and the 

disulfides were reduced with BME. The samples were subjected to electrophoresis in a 4-12% 

NuPage Gel until the dye front reached the bottom of the gel cast. For cell and EV blots, equal 
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amounts of protein content quantified by BCA assay were prepared in 1X NuPage Loading Buffer 

with BME and boiled for 5 minutes. Samples were loaded and subjected to electrophoresis in a 4-

12% NuPage Gel until the dye front reached the bottom of the gel cast. Prepared gels were placed 

in iBlot2 transfer stacks and transferred using the P0 setting on the iBlot 2 Gel Transfer Device. 

The PVDF membrane was blocked in TBS Odyssey Blocking buffer for 1 hour at RT. Membranes 

were washed in TBST and incubated with Strepavidin-800 (1:10,000 dilution, Licor, 926-32230) 

for 30 minutes in TBS Odyssey Blocking buffer + 0.1% Tween 20. Membranes were washed in 

TBST 3x with a final wash in water. Membranes were visualized using an Odyssey DLx imager. 

Western blot samples were run and quantified 2-3 times and a representative image was displayed 

in figures.   

For cell and EV blots, equal amounts of protein content quantified by BCA assay was 

prepared in 1X NuPage Loading Buffer with BME and boiled for 5 minutes. Samples were loaded 

and subjected to electrophoresis in a 4-12% NuPage Gel until the dye front reached the bottom of 

the gel cast. Prepared gels were placed in iBlot2 transfer stacks and transferred using the P0 setting 

on the iBlot 2 Gel Transfer Device. The PVDF membrane was blocked in TBS Odyssey Blocking 

buffer for 1 hour at RT. Membranes were washed in TBST and incubated overnight in primary 

antibody at 4°C in TBS Odyssey Blocking buffer + 0.1% Tween 20 while shaking. Primary 

antibodies used were ANPEP (R&D Systems, AF3815), FN1 (Abcam, ab2413), vimentin (Cell 

Signaling Technology, 5741S), ITIH4 (Atlas Antibodies, HPA003948), MFGE8 (Thermo 

Scientific, PA5-82036), IGSF8 (R&D Systems, AF3117-SP). Membranes were washed in 3x 

TBST before introduction to a 1:10,000 dilution of secondary antibody in TBS Odyssey Blocking 

buffer + 0.1% Tween 20 for 1 hour at room temperature while shaking. Secondary antibodies used 

were Goat Anti-Rabbit HRP (Thermo Scientific, 31460) and Rabbit Anti-Sheep HRP (Thermo 
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Scientific, 31480). Blots were imaged after 5 minutes in the presence of SuperSignal West Pico 

PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, 34577) and imaged using a 

ChemiDoc XRS+. Western blot samples were run and quantified 2-3 times and a representative 

image was displayed in figures. EV blot was run once due to limited sample availability. EVs 

derived for western blotting were cultured and harvested independently of either biological 

replicate used for mass spectrometry analysis. 

 
Proteomic preparation for whole EVs 
 
Whole EV pellets were previously flash frozen after collection. EVs were processed for LC-

MS/MS using a PreOmics iST kit (P.O.00027). Briefly, EV pellets were brought up in 50 µl of 

provided LYSE solution and boiled with agitation for 10 minutes. The provided enzymes mixture 

(Trypsin and LysC) were resuspended in 210 µl of RESUSPEND buffer, mixed, and added to the 

lysed EVs. Samples were allowed to mix at 500 rpm for 1.5 hours at 37°C, before being quenched 

with 100 µl of STOP solution. Sample was spun in provided C18 spin cartridge and washed 1X 

with 200µl of WASH 1 and WASH 2. Peptides were eluted with 2X 100 µl of ELUTE, dried, and 

resuspended with the provided LC-LOAD solution. Peptides were quantified using Pierce 

Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific, 23275). 

 
Proteomic preparation for surface enriched samples 

Frozen cell and EV pellets were lysed using 2X RIPA buffer (VWR) with protease inhibitor 

cocktail (Sigma-Aldrich; St. Louis, MO) at 4°C for 30 mins. Cell lysate was then sonicated, 

clarified, and incubated with 100 µl of neutravidin agarose slurry (Thermo Fisher Scientific, 

29204) at 4°C for 1 hr. The bound neutravidin beads were washed in 2 ml Bio-spin column (Bio-

Rad, 732-6008) with 5 ml RIPA buffer, 5 ml high salt buffer (1M NaCl, PBS pH 7.5), and 5 ml 



 123 

urea buffer (2M urea, 50mM ammonium bicarbonate) to remove non-specific proteins. Beads were 

allowed to fully drain before transferring to a Low-bind Eppendorf Tube (022431081) with 2M 

Urea. Sample was spun down at 1,000xg and aspirated to remove excess liquid. Samples were 

brought up in 100 µl of 4M Urea digestion buffer (50 mM Tris pH 8.5, 10 mM TCEP, 20 mM 

IAA, 4 M Urea) and allowed to reduce and alkylate for 10 mins at 55°C while shaking. After the 

addition of 2 µg of total reconstituted Trypsin/LysC, the sample was incubated for 2 hours at RT. 

To activate the trypsin, mixture was diluted with 200 µl of 50 mM Tris pH 8.5 to a final Urea 

concentration of below 1.5 M. The mixture was covered and allowed to incubate overnight at RT. 

The mixture was isolated from the beads by centrifugation in a collection column (Pierce; 69725) 

before being acidified with 10% TFA until pH of 2.0 was reached. During this time, a Pierce C18 

spin column (Pierce, 89873) was prepared as per manufacturing instructions. Briefly, C18 resin 

was washed twice with 200 µl of 50% LC-MS/MS grade ACN. The column was equilibrated with 

two 200µl washes of 5% ACN/0.5% TFA. The pre-acidified sample was loaded into the C18 

column and allowed to fully elute before washing twice with 200 µl washes of 5% ACN/0.5% 

TFA. One final wash of 200 µl 5% ACN/1% FA was done to remove any residual TFA from the 

elution. Samples were eluted in 70% ACN, dried, and dissolved in 0.1% formic acid, 2% 

acetonitrile prior to LC-MS/MS analysis. Peptides were quantified using Pierce Quantitative 

Colorimetric Peptide Assay (Thermo Fisher Scientific, 23275). 

 
LC-MS/MS 

Liquid chromatography and mass spectrometry was performed as previously described167. Briefly, 

approximately 200 ng of peptides were separate using a nanoElute UHPLC system (Bruker) with 

a pre-packed 25 cm x 75 µm Aurora Series UHPLC column + CaptiveSpray insert (CSI) column 

(120 A pore size, IonOpticks, AUR2-25075C18A-CSI) and analyzed on a timsTOF Pro (Bruker) 
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mass spectrometer. Peptides were separated using a linear gradient of 2-34% solvent B (Solvent 

A: 2% acetonitrile, 0.1% formic acid, solvent B: acetonitrile, 0.1% formic acid) over 100 mins at 

400 nL/min. Data-dependent acquisition was performed with parallel accumulation-serial 

fragmentation (PASEF) and trapped ion mobility spectrometry (TIMS) enabled with 10 PASEF 

scans per topN acquisition cycle. The TIMS analyzer was operated at a fixed duty cycle close to 

100% using equal accumulation and ramp times of 100 ms each. Singly charged precursors were 

excluded by their position in the m/z–ion mobility plane, and precursors that reached a target value 

of 20,000 arbitrary units were dynamically excluded for 0.4 min. The quadrupole isolation width 

was set to 2 m/z for m/z < 700 and to 3 m/z for m/z > 700 and a mass scan range of 100-1700 m/z. 

TIMS elution voltages were calibrated linearly to obtain the reduced ion mobility coefficients 

(1/K0) using three Agilent ESI-L Tuning Mix ions (m/z 622, 922 and 1,222). 

 
Data Processing and Analysis 

Briefly, for general database searching, peptides for each individual dataset were searched using 

PEAKS Online X version 1.5 against both the plasma membrane (PM) annotated human proteome 

(Swiss-prot GOCC database, August 3, 2017 release) and the entire Swiss-prot Human Proteome 

(Swiss-prot). We acknowledge the identification of a number of proteins not traditionally 

annotated to the plasma membrane, which were published in the final Swiss-prot GOCC-PM 

database used. Additionally, to not miss any key surface markers such as secreted proteins or 

anchored proteins without a transmembrane domain, we chose to initially avoid searching with a 

more stringent protein list, such as the curated SURFY database. However, following the analysis 

we bolded proteins found in the SURFY database and italicized proteins known to be secreted 

(Uniprot). Enzyme specificity was set to trypsin + LysC with up to two missed cleavages. Cysteine 

carbamidomethylation was set as the only fixed modification; acetylation (N-term) and methionine 
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oxidation were set as variable modifications. The precursor mass error tolerance was set to 20 PPM 

and the fragment mass error tolerance was set to 0.05 Da. Data was filtered at 1% for both protein 

and peptide FDR and triaged by removing proteins with fewer than 2 unique peptides. All mass 

spectrometry database searching was based off of two biological replicates. Biological replicates 

underwent washing, labeling, and downstream LC-MS/MS preparation separately.  

For comparative label-free quantification of cellular and EV samples, datasets were 

searched using PEAKS Online X version 1.5 against the plasma membrane (PM) annotated human 

proteome (Swiss-prot GOCC database, August 3, 2017 release). Enzyme specificity was set to 

trypsin + LysC with up to two missed cleavages. Cysteine carbamidomethylation was set as the 

only fixed modification; acetylation (N-term) and methionine oxidation were set as variable 

modifications. The precursor mass error tolerance was set to 20 PPM and the fragment mass error 

tolerance was set to 0.05 Da. Data was filtered at 1% for both protein and peptide FDR and triaged 

by removing proteins with fewer than 2 unique peptides. Label free quantification of protein was 

completed by taking the average intensity of the top three most intense peptides for each protein. 

Data was normalized by total area sum intensity for each sample. Using Perseus, all peak areas 

were log2(x) transformed and missing values were imputed separately for each sample using the 

standard settings (width of 0.3, downshift of 1.8). Significance was based off of a standard 

unpaired Student t test with unequal variances across all four replicates. Reported peak area values 

represent the averages of all four replicates--two biological and two technical replicates. For 

representation of the data in figures, a Z-score was computed and is defined as (LFQ Area - Mean 

LFQ Area)/Standard Deviation. Protein IDs that were not annotated to be secreted or expressed 

extracellularly were removed. Further, in the Cell versus EV graph, any proteins that showed a 

standard deviation (SD) greater than 1.5 between Control and Myc of each sample type (EV or 
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Cell) were removed to avoid representation of oncogene-specific changes. EVs and cells from 

different biological replicates were cultured on different days. Desalting, quantification, and LC-

MS/MS runs were performed together. The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE  partner repository with the dataset 

identifier PXD028523.  

To compare replicates of data in (Fig. 3.13), a simple linear regression was performed on 

total area sum intensity normalized data. Replicate 1 was graphed against Replicate 2 for biocytin 

hydrazide, NHS-biotin, and WGA-HRP, and the resulting data was shown with calculated R and 

p-values as determined using the simple linear regression software suite in Prism. For the 

supplementary heatmap output, total area normalized LFQ data found in (Fig. 3.17) was loaded 

into Morpheus (software.broadinstitute.org/Morpheus) and data points were clustered by the 

Pearson correlation between all replicates on both columns and rows. This same data was used in 

Perseus to produce the principle component analysis (PCA). Distinct gene clusters were further 

analyzed by functional annotation using the DAVID Bioinformatics Resource 6.8. 
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Figures and Tables 
 

 
Figure 3.1: Direct labeling of promiscuous biotinylators to the cell membrane for rapid cell 
surface proteome characterization of small-scale biological samples. (A) Outline of 
enzymatic reaction mechanism. APEX2 and HRP both require biotin tyramide and hydrogen 
peroxide to produce the biotin-radical intermediate. (B) Tethering either enzyme is completed 
through differing mechanisms: (i) APEX2 is tethered through bio-conjugation of a single-strand 
of DNA, which is complementary to an exogenously added sequence of lipidated-DNA attached 
to the membrane, (ii) Commercially available wheat germ agglutinin (WGA)-HRP associates 
with native GlcNAc and sialic acid glycan moieties on cell surface proteins. (C) Microscopy 
images depicting the localization of DNA-APEX2 to the cell surface of KP-4 cells after 
introduction of the lipidated-DNA complementary strands. (D) Microscopy images depicting the 
localization of WGA-HRP to the membrane of KP-4 cells. All microscopy images are 
representative of two biological replicates. 
 
  

Figure 1: Direct labeling of promiscuous biotinylators to the cell membrane for rapid cell surface proteome
characterization of small-scale biological samples. (A) Outline of enzymatic reaction mechanism. APEX2 and
HRP both require biotin tyramide and hydrogen peroxide to produce the biotin-radical intermediate. (B)
Tethering either enzyme is completed through differing mechanisms: (i) APEX2 is tethered through bio-
conjugation of a single-strand of DNA, which is complementary to an exogenously added sequence of
lipidated-DNA attached to the membrane, (ii) Commercially available HRP-lectin associates with native sialic
acids moieties on cell surface proteins. (C) Microscopy images depicting the localization of DNA-APEX2 to the
cell surface of KP-4 cells after introduction of the lipidated-DNA complementary strands. (D) Microscopy
images depicting the localization of wheat-germ agglutinin (WGA)-HRP to the membrane of KP-4 cells.
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Figure 1: Localizing promiscuous biotinylators to the cell membrane increases fidelity of membrane 
protein labeling and can be used for the rapid cell surface proteome characterization of small-scale 
biological samples. (A) Outline of enzymatic reaction mechanism. APEX2 and HRP both require biotin tyramide 
and hydrogen peroxide to produce the biotin-radical intermediate. (B) Tethering either enzyme is completed 
through differing mechanisms: (i) APEX2 is tethered through bio-conjugation of a single-strand of DNA, which is 
complementary to an exogenously added sequence of lipidated-DNA attached to the membrane, while (ii) HRP-
lectin is an easily purchased reagent that associates with native sialic acids moeities on cell surface proteins. (C) 
Microscopy images depicting the localization of DNA-APEX2 to the cell surface after introduction of the lipidated-
DNA complementary strands. (D) Microscopy images depicting the localization of wheat-germ agglutinin (WGA)-
HRP to the membrane of cells. 
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Figure 1: Localizing promiscuous biotinylators to the cell membrane increases fidelity of membrane 
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biological samples. (A) Outline of enzymatic reaction mechanism. APEX2 and HRP both require biotin tyramide 
and hydrogen peroxide to produce the biotin-radical intermediate. (B) Tethering either enzyme is completed 
through differing mechanisms: (i) APEX2 is tethered through bio-conjugation of a single-strand of DNA, which is 
complementary to an exogenously added sequence of lipidated-DNA attached to the membrane, while (ii) HRP-
lectin is an easily purchased reagent that associates with native sialic acids moeities on cell surface proteins. (C) 
Microscopy images depicting the localization of DNA-APEX2 to the cell surface after introduction of the lipidated-
DNA complementary strands. (D) Microscopy images depicting the localization of wheat-germ agglutinin (WGA)-
HRP to the membrane of cells. 
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Figure 3.2: Expression, purification, and validation of APEX2 enzyme. His-tagged APEX2 
was expressed in BL21(DE3)pLysS cells and purified by a nickel column. 10 µg of purified 
enzyme was run out on a 4-12% Bis-Tris gel to confirm purity.  

Supplementary Figure 12: Expression, purification, and verification of
functional APEX2 enzyme. His-tagged APEX2 was expressed in
BL21(DE3)pLysS cells and purified by a nickel column. 10 µg of purified
enzyme was run out on a 4-12% Bis-Tris gel to confirm purity.
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Figure 3.3: Labeling and efficacy of APEX2 with DNA. (A) APEX2 was first conjugated with 
DBCO-Maleimide (DBCO-Mal) reagent at 40 equivalents for 5 hours (80% conversion to the 
singly labeled product). Following desalting, 3 equivalences of Azide-DNA was added to the 
conjugate and purified by a Nickel column. Both reactions were monitored by LC-MS as shown. 
(B) 500,000 Expi293 cells were labeled with 0.5 µM purified APEX2 and DBCO-labeled 
APEX2 for 2 min. Extent of biotinylation of target cells was quantified by flow cytometry 
staining with streptavidin-647. (C) The DNA-APEX2 conjugate was shown to be tethered in the 
presence of the lipidated DNA (purple) and not in the absence (green), as detected by an Anti-
His 680 antibody. Unlabeled APEX2 (blue) additionally did not result in a signal shift. Flow 
cytometry images are representative of one biological replicate.  

Supplementary Figure 1: Labeling and efficacy of APEX2 with DNA. (A)
APEX2 was first conjugated with DBCO-Maleimide (DBCO-Mal) reagent
at 40 equivalents for 5 hours (80% conversion to the singly labeled
product). Following desalting, 3 equivalences of Azide-DNA was added
to the conjugate and purified by a Ni2+ column. Both reactions were
monitored by LC-MS as shown. (B) 500,000 Expi293T cells were labeled
with 0.5 µM purified APEX2 and DBCO-labeled APEX2 for 2 min. (C) The
DNA-APEX2 conjugate was shown to be tethered in the presence of the
lipidated DNA (purple) and not in the absence (green), as detected by
an Anti-His 680 antibody. Unlabeled APEX2 (blue) additionally did not
result in a signal shift.
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Figure 3.4: WGA-HRP pre-incubation time on cells has no effect on labeling efficiency. 
WGA-HRP was incubated on Expi293 cells for 0-30 min to determine optimal incubation time 
on ice before labeling. All tested times resulted in similar cell surface biotinylation efficiencies 
and signified that no incubation time was needed. Flow cytometry images are representative of 
one biological replicate. 
 
 
 
 
 
 

Supplementary Figure 13: WGA-HRP pre-incubation time on cells has
no effect on labeling efficiency. WGA-HRP was incubated on Expi293
cells for 0-30 min to determine optimal incubation time on ice before
labeling. All tested times resulted in similar cell surface biotinylation
efficiencies and signified that no incubation time was needed.
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Figure 3.5: Optimization of APEX2 concentrations on cell by flow cytometry. (A) 500,000 
Expi293 cells were labeled for 2 min with increasing amounts of purified APEX2 enzyme and 
extent of labeling was quantified by flow cytometry staining with streptavidin-647. (B) Varying 
numbers of Expi293 cells were labeled for 2 min with 0.5 µM APEX2 to test range of cell 
numbers for labeling. Flow cytometry images are representative of one biological replicate. 

Supplementary Figure 2: Optimization of APEX2 and WGA-
HRP concentrations on cell by flow cytometry. (A)
500,000 Expi293T cells were labeled for 2 min with increasing
amounts of purified APEX2 enzyme and extent of labeling
was quantified by flow cytometry staining with streptavidin-
647. (B) Varying numbers of Expi293T cells were labeled for 2
min with 0.5 µM APEX2 to test rage of cell numbers for
labeling.
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Figure 3.6: Membrane-localized peroxidases increases membrane proteome biotinylation 
compared to non-tethered counterparts. (A) Biotinylation of Expi293 cells treated with free 
enzyme (APEX2 or HRP) or cell-tethered enzyme (DNA-APEX2 or WGA-HRP) shown by flow 
cytometry. Signal is read out using Streptavidin-AlexaFluor-647. (B) Comparison of cell 
labeling with either free enzyme (APEX2 or HRP) or cell-tethered enzyme (DNA-APEX2 or 
WGA-HRP) shown by Streptavidin-800 western blot and total protein stain. Normalized area is 
plotted to the right. (C) Number of cell membrane proteins identified by mass spectrometry (>2 
unique peptides, <1% FDR, found in both biological replicates) after treating 500,000 KP-4 
pancreatic cancer cells with either free enzyme (APEX2 or HRP) or cell-tethered enzyme (DNA-
APEX2 or WGA-HRP). (D) Microscopy images depicting extent of labeling with free HRP 
compared to WGA-HRP with and without the blocking sugar GlcNAc. All western blot images, 

A B

Blue: CellTracker
Red: Streptavidin-647

Figure 2: Membrane-localized enzyme increases membrane proteome biotinylation compared to non-
tethered enzyme. (A) Streptavidin-800 and total protein stain of cells labeled with either free enzyme (APEX2 
or HRP) or cell-tethered enzyme (APEX2 or HRP). (B) Flow cytometry of Expi293T cells treated with free 
enzyme (APEX2 or HRP) or cell-tethered enzyme (APEX2 or HRP).  (C) Number of cell membrane proteins 
identified by mass spectrometry (>2 unique peptides, 1% FDR) after treating 500,000 KP4 pancreatic cancer 
cells with either free enzyme (APEX2 or HRP) or cell-tethered enzyme (APEX2 or HRP). (D) Microscopy 
images depicting etent of labeling with free HRP compared to cell-tethered lectin-HRP and cell-tethered lectin-
HRP with blocking sugar. 
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Figure 2: Membrane-localized peroxidases increases membrane proteome biotinylation compared to non-
tethered counterparts. (A) Biotinylation of Expi293T cells treated with free enzyme (APEX2 or HRP) or cell-
tethered enzyme (APEX2 or HRP) shown by flow cytometry. (B) Comparison of cell labeling with either free
enzyme (APEX2 or HRP) or cell-tethered enzyme (APEX2 or HRP) shown by Streptavidin-800 western blot and
total protein stain. Normalized area is plotted to the right. (C) Number of cell membrane proteins identified
by mass spectrometry (>2 unique peptides, <1% FDR) after treating 500,000 KP4 pancreatic cancer cells with
either free enzyme (APEX2 or HRP) or cell-tethered enzyme (APEX2 or HRP). (D) Microscopy images depicting
extent of labeling with free HRP compared to WGA-HRP with and without the blocking sugar GlcNAc.
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microscopy images, mass spectrometry data, and flow cytometry data are representative of two 
biological replicates. 
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Figure 3.7: Rank ordered intensities for surface annotated proteins detected in tethered 
and untethered enzyme samples. (A) A rank ordered list of MS1 intensities (area) for surface 
annotated proteins found in APEX2 and DNA-APEX2 samples. (B) A rank ordered list of MS1 
intensities (area) for surface annotated proteins found in HRP and WGA-HRP samples. The 
average of two biological replicates are plotted.  
Supplementary Figure 3: Percentage of spectral counts from plasma
membrane-derived peptides across non-tethered and tethered cellular
labeling experiments. The percentage of total spectral counts detected
from surface peptides were divided by total spectral counts detected to
return a surface peptide percentage score.
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Figure 3.8: Comparison of enrichment for glycosylated and non-glycosylated proteins. 
Total MS1 intensities (LFQ area) of Uniprot annotated glycoproteins compared to non-
glycoproteins in the SURFY database for each labeling method compared to the total area sum 
intensity. 
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Figure 3.9: Target intensities and total plasma membrane protein identifications for DNA-
APEX2 and WGA-HRP labeling experiments as a function of time. 500,000 PaTu8902 
pancreatic cancer cells were labeled with either 0.5 µM DNA-APEX2 or 0.5 µM WGA-HRP for 
1 or 2 minutes at 37°C. After cell surface enrichment and mass spectrometry analysis, the plasma 
membrane derived protein identifications were totaled.  Two biological replicates are plotted.  

Supplementary Figure 4: Total plasma membrane protein
identifications for DNA-APEX2 and WGA-HRP labeling experiments as
function of time. 500,000 PaTu8902 pancreatic cancer cells were
labeled with either 0.5 µM DNA-APEX2 or 0.5 µM WGA-HRP for 1 or 2
minutes at 37 degrees C. After cell surface enrichment and mass
spectrometry analysis, the total plasma membrane derived protein
identifications were totaled.

DNA-APEX2 WGA-HRP
0

200

400

600

800
C

el
l S

ur
fa

ce
 P

ro
te

in
 ID

s 1 minute

2 minute



 137 

 
Figure 3.10: WGA-HRP labeling is N-acetyl-D-glucosamine (GlcNAc) dependent. 
Biotinylation of RWPE-1 Myc cells with WGA-HRP was determined with (orange) and without 
(dark blue) 100 mg/mL GlcNAc. There is a significant leftward shift in the degree of labeling in 
the absence of competing GlcNAc, demonstrating that the enhanced labeling by WGA-HRP is 
GlcNAc dependent. The degree of labeling is similar to soluble HRP, as shown in light blue. 
Importantly, presence of GlcNAc in solution did not generally affect HRP labeling as seen by the 
control in red. The data presented is from one biological replicate.  

Supplementary Figure 7: WGA-HRP labeling is N-acetcylglucosamine
(GlcNAc) dependent. Biotinylation of RWPE-1 Myc cells with WGA-HRP 
was determined with (orange) and without (dark blue) 100 mg/mL 
GlcNAc. There is a significant leftward shift in the degree of labeling in 
the absence of competing GlcNAC, demonstrating that the enhanced 
labeling by WGA-HRP is GlcNAc dependent. The degree of labeling is 
similar to soluble HRP, as shown in light blue. Importantly, presence of 
GlcNAc in solution did not generally affect HRP labeling as seen by the 
control in red.
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Figure 3.11: WGA-HRP can be used to label adherent cells on-plate. Cell surface labeling 
was compared between labeling adherent cells on a tissue culture plate vs. lifting cells and then 
performing labeling. Cell surface biotinylation was detected by streptavidin-Alexa Fluor 647. 
The data presented is from one biological replicate.  

Supplementary Figure 8: WGA-HRP can be used to label adherent
cells on-plate. Cell surface labeling was compared between labeling
adherent cells on a tissue culture plate vs. lifting cells and then
performing labeling. Cell surface biotinylation was detected by
streptavidin-Alexa Fluor 647.
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Figure 3.12: Comparison of surface enrichment between replicates for different mass 
spectrometry methods. (A)The top three methods (NHS-Biotin, Biocytin Hydrazide, and 
WGA-HRP) were compared for their ability to enrich cell surface proteins on 1.5 M RWPE-1 
Control cells by LC-MS/MS after being searched with the Uniprot GOCC Plasma Membrane 
database. Shown are enrichment levels on the protein, peptide, and average MS1 intensity of top 
three peptides (LFQ area) levels. (B) The top three methods (NHS-Biotin, Biocytin Hydrazide, 
and WGA-HRP) were compared for their ability to enrich cell surface proteins on 1.5 M RWPE-
1 Control cells by LC-MS/MS after being searched with the entire human Uniprot database. 
Shown are enrichment levels on the protein, peptide, and average MS1 intensity of top three 
peptides (LFQ area) levels. Proteins or peptides detected from cell surface annotated proteins 
(determined by the SURFY database) were divided by the total number of proteins or peptides 
detected. LFQ areas corresponding to cell surface annotated proteins (SURFY) were divided by 
the total area sum intensity for each sample. The corresponding percentages for two biological 
replicates were plotted. 
 
 

Supplementary Figure 5: Comparison of replicates for different mass
spectrometry methods. (A) The top three methods (Biotin-NHS,
Biocytin Hydrazide, and WGA-HRP) were compared for their ability to
identify cell surface proteins on 1.5 M RWPE-1 EV and RWPE-1 Myc
cells by LC-MS/MS. (B) The percentage of total spectral counts detected
from surface peptides were divided by total spectral counts detected to
return a surface peptide percentage score.
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Figure 3.13: Comparison of replicates for different mass spectrometry methods show that 
WGA-HRP has comparable reproducibility to NHS-Biotin and Hydrazide labeling. (A) 
Spearman correlations of total area sum intensity normalized data from replicates of Hydrazide 
Control and Myc cells. (B) Spearman correlations of total area sum intensity normalized data 
from replicates of NHS Control and Myc cells. (C) Spearman correlations of total area sum 
intensity normalized data from replicates of WGA Control and Myc cells. 
 

Supplementary Figure 6: Comparison of replicates for different mass
spectrometry methods show the WGA-HRP to have comparable
reproducibility to Biotin-NHS or Hydrazide labeling. (A) Spearman
correlations of TIC normalized data from replicates of Hydrazide EV and
Myc cells. (B) Spearman correlations of TIC normalized data from
replicates of NHS EV and Myc cells. (C) Spearman correlations of TIC
normalized data from replicates of WGA EV and Myc cells.
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Figure 3.14: WGA-HRP identifies a number of enriched markers on Myc-driven prostate 
cancer cells.  (A) Overall scheme for biotin labeling, and label-free quantification (LFQ) by LC-
MS/MS for RWPE-1 Control and Myc over-expression cells. (B) Microscopy image depicting 
morphological differences between RWPE-1 Control and RWPE-1 Myc cells after 3 days in 
culture. (C) Volcano plot depicting the LFQ comparison of RWPE-1 Control and Myc labeled 
cells. Red labels indicate upregulated proteins in the RWPE-1 Control cells over Myc cells and 
green labels indicate upregulated proteins in the RWPE-1 Myc cells over Control cells. All 
colored proteins are at least 2-fold enriched in either dataset between four replicates (two 
technical, two biological, p<0.05). (D) Heatmap of the 30 most upregulated transmembrane 
(bold) or secreted (italics) proteins in either RWPE-1 Control or Myc cells. Scale indicates 
intensity, defined as (LFQ Area - Mean LFQ Area)/Standard Deviation. (E) Table indicating 
fold-change of most differentially regulated proteins by LC-MS/MS for RWPE-1 Control and 
Myc cells. (F) Upregulated proteins in RWPE-1 Myc cells (Myc, ANPEP, Vimentin, and FN1) 
are confirmed by western blot. (G) Upregulated surface proteins in RWPE-1 Myc cells 
(Vimentin, ANPEP, FN1) are detected by immunofluorescence microscopy. The downregulated 
protein HLA-B by Myc over-expression was also detected by immunofluorescence microscopy. 
All western blot images and microscopy images are representative of two biological replicates. 
Mass spectrometry data is based on two biological and two technical replicates (N = 4). 
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NEW Figure 3: WGA-HRP identifies a number of enriched markers on Myc-driven prostate cancer cells. (A)
Overall scheme for biotin labeling, and label-free quantitation LFQ) by LC-MS/MS for RWPE-1 EV and Myc
over-expression cells, and corresponding exosomes. (B) Western blot of c-Myc expression in RWPE-1 EV and
Myc overexpressing cells. (C) Microscopy image depicting morphological differences between RWPE-1 EV and
RWPE-1 Myc cells. (D) Volcano plot depicting the LFQ comparison of RWPE-1 EV and Myc labeled cells. Red
labels indicate upregulation in the RWPE-1 EV cells over Myc cells and green labels indicate upregulation in
the RWPE-1 Myc cells over EV cells. All labeled proteins are 5.6-fold enriched in either dataset between two
biological replicates (p<0.05). (E) Upregulated proteins in RWPE-1 Myc cells (ANPEP, Vimentin, FN1) are
confirmed by western blot. (F) Upregulated surface proteins in RWPE-1 Myc cells (Vimentin, ANPEP, FN1) are
detected by immunofluorescence microscopy. The downregulated protein HLA-B by Myc over-expression was
also detected by immunofluorescence microscopy.
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Figure 3.15: WGA-HRP identifies a number of enriched markers on Myc-driven prostate 
cancer EVs. (A) Workflow for small EV isolation from cultured cells. (B) Labeled proteins 
indicating canonical exosome markers (ExoCarta Top 100 List) detected after performing label-
free quantification (LFQ) from whole EV lysate. The LFQ intensities were averaged for Control 
and Myc EVs, and the resulting protein list is graphed from least abundant to most abundant. (C) 
Workflow of EV labeling and preparation for mass spectrometry. (D) Heatmap of the 30 most 
upregulated proteins in either RWPE-1 Control or Myc EVs. Scale indicates intensity, defined as 
(LFQ Area - Mean LFQ Area)/Standard Deviation. (E) Table indicating fold-change of most 
differentially regulated proteins by LC-MS/MS for RWPE-1 Control and Myc cells. (F) 
Upregulated proteins in RWPE-1 Myc EVs (ANPEP and FN1) are confirmed by western blot.  
Mass spectrometry data is based on two biological and two technical replicates (N = 4). Due to 
limited sample yield, one replicate was performed for the EV western blot. 
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NEW Figure 4: WGA-HRP identifies a number of enriched markers on Myc-driven prostate cancer exosomes.
(A) Workflow of exosome labeling and preparation for mass spectrometry. (B) Volcano plot depicting label-
free quantitation (LFQ) comparison of RWPE-1 Myc exosomes and EV exosomes. Proteins labeled in green
are upregulated in Myc exosomes over EV exosomes and proteins labeled in red are upregulated in EV
exosomes over Myc exosomes. (C) Upregulated proteins (ANPEP, FINC, ABCC1) in Myc exosomes were
similarly found to be highly upregulated by western blot. (D) Venn diagram of targets upregulated on Myc-
induced exosomes and Myc-induced cells.
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Figure 3.16: Venn diagram comparing enriched targets (>2-fold) in Cells and EVs. (A) 
Surface and secreted targets that were found enriched in the Control EVs (purple) and Control 
cells (blue) when each is separately compared to Myc EVs and Myc cells, respectively. The 4 
overlapping enriched targets in common between Control cells and Control EVs are listed in the 
center. (B) Surface and secreted targets that were found enriched in the Myc EVs (purple) and 
Myc cells (blue) when each is separately compared to Control EVs and Control cells, 
respectively. The 12 overlapping enriched targets in common between Myc cells and Myc EVs 
are listed in the center. 

Supplementary Figure 10: Venn diagram of enriched targets (>2-fold)
in the EV Cells and EV Exosomes. Targets that were found enriched in
the EV Exosomes compared to Myc Exosomes (purple) and the EV Cell
compared to the Myc Cell (blue) were compared. The eight overlapping
enriched targets in common between EV Cell and EV Exosome are listed
in the center.
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Figure 3.17: WGA-HRP identifies a number of EV-specific markers that are present 
regardless of oncogene status. (A) Matrix depicting samples analyzed during LFQ comparison-
-Control and Myc cells, as well as Control and Myc EVs. (B) Principle component analysis 
(PCA) of all four groups analyzed by LFQ. Component 1 (50.4%) and component 2 (15.8%) are 
graphed. (C) Functional annotation was performed for each gene cluster using DAVID 
Bioinformatics Resource 6.8 and the highest ranking annotation features for the EV-specific 
gene cluster are shown. (D) Heatmap of the 50 most upregulated proteins in either RWPE-1 cells 
or EVs. Proteins are listed in decreasing order of expression with the most highly expressed 
proteins in EVs on the far left and the most highly expressed proteins in cells on the far right. 
Averages from all four replicates of each sample type are graphed. Scale indicates intensity, 
defined as (LFQ Area - Mean LFQ Area)/Standard Deviation. Extracellular proteins with 
annotated transmembrane domains are bolded and annotated secreted proteins are italicized. (E) 
Table indicating fold-change of most differentially regulated proteins by LC-MS/MS for RWPE-
1 EVs compared to parent cells. (F) Western blot showing the EV specific marker ITIH4, IGSF8, 
and MFGE8.Mass spectrometry data is based on two biological and two technical replicates (N = 
4). Due to limited sample yield, one replicate was performed for the EV western blot. 
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Figure 5: WGA-HRP identifies a number of exosome-specific markers that are present regardless of oncogene
status. (A) Volcano plot depicting proteins upregulated (green) in RWPE-1 EV exosomes over EV cells and
downregulated (red). (B) Volcano plot depicting proteins upregulated (green) in RWPE-1 Myc exosomes over
Myc cells and downregulated (red). The red circled proteins are found upregulated in both exosome samples
in (A) and (B). (C) Western blot showing the exosome specific marker ITIH4. (D) Overlap of exosome-specific
markers (>2-fold). (E) Functional annotation clustering was performed using DAVID Bioinformatics Resource
6.8 to classify the 17 overlapping exosome-enriched markers.
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Figure 3.18: Heatmap comparison of biological and technical replicates of RWPE-1 
Control/Myc cells and EVs. Biological and technical replicates cluster together based on both 
oncogene status and compartment for EV or cell surface. Proteins with no area values were 
assigned an imputed value using Perseus. Heatmap clustering is based off of the Pearson 
correlation between all replicates on both columns and rows. Heatmap was produced using 
Morpheus, https://software.broadinstitute.org/Morpheus. The first number following the sample 
name denotes the biological replicated and second number denotes the technical replicate. 
 

Supplementary Figure 11: Heatmap comparison of biological and
technical replicates of RWPE-1 EV/Myc cells and exosomes. Biological
and technical replicates cluster together based on both oncogene
status and compartment for exosome or cell surface. Proteins with no
area values were assigned an imputed value using Perseus. Heatmap
clustering is based off of the Pearson correlation between all replicates
on both columns and rows. Heatmap was produced using Morpheus,
https://software.broadinstitute.org/Morpheus.
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