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Antibodies are the main mediators of adaptive humoral immunity originating from B 

lymphocytes, elicited primarily by foreign antigens, for example, bacteria, viruses, 

parasites and other microorrganisms1. Relying on their sequence diversity, antibodies 

protect our body from pathogens via neutralization of infectivity, mediating phagocytosis, 

eliciting antibody-dependent cellular cytotoxicity (ADCC), and triggering complement-

mediated lysis of pathogens and infected cells2. The exceptional specificity and efficiency 

of antibodies have positioned them at the forefront of drug discovery and therapeutics 

development. Since the approval of the first therapeutic monoclonal antibody by the FDA 

in 1986, there has been a resurgence of antibody-based therapies in the 21st century, with 

an annual average of nearly 10 newly approved antibodies by the FDA since 20143. 

 

Figure 1: The number of FDA approved antibody therapeutics from 1986 to 20213 

There are five isotypes of antibodies in human: IgM, IgG, IgA, IgE and IgD. While all naïve, 

immature B cells, before stimulation by antigens, present IgM on their surface, the 

remaining subclasses are generated during B cell maturation through class switching1,4–6. 

Among these isotypes, IgG is the most abundant and versatile antibody in circulation. It 

plays a major role in adaptive immunity and is involved in long-term immune memory. 
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IgG is also the most used isotype in immunotherapies 7–10. In the 1950s, Porter found that 

the intact IgG can be proteolytic cleaved into two distinct fragments: the fragment antigen 

binding (Fab) region and the Fragment crystallizable (Fc) region11. Decades later, 

crystallographic studies revealed the molecular structure of IgG. IgG consists of four 

polypeptide chains: two identical heavy chains and two identical light chains, yielding a 

molecular weight of around 150 kDa12,13.  Both chains consist of multiple domains with 

the characteristic Immunoglobulin (Ig) fold, connected by flexible linkers. The heavy chain 

comprises four Ig domains, while the light chain comprises two Ig domains. The heavy 

chain and light chain are covalently linked via disulfide bonds. Two heavy chains form 

disulfide bonds within the flexible linker region connecting the 2nd and 3rd Ig domain. 

This region, known as hinge region, serves as a distinct boundary, delineating the Fab and 

Fc regions. Functionally, both heavy chain and light chain can be divided into a variable 

(V) region and a constant (C) region. The V-region consists of the first Ig-domain in both 

heavy and light chain, and is responsible for antigen binding, while the C region is formed 

by the remaining Ig-domains and mediates interactions with immune cells through a host 

of Fc receptors, is involved in oligomerization of higher-order Ig complexes, interacts with 

the complement system, and determines the antibody isotype. The Fab region is made up 

of the full light chain and the heavy chain above the hinge region, while the Fc region 

derives solely from the heavy chain below the hinge region.  There is one conserved N-

linked glycan located in the Fc region of each heavy chain, which modulates 

oligomerization and immune effector functions.14 The Ig-domains of the Variable regions 

each expose three highly variable loops called complementarity-determining regions 

(CDRs), which play a key role in antigen recognition, binding and neutralization. The three 

CDR loops on the V-regions are situated within four relatively conserved sequences called 

the framework. Antibodies can be expressed as B cell antigen receptor (BCR) in a 

membrane bounded form, but can also be secreted as soluble protein. The main difference 

between the BCR and secreted immunoglobulin lies in the C-terminus: the BCR has a 

hydrophic transmembrane peptide while the secreted antibody has a hydrophilic 

peptide15. In contrast with the monomeric BCR, the secreted antibody can form higher 

order oligomers, from dimers to hexamers, which are mediated by direct interactions in 

the Fc region16. 
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Figure 2: The crystal structure of a IgG1 molecule (PDB: 1IGY): A IgG molecule consists of 

two identical heavy chains and two identical light chains13. Three CDRs loops are presented 

on the surface of the V-regions of each heavy and light chain. The figure was made with 

PYMOL using IMGT numbering scheme17. 

Antibody sequence diversity stands as a hallmark of the adaptive immune system, 

enabling the recognition and response to an almost infinite array of antigens. This 

sequence diversity stems from somatic recombination and hypermutation of the coding 

gene segments (called V-, D- and J-segments), as well as class switching and heavy-light 

chain pairing. As the name suggests, antibody sequence diversity occurs primarily in the 

Variable region of the heavy and light chains. Around 2.7 × 

106 different antibody molecules can be generated due to the gene rearrangement and 

heavy-light chain pairings alone (see table 1)18.  During the rearrangement of the heavy 

chain, a D segment is firstly joined to a J segment, followed by rearrangement of a V 

segment to the combined DJ segment to complete the V region. The main antigen-binding 

loop CDR3 is situated right at the junction of the recombined gene segments, which 

consequently is the region of highest variability in typical antibodies. The highly variable 

D segment is exclusively present in the heavy chain, whereas in the light chain the V-

https://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2575/
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segment is connected straight to the J-segment. Consequently, sequence diversity is 

typically higher in the heavy chain than the light chain. There are two main types of light 

chain, denoted as kappa (κ) and lambda (λ), which each draw from their own repertoire 

of coding V/J/C segments. After the gene of the heavy chain is rearranged, the 

rearrangement of a κ light chain will start. If this fails, the B cell will proceed to the 

rearrangement in the λ light chain. As depicted in figure 3, this somatic recombination of 

gene segments happens in the bone marrow, when the progenitor B cells develop to the 

immature B cells. 

 

Figure 3: Schematic overview of B cell development: B cell progenitor process to immature 

B cells in the bone marrow, accompanied with V-(D)-J gene recombination; The immature 

B cells are activated by the antigen in spleen and developed to the plasma cells and secrete 

antibody. 
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Table 1: Number of human V-(D)-J gene segment of heavy chain and light chain, data 

collected from IMGT database18 

Segment 
Heavy chains Light chains 

H κ λ 

V 51 40 30 

D 27 0 0 

J 6 5 4 

The immature B cells are transported through the peripheral blood into lymphoid tissue, 

where they undergo maturation into activated B cells and memory B cells upon exposure 

to antigen. A few days after antigen exposure, small B cells clusters are formed in the so-

called germinal center (GC) of lymphoid tissues. The GC can be divided into distinct zones: 

a proximal dark zone (DZ) and a distal light zone (LZ). T follicular helper cells (Tfh), 

follicular dendritic cells (FDCs), and the B cells that are close to exiting the cell cycle are 

presented in the LZ19. In the DZ, a heightened mutation rate of approximately 10-3 per 

base pair occurs at the coding regions for the heavy and light chains, which is thousand 

times higher than in normal cells20–22. This process, termed somatic hypermutation (SHM), 

is facilitated by activation-induced deaminase (AID), leading to single point mutations 

primarily in the V regions of antibodies20,23. Though during the SHM, low affinity 

antibodies can also be produced, the B cells that produce higher affinity antibodies have 

an advantage in competing for limiting growth resources. B cells are competing for 

binding to the FDCs that present antigen on their cell surface. Following binding, the 

antigen is taken into the B cell and processed through the immunoproteasome, then 

presented using the major histocompatibility complex class-II molecules (MHC-II)24. 

Consequently, the B cells that express BCRs with higher affinity are able to present more 

antigen-loaded MHC-II to have better access to the Tfh’s, which helps them to continue 

participating in the cyclic reentry into the GC, while low affinity B cells face limited 

assistance and ultimately undergo apoptosis25–27. The proliferation rate of B cells in the GC 

is influenced by the amount of Tfh binding to the B cells as well, allowing B cell clones with 

higher affinity antibodies to expand to a greater degree and further diversify their 

antibody genes through prolonged SHM28. Memory B cells can persist after the antigen 

stimulation and rapidly expand during secondary responses and differentiate into 
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antibody–secreting plasma cells. The majority of these long-lived plasma cells are hosted 

in the bone marrow, also in lymphoid organs and in non-lymphoid organs in disease. The 

high affinity antibodies, with half-lives of 40-80 days, are rapidly secreted by these plasma 

cells 29,30. Somatic hypermutation tends to accumulate within the CDRs, rather than the 

framework region. From an evolutionary standpoint, mutations in the CDR are more likely 

to improve affinity for the antigen to enhance survival in the GC, while excessive SHM in 

the framework region has the potential to disrupt antibody structural integrity, 

potentially leading to non-functional BCRs and subsequent cellular apoptosis.  

Furthermore, mutable codons, such as serine AGY, are more frequently utilized in the CDR 

regions, while conserved codons, such as TCN, are favored within the framework region33; 

Additionally, the AID hotspots in the CDRs and the enhancer elements may also help to 

promote the SHM in the CDR34–38.  Exceptions to this general pattern of SHM have been 

reported for HIV broadly neutralizing antibodies, which can accommodate as many as 50 

mutations in the framework regions that also contribute to antigen binding and 

neutralizing activity29,30. 

 

Figure 4: Somatic hypermutation in B cell Ig gene. Mutation frequency along the Ig genes 

(Leader (L), Promoter (P) , V(D)J, intronic enhancer (IE) , the switch region (S) and the C 

region genes (CM)) are illustrated: somatic hypermutation occurs in the V(D)J genes and its 

mutation rate is estimated to be 10-3 per base pair compared with 10-6 per base pair in 

normal1,20. 

Antibody isotypes and class switch recombination 

There are nine antibody subclasses in human: IgM, IgD, IgG1, IgG2, IgG3, IgG4, IgA1, IgA2 

and IgE. Before encountering antigens, the immature B cells only generate IgM on the cell 
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surface as receptor. Once the B cells meet the antigen, B cells can switch the antibody 

subclasses under the influence of T cell and cytokine while retaining the same V region of 

the heavy chain, as well as the full light chain. Thus, the antigen specificity remains 

identical. Figure 5 illustrates how IgM is switched to IgG2 via gene recombination1. 

Normally the class switching happens in the mature B cells in the secondary lymphoid 

tissues. Like SHM, the class switching is also initiated by the AID39. As shown in table 2 

below, different antibody subclasses have unique biological functions. Though sharing the 

same antigen-binding variable region, diverse antibody subclasses can also influence the 

neutralization breadth towards antigen such as SARS-COV-2 spike protein or HIV 

glycoprotein40–43. Despite the fact that most described anti-viral monoclonal antibodies 

are of the IgG1 subclass, several studies show that compared with IgG1, IgG3 and IgA may 

exhibits stronger neutralization breadth41,43–47. Therefore, the selection of the correct 

antibody subclasses is also a crucial consideration for antibody therapeutics development. 

 

Figure 5: Class switch recombination in human1,2,48 Here illustrates an example how IgM is 

switched to IgG2. Seen in panel b left, the VDJ region undergoes initial transcription along 

with the M gene, producing the mRNA for IgM. During the maturation of B cells, the class 

switching can occur under the influence of T cells and cytokines. The intervening region, 

comprising the genes encoding IgM, IgD, IgG3, IgG1, and IgA1, is looped out and cleaved.  

Afterwards the two switch regions are joined together and leads to the transcription of the 

VDJ region with the IgG2 gene, ultimately producing IgG2. The red dots indicate the 

switching sequence. 
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Current methods for antibody discovery and repertoire profiling 

Given the crucial role of antibody sequence diversity in shaping adaptive immunity, 

methodology to select and sequence (antigen-specific) antibodies of interest has been key 

to the understanding of the immune repertoire and the discovery of monoclonal 

antibodies for therapeutic, diagnostic, and research applications. Over the years, an 

assortment of innovative antibody discovery methods has emerged, each offering unique 

advantages in terms of specificity, efficiency, and diversity. 

Hybridoma technology is historically one of the first methods for monoclonal antibody 

development. It starts with injecting mice or other animals with the target antigen to 

initiate an immune response49. Antigen-specific B cells are then harvested from the 

immunized animal and subsequently fused with myeloma cells to immortalize the cell line 

and culture it at large scale for the production of monoclonal antibodies. This method has 

been utilized for decades and generated numerous antibodies that are not only 

therapeutics, but also research tools for ELISA, western blot, immunofluorescence 

microscopy, immunohistochemistry, and other research applications. This method is 

highly reproducible and scalable and if the hybridoma cell line can be maintained in 

culture, an unlimited production of mAb can be provided. However, because of drawbacks 

in terms of its long preparation time requirements, high risk of contamination, and limited 

applicability to primarily mouse antibodies, it has gradually been replaced by other 

technologies50. 

Phage, yeast, and mammalian display technology has emerged as a versatile and efficient 

alternative method for antibody selection. Phage display, for example, expresses a library 

of antibody sequences on the surface of a filamentous phage through fusion with the phage 

coat protein. The phage library is then selectively propagated by panning for phage 

particles with high affinity for the target antigen, followed by selection of individual clones 

to reconstruct the monoclonal antibodies.51. The small size and solubility of the phage 

particle (up to 1013 particles/ml) has allowed repertoire sizes of up to 1012 to be efficiently 

displayed and manipulated, which improves the likelihood of finding suitable 

antibodies51,52. However, it’s noteworthy that display technology is still relying on the 

available antibody library. 
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With the advent of next-generation sequencing technology, single B-cell sequencing has 

emerged as the predominant method for the comprehensive investigation of B-cell 

repertoires53,54. Seen in Figure 6 panel B, the single B cell technology first isolates the B 

cells from immunized animals or plasma cells from human sera and sorts the cells on the 

multi-well plates to achieve one cell/well55. Then cDNA from the sorted single cell is 

amplified and barcoded by PCR, followed by high throughput sequencing. This method 

allows high-throughput B cell sequencing to become true: the paired heavy and light chain 

sequences of millions of B cells can be analyzed in one single experiment56,57. Thus, this 

method greatly facilitates the characterization of B-cell populations, analysis of individual 

clinical profiles, and supports extensive cohort studies58–61. Currently, this technology 

plays an increasingly vital role in the discovery of new antibody therapeutics, particularly 

fully human antibodies. For instance, Mab114, an antibody therapeutics for Ebola virus 

disease, was selected after isolation and screening of a panel of memory B cells from a 

1995 Kikwit Ebola virus disease survivor62. 

 

Figure 6: Comparison of Hybridoma technology and single B cell technology for antibody 

discovery: a illustrates the hybridoma technology that harvests the B cells from immunized 

animals and merges the B cells and myeloma cells. The hybridoma cells are selected for 

culture and produce mAbs. b illustrates the single B cell technology: B cells are isolated from 

immunized animals or human sera and sorted in a multi-well plate to achieve one cell/plate. 

The sequence cDNA of the cell is obtained for mAb production. The Figure was partly 
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generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons 

Attribution 3.0 unported license 

However, as previously noted, the long-lived plasma B cells that produce a wide array of 

high-affinity antibodies for years after infection are predominantly located within the 

bone marrow and spleen, the sampling of which is highly invasive so they are not normally 

accessible, especially in human subjects60,63. Therefore, single B-cell technology primarily 

focuses on the analysis of peripheral B cells and can’t identify and determine the relative 

concentrations of the secreted antibodies that compose the serum/milk polyclonal pool 

elicited in response to infection or vaccination. Meanwhile, functional serological studies 

that evaluate serum antibody binding and neutralization titers all sample the bulk of 

secreted antibodies rather than the corresponding B- and plasma cell populations. It 

remains uncertain to what extent the peripheral B cells reflect the diversity of peripheral 

antibodies. Expansion of memory B-cells into the plasma cell populations, secretion levels 

of the antibody, and their lifetimes in circulation all provide multiple layers of biological 

regulation that may results in orders of magnitude difference between the secreted pool 

of antibodies and the observed frequency of clones in peripheral B-cell populations. Thus, 

a full understanding of the antibody repertoire requires analytical methods that detect 

and sequence immunoglobulins straight at the protein level. For this purpose, bottom-up 

proteomics emerges as the most potent tool for protein identification, sequencing, 

characterization and quantification.  

The fundamentals of bottom-up proteomics  

Proteomics is the study of proteins including detection, identification, quantification, post-

translation modification, protein-protein interaction and so on. Proteomics employs two 

primary strategies: the top-down and bottom-up approaches, distinguished by their target 

analytes.  In the top-down approach, intact proteins are the subject of study, whereas the 

bottom-up approach involves the enzymatic digestion of proteins, typically using trypsin, 

to generate peptides64,65. These peptides are subsequently separated via high-

performance liquid chromatography (HPLC) and analyzed using mass spectrometry (MS), 

as depicted in Figure 7.The reversed-phase HPLC that uses a non-polar stationary phase 

and a polar mobile phase is the most commonly used LC for peptide separation, where 

peptides are separated based on their hydrophobicity66.  This bottom-up approach takes 
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advantage of the fact that peptides can be better separated on the HPLC and more easily 

ionized and fragmented to be identified by MS over intact protein67. Consequently, the 

bottom-up approach has gained widespread adoption in protein characterization, 

particularly for high-throughput analyses. Depending on the purpose of the study, various 

mass analyzers and peptide fragmentation techniques are available to facilitate the 

bottom-up approach. 

 

 

Figure 7: Overall workflow bottom-up proteomics: proteins are digested into peptides, 

followed with separation and analysis by LC-MS/MS. Depending on purpose, the MS spectra 

can be converted to sequence either with database search or de novo sequencing. 

In MS, peptides ions are detected in the mass analyzer based on their mass-charge-ratio 

(m/z). Since last century, multiple mass analyzer are available on the market, e.g. linear 

ion trap (LIT), time of flight (TOF), quadrupole, Orbitrap, and Fourier Transform Ion 

Cyclotron Resonance analyzers. Each analyzer applies a different strategy on isolation and 

measurement of peptide masses. A quadrupole mass analyzer, for instance,  discriminates 

and filters ions of different m/z based on its trajectory in the electric field under certain 

direct current potential and radio frequency (RF)68,69. The ions that have unstable 

trajectory are filtered out. LIT has very similar mechanism like quadrupole, but consists 

of only two hyperbolic electrode plates instead of four hyperbolic rods70. Ions of different 

m/z are trapped by varying the RF potential. While both quadrupole and LIT are very 

popular mass analyzer for its relative low cost and high scan speed, they have a big 

disadvantage for the low resolution power71. TOF is made up of a flight tube and an 
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acceleration grid72,73. Ions are accelerated from the ion source and fly in the tube, then 

they are distinguished based on their arrival times at the detector. TOF analyzer exhibits 

high ion transmission efficiency and achieves wide mass range74. Orbitrap, in contrast, is 

built of an inner spindle electrode and two outer hollow concave electrodes facing each 

other75,76. Ions are introduced into the orbitrap when a voltage potential is applied 

between inner and outer electrodes. The ions will have a harmonic axial oscillation and 

the motion of the ions are detected. The signal of the time domain is converted to a 

frequency domain by Fourier transform, thus the m/z of ions are determined. Orbitrap 

gained significant attention since its integration into commercial instruments (LTQ 

Orbitrap, Thermo Fisher Scientific) in 2005, owing to its high resolving power. Modern 

tandem MS utilizes various mass analyzers, enabling analyses of a broader mass range and 

enhanced accuracy. 

In tandem MS, the m/z of peptide ions are analyzed by the first mass analyzer and the 

selected ions are further fragmented into product ions. From the mass analysis of the 

resulting peptide fragments, the sequence and post translation modifications of the 

peptides can be characterized. Nowadays, there are three main fragmentation strategy: 

collision-based fragmentation (collision induced/activated dissociation (CID/CAD)); 

electron-based fragmentation (electron transfer /capture dissociation (ETD/ECD)); and 

photon-based fragmentation (ultraviolet or infrared photodissociation (UVPD/IRPD)). 

The collision-based dissociation strategy is the most commonly utilized fragmentation 

scheme in bottom-up proteomics for its easy implementation in MS and high 

fragmentation efficiency on the tryptic digested peptides. In CID, peptide ions collide with 

neutral gas atoms and induces the C-N (peptide) bonds cleavage, generating what are 

called b/y ions as fragments (seen panel c Figure 8). Higher-energy collisional dissociation 

(HCD) is a beam-type CID technology associated with orbitrap instrument. Currently the 

stepped HCD has been applied, which fragments the precursor ions with low, medium and 

high energy77. Compared with using a single collisional energy, stepped HCD shows 

superior protein identification and enhanced peptide sequence coverage. 

 



Chapter 1 
 

20 
 

 

Figure 8: Peptide fragmentation by bottom-up approach. a) The Roepstorff-Fohlman-

Johnson nomenclature for peptide fragment ions: the charge of a,b,c ions are retained on the 

N terminal and x,y,z ions are retained on the C terminal78,79. b) an EThcD fragmentation 

spectrum, b/y ions are indicated in green and purple, while c/z ions are indicated in orange 

and dark blue. c) two commonly used fragmentation techniques 

In contrast with collision-based methods, ETD and ECD employ a distinct mechanism to 

fragment precursor ions, namely electron-mediated dissociation. In ECD, multiple positive 

charged ions interact with free low-energy electrons, while ETD utilizes gas-phase reagent 

consisting of radical anions. The reaction leads to the N-Cα bond cleavage in the peptide 

backbone and generates c/z ions, whilst preserving labile post-translation modification, 

e.g. glycosylation and phosphorylation80. Though ETD was introduced several years later 

than ECD, it has been more wildly applied mainly due to its implementation on more 

affordable instruments. Compared with collision based method. ETD/ECD has a much 

lower efficacy and requires longer activation time, as well as more precursor ions as input. 

Especially with the lower charge peptide ions, the non-dissociative electron transfer 

dissociation (ETnoD) often happens: the cleavage of the N-Cα bonds occurs but the c- and 

z•-type product ions are held together by noncovalent interactions present in the more 

compact structures, thus no sequence information is provided81. To tackle this challenge, 

ways to increase the peptides charge state have been studied: chemical modification on 

the peptides or using proteases to generate long peptides. 

UVPD relies on lasers to increase the internal energy of selected precursor ions, leading to 

fragmentation and the production of various ion types (a/b/c/x/y/z), particularly 
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advantageous for intact protein analysis82. Unlike electron-based dissociation, UVPD does 

not require high charge states but presents challenges in precise ions assignment. 

In conclusion, CID and HCD are still the most popular technique in bottom-up proteomics 

workflows for their high efficiency and affordability, particularly for high-throughput 

screening. Electron-mediated dissociation techniques are employed more for protein 

post-translation modification and long peptides or intact protein study for its requirement 

on multiply charged ions. 

Following fragmentation, MS spectra are acquired and analyzed by two main strategies: 

database search and de novo sequencing. The database search method is the most 

widespread: the protein sequences from a given database are digested in silico into 

peptides and the theoretical spectra are generated for comparison with the experimental 

spectra. In contrast, de novo sequencing tools directly convert MS spectra into sequence 

information without relying on a predefined database. While accurate de novo sequencing 

requires rich fragmentation spectra with full coverage of b/y or c/z ions at every possible 

position along the peptide backbone, database searching is more tolerant to missing peaks. 

On the other hand, de novo sequencing can be performed without any prior knowledge on 

the underlying protein sequences, while database searching is limited to the previously 

determined protein sequences. As a result of this inherent tradeoff, several bottom-up 

proteomics strategies have been employed, combining both database searching and de 

novo sequencing to characterize antibodies directly at the protein level.  

Proteogenomics approach 

Depending on sample material and data analysis, antibody discovery methods based on 

bottom up approach can be classified into two strategies:  Proteogenomics approach and 

direct antibody sequencing. Seen in figure 8 panel a, the proteogenomics approach, 

sometimes refered to as “Ig-seq”, combines both single B cell sequencing technology and 

bottom-up proteomics, while the direct antibody de novo sequencing method studies the 

antibody without any cDNA-based database.  
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Figure 9: Two methods in antibody de novo sequencing. a) uses a customized database 

generated by single B cell sequencing; b) Study the antibody sequence directly on the protein 

level without any knowledge of DNA sequence 

Lavinder et al have applied the “Ig-seq” method to study the human serum antibody 

repertoire after vaccination83.  In the Ig-seg method, a paired VH-VL gene database is 

collected by single B cell sequencing and the antigen-specific antibody is purified from 

sera. The antigen-specific antibodies are enzymatically digested by trypsin to generate 

peptides for bottom-up proteomics analysis. Owing to the high frequency of R/K in the 

beginning of the CDR3 regions, trypsin often generates the peptides that cover the whole 

CDR3 regions. CDR3 is the most heterogeneous region in the antibody sequence: a unique 

CDR3 often represents a unique clone84. Through the Ig-seg method, the gap between the 

B cell repertoire and serological antibody repertoire is bridged.  Nevertheless, the 

incompleteness of the B cell sequence database remains a significant challenge, 

necessitating the development of novel analytical methods that study the antibody 

repertoire directly at the protein-level, independently from databases constructed with 

cDNA sequences. 
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Figure 10: Workflow of Ig-seq method: Generation of customized database by single B cell 

sequencing, followed with tryptic digestion of serum IgG and quantitatively search for CDR3 

region peptides. Figure adapted from Lavinder et al83. Copyright © 2014 Elsevier Ltd. 

A direct de novo antibody sequencing approach 

In contrast to the previously discussed methods, the direct de novo antibody sequencing 

method based on MS stands out for not relying on database search, but rather on 

estimating the peptide sequence from every individual fragmentation spectrum and 

assembling the full heavy and light chain sequences from these shorter fragments. Like 

the conventional bottom-up proteomics experiment, it starts with the proteolytic 

digestion of antibody to peptides, but the key challenge is to obtain full coverage, as 

missing regions can no longer be inferred from matched database entries. In general, 

trypsin is the gold standard in the proteomics work due to its extraordinary performance 

in generating ideal 2+/3+ peptides with suitable length (10-15 amino acids) for CID or HCD 

fragmentation66,85. Trypsin cleaves the protein at the C- terminus of the basic amino acids 

arginine and lysine. The C-terminus basic residue are ideal for positive ionization86. 
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Moreover, the CID/HCD fragmentation of tryptic peptides benefits from the balance of the 

N-terminus amine and the C-terminus basic residues87. Most peptide identification 

algorithms are developed based on tryptic digestion and the nature of the tryptic peptides 

are extensively studied, thus the identification of tryptic peptides notably superior to 

those from other proteases.88–90. However, even trypsin alone still cannot provide a full 

protein sequence coverage: The uneven distribution of the target sites (R and K) leads to 

yield either too long or too short peptides that cannot be identified or assembled into the 

full protein sequence. Using multiple proteases to yield overlapping peptides can 

significantly increase the antibody sequence coverage91–94. Several alternative proteases 

have been studied in the past few years to optimize the sample preparation for proteomics 

work, including chymotrypsin, thermolysin, alpha-lytic protease and so on. Each of these 

proteases have their unique digestion sites and exhibit different benefits.  

 

 

Figure 11: Strategy for the direct antibody de novo sequencing based on bottom-up 

proteomics: Antibody is digested by multiple proteases, the digested peptides are separated 

and analyzed by LC-MS/MS. The peptides can be de novo sequenced and assembled into full 

sequence. The sequence accuracy can be validated by production of the recombinant 

antibody and characterization its binding with antigen via western blot, ELISA, 

immunofluorescence microscopy. 
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For example, chymotrypsin is one protease that is often used beyond trypsin, which shows 

preference for cleaving at hydrophobic sites (leucine and methionine) as well as aromatic 

sites (tryptophan, tyrosine and phenylalanine), which fills the sequence gap that tryptic 

peptides leave.  As an added benefit, the specificity of chymotrypsin to cleave at leucine, 

but not isoleucine, provides a great opportunity to distinguish between these isobaric 

residues, offering a partial solution to this classical problem in mass spectrometry based 

peptide sequencing95,96.  

Some unspecific proteases like elastase, thermolysin, and pepsin also show advantages by 

generating numerous overlapping peptides97. The non-trypsin proteases often generate 

peptides with higher charge state because of the internal basic amino acids, which are not 

optimal for HCD/CID but better for ETD fragmentation91,98. For example, application of 

ETD fragmentation on the LysN digested peptides produced spectra dominated by an 

extensive series of c-ions, which showed great potential for de novo sequencing99. Though 

ETD is extremely inefficient for the fragmentation of doubly charged peptides81,98,100, the 

problem can be solved by application of data-dependent decision-tree-based 

fragmentation schemes, or supplemental activation of the ions with collision-based 

methods, commonly referred to as activated ion electron transfer dissociation  (AI-ETD), 

collision activated ETD (ETcaD and EThcD)92,101–103. By generation of both b/y and c/z 

series of ions, EThcD achieves very extensive peptide sequence coverage across a wide 

range of peptide charge states generated by a wide range of proteases104. Several studies 

demonstrate that EThcD also shows great potential in distinguish leucine and isoleucine 

by the production of w ions, which are secondary fragments with signature losses that 

differ between the two isobaric residues105,106. 
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Figure 12: Mechanism of production of w ions from Leucine residue, which demonstrate the 

chance of distinguish leucine and isoleucine with MS107 

In classical bottom-up proteomics work, MS spectra are conventionally matched against a 

specific protein database containing relevant proteins. Various search engines, such as 

Maxquant, utilize artificially generated spectra for computational comparison with 

experimental spectra, yielding a score for the identified peptide. The drawback of the 

database search is it is relying on the database availability. Human antibodies, for example, 

are highly variable and a comprehensive database is not only absent, but also wildly 

impractical given the enormous sequence space that antibodies can sample from.  
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 Table 2: List of some published de novo sequencing algorithms 

 

De novo sequencing, in contrast, provides the sequence information only from the MS 

spectra, is a complementary approach to overcome this limitation, and especially suitable 

for this direct antibody de novo sequencing.  Successful implementation hinges on both 

the high-resolution mass spectrometer providing quality spectra and software capable of 

directly translating these spectra into sequences. Table 2 outlines the main concerns and 

capabilities of currently available and commonly used de novo sequencing tools. 

Distinguishing itself from other algorithms listed in the table, Supernovo is an automated 

tool tailored for monoclonal antibody de novo sequencing. Supernovo leverages the 

antibody germline sequences from the IMGT database and utilizes the Byonic search 

engine for V- and C-region candidate identification separately, based on a database 

matching step18,117. After the most probable J-region is found by wildcard search, 

Supernovo assemble the V-,J- and C- region into the full template for the further 

refinement via both de novo sequencing and repeated wildcard search118,119.  

 

Software License Support MS 

Fragmentation 

Method 

Speed Open-

source 

Customize 

Modification 

/Digestion 

Supernovo108 Commercial HCD/ETD/EThcD Days No Yes 

PEAKS109 Commercial HCD/ETD/EThcD Hours No Yes 

pNovo110–112 free HCD/ETD Minutes No Yes 

MaxNovo113 free HCD Hours No Yes 

Novor114 free HCD/ETD/EThcD Minutes No Yes 

Casanovo115,116 

free 

  

  Minutes 

with 

GPU 

Weeks 

without 

GPU 

Yes 

Needs to 

retrain  

the model 
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Figure 13: The monoclonal antibody de novo sequencing workflow of Supernovo108. 

Copyright © 2017 © American Society for Mass Spectrometry  

Besides Supernovo, all other peptide sequencing software listed in table 2 focus on de novo 

peptide sequencing, which interpret the MS spectra to peptide sequence. Each tool 

possesses unique strengths and weaknesses. As discussed in the sample preparation for 

de novo sequencing, atypical chemical reagents and multiple proteases are often employed 

to enhance sequencing accuracy. Thus, it is crucial for the search engines to accommodate 

customized modifications and digestion parameters. While most tools offer this flexibility, 

it's noteworthy that Casanovo and all other deep-learning based tools, lean heavily on 

training the model with available datasets of peptide identifications. As a consequence, 

target peptides that are generated by uncommon proteases, carry uncommon 

modifications, or are fragmented with uncommon methods, all require costly retraining 

of the model with appropriate data. Support for uncommon fragmentation techniques like 

EThcD, is currently limited in most types of de novo sequencing algorithms, while it stands 

out in its performance for peptide fragmentation and potential for de novo peptide 

sequencing. Among the listed tools, PEAKS and Novor stand out as the two algorithms 

capable of handling EThcD spectra, contributing to their enhanced peptide sequence 

coverage120,121. Although pNovo3 supports both HCD and ETD fragmentation schemes, it 

lacks support for EThcD. Notably, PEAKS is the sole commercial tool among these de novo 

peptide sequencing tools, marked by its consistent updates and robust maintenance. 

Both MaxNovo and pNovo adopt the strategy of converting MS/MS spectra into graphs 

prior to computation 122. In this method, one peak represents one pair of vertices: b/y ions 
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in HCD spectrum and c/z ions in ETD spectrum. When the mass difference between two 

vertices generated from two peaks matches the mass of the amino acid, they are connected 

into an edge. Thus, the path connecting the edges stands for the peptide sequence. 

However, the missing ions between the path from N to C terminus break up the connection 

and leads to the mistake in the sequences. Moreover, situations where only b or y ions are 

generated in HCD/CID spectra further compound the limitations of this graph-based 

strategy123.  

 

Figure 14: An example exhibits how spectrum-graph strategy works. a) illustrates the MS 

spectrum of peptide DHGMPF. b) shows the graph converted from the MS spectrum of peptide 

DHGMPF. Figure adopted from Frank et al124. Copyright © 2007 American Chemical Society 

In contrast, PEAKS and Novor adopt alternative strategies that bypass spectrum-to-graph 

conversion. PEAKS, for instance, preprocess the raw file data by noise filtering, peak 

centering and deconvolution higher charged PEAKS into singly charged ions. 
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Subsequently, it employs a dynamic programming algorithm to predict up to 10,000 

potential peptide sequences matching a precursor ion mass. These sequences are 

evaluated based on proximity of predicted amino acid masses to observed peaks in the 

spectrum, thereby assigning scores to both sequences and individual amino acids. In the 

last few years, notably, PEAKS has integrated the deepNovo algorithm , enhancing analysis 

accuracy and speed125. It has also extended its capabilities to accommodate data-

independent acquisition mode126. Notably, Novor has made the real-time de novo 

sequencing possible: It reaches a speed of over 300 spectra per second on a laptop 

computer114,127,128. 

De novo antibody sequencing based on middle-down approach  

While traditional bottom-up strategies have yielded valuable information, they face 

challenges in handling complex polyclonal samples. The polyclonal antibodies derived 

from human sera contain more than thousands of clones, even after antigen specific 

enrichment. Via bottom-up approach, antibodies are digested into peptides. However, the 

great heterogeneity in the CDR regions and high level of conservation in the framework 

poses a formidable barrier to confidently reconstruct complete antibody sequences.  Two 

identical heavy chains and two identical light chains are attached to each other via 

disulfide bonds to form an intact antibody. But they are fallen apart for the digestion, so 

that heavy chain and light chain pairing cannot be obtained in the bottom up approach. 

To tackle this challenge, the middle-down approach has emerged as a promising 

complementary method to study the antibody in a protein-centric manner. Compared 

with the top-down approach that analyzes the intact antibody, the middle-down approach 

first uses a protease to remove the Fc region and generate either the Fab (50 kDa) or Fab2 

(100 kDa) for reducing the complexity and molecular weight of the intact antibodies129–

132. Recently, Bondt et al published a workflow using the protease IdgE to generate Fab 

from the whole serum IgG1 repertoire and quantitatively profiled and compared the IgG1 

Fab repertoire of both sepsis patients and healthy donors133. Mass spectrometry provides 

the accurate mass of each clone, thereby facilitating more accurate antibody sequence 

assembly. Furthermore, the middle-down approach provides insights into the pairing of 
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heavy and light chains. 

 

Figure 15: the scheme of middle-down approach of antibody de novo sequencing: Generation 

of Fab or Fab2 by IgdE or IdeS enzyme, the exact molecular weight of Fab/Fab2 can be 

analyzed by LC/MS and it can be further fragmented by ETD/UVPD/ECD to obtain the 

sequence information. 

Remarkable progress has been made in mass analyzers and ion activation/dissociation 

techniques, such as ETD, ECD and UVPD. These advancements have significantly enhanced 

the sequence coverage achievable for Fab and Fab2 fragments, or at least the CDR3 

regions134. Den Boer et al demonstrated that the application of the ECD on the whole Fab2 

revealing CDR3 and FR4 coverage of both heavy chain and light chain while preserving 

disulfide bonds (Figure 16)135. Some attempts have also been made on more complicated 

samples: Mathieu el au applied ETD/HCD/EThcD/UVPD on the light chain from patients 

with multiple myeloma and achieved nearly full sequence coverage 136. 
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Despite the promising strides in middle-down approaches, several challenges persist, e.g. 

the separation based on LC of protein is much less established than peptides. Additionally, 

the ionization of Fab/Fab2 tends to be less efficient than peptides, posing difficulties in 

achieving high sequence coverage. The complexity of the resulting spectra further 

complicates data analysis. The Kelleher group and Gibbons group have developed some 

software, e.g. Prosight and LC-MS Spectator for processing the complicated data90,137,138. 

However, all the current algorithms require database search and cannot yet analyze the 

middle-down data in a de novo manner.  

To date, the predominant approach for novel antibody therapeutics discovery is still 

relying on isolation of the peripheral B cells from human survivors or seropositive 

individual that has immunoresponse to certain antigen and obtain the sequence via the 

single B cell sequencing technique. However, a considerable reservoir of potential 

antibodies remains undiscovered owing to the incomplete B cell databases.  Nonetheless, 

the integration of bottom-up and middle-down approaches holds the potential to bridge 

this gap. The bottom-up strategy provides an initial glimpse of the full-length sequence, 

which can then be validated and refined using the middle-down approach. This hybrid 

methodology provides a more comprehensive and accurate representation of antibody 

repertoires for therapeutic exploration. The remaining chapters in this thesis will 

showcase the current state-of-the-art in antibody sequencing by bottom-up proteomics 

technology, illustrating on several accounts that monoclonal antibodies, produced 

recombinantly, from hybridoma cell lines, or straight from human serum, can be 

sequenced with sufficient accuracy to reverse engineer functional antibody products. 
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Figure 16: ECD spectra of 4 Fab2: illustration of the coverage of CDR3 regions of both HC and 

LC. Figure adopted from Den Boer et al135. Copyright 2021 Royal Society of Chemistry. 
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Abstract: 

Antibody sequence information is crucial to understanding the structural basis for antigen 

binding and enables the use of antibodies as therapeutics and research tools. Here we 

demonstrate a method for direct de novo sequencing of monoclonal IgG from the purified 

antibody products. The method uses a panel of multiple complementary proteases to 

generate suitable peptides for de novo sequencing by LC-MS/MS in a bottom-up fashion. 

Furthermore, we apply a dual fragmentation scheme, using both stepped high-energy 

collision dissociation (stepped HCD) and electron transfer high-energy collision 

dissociation (EThcD) on all peptide precursors. The method achieves full sequence 

coverage of the monoclonal antibody Herceptin, with an accuracy of 99% in the variable 

regions. We applied the method to sequence the widely used anti-FLAG™-M2 mouse 

monoclonal antibody, which we successfully validated by remodeling a high-resolution 

crystal structure of the Fab and demonstrating binding to a FLAG™-tagged target protein 

in Western blot analysis. The method thus offers robust and reliable sequences of 

monoclonal antibodies. 

Keywords: 

mass spectrometry, antibody, de novo sequencing, EThcD, stepped HCD, Herceptin, FLAG 

tag, anti-FLAG-M2.  
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Introduction 

Antibodies can bind a great molecular diversity of antigens, owing to the high degree of 

sequence diversity that is available through somatic recombination, hypermutation, and 

heavy-light chain pairings (1, 2). Sequence information on antibodies therefore is crucial 

to understanding the structural basis of antigen binding, how somatic hypermutation 

governs affinity maturation, and an overall understanding of the adaptive immune 

response in health and disease, by mapping out the antibody repertoire. Moreover, 

antibodies have become invaluable research tools in the life sciences and ever more 

widely developed as therapeutic agents (3, 4). In this context, sequence information is 

crucial for the use, production and validation of these important research tools and 

biopharmaceutical agents (5, 6). 

Antibody sequences are typically obtained through cloning and sequencing of the coding 

mRNAs of the paired heavy and light chains (7-9). The sequencing workflows thereby rely 

on isolation of the antibody-producing cells from peripheral blood monocytes, or spleen 

and bone marrow tissues. These antibody-producing cells are not always readily available 

however, and cloning/sequencing of the paired heavy and light chains is a non-trivial task 

with a limited success rate (7-9). Moreover, antibodies are secreted in bodily fluids and 

mucus. Antibodies are thereby in large part functionally disconnected from their 

producing B-cell, which raises questions on how the secreted antibody pool relates 

quantitatively to the underlying B-cell population and whether there are potential 

sampling biases in current antibody sequencing strategies. 

Direct mass spectrometry (MS)-based sequencing of the secreted antibody products is a 

useful complementary tool that can address some of the challenges faced by conventional 

sequencing strategies relying on cloning/sequencing of the coding mRNAs (10-17). MS-

based methods do not rely on the availability of the antibody-producing cells, but rather 

target the polypeptide products directly, offering the prospect of a next generation of 

serology, in which secreted antibody sequences might be obtained from any bodily fluid. 

Whereas MS-based de novo sequencing still has a long way to go towards this goal, owing 

to limitations in sample requirements, sequencing accuracy, read length and sequence 

assembly, MS has been successfully used to profile the antibody repertoire and obtain 
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(partial) antibody sequences beyond those available from conventional sequencing 

strategies based on cloning/sequencing of the coding mRNAs (10-17).  

Most MS-based strategies for antibody sequencing rely on a proteomics-type bottom-up 

LC-MS/MS workflow, in which the antibody product is digested into smaller peptides for 

MS analysis (14, 18-23). Available germline antibody sequences are then often used either 

as a template to guide assembly of de novo peptide reads (such as in PEAKS Ab) (23), or 

used as a starting point to iteratively identify somatic mutations to arrive at the mature 

antibody sequence (such as in Supernovo) (21). To maximize sequence coverage and aid 

read assembly, these MS-based workflows typically use a combination of complementary 

proteases and unspecific digestion to generate overlapping peptides. The most 

straightforward application of these MS-based sequencing workflows is the successful 

sequencing of monoclonal antibodies from (lost) hybridoma cell lines, but it also forms 

the basis of more advanced and challenging applications to characterize polyclonal 

antibody mixtures and profile the full antibody repertoire from serum. 

Here we describe an efficient protocol for MS-based sequencing of monoclonal antibodies. 

The protocol requires approximately 200 picomol of the antibody product and sample 

preparation can be completed within one working day. We selected a panel of 9 proteases 

with complementary specificities, which are active in the same buffer conditions for 

parallel digestion of the antibodies. We developed a dual fragmentation strategy for 

MS/MS analysis of the resulting peptides to yield rich sequence information from the 

fragmentation spectra of the peptides. The protocol yields full and deep sequence 

coverage of the variable domains of both heavy and light chains as demonstrated on the 

monoclonal antibody Herceptin. As a test case, we used our protocol to sequence the 

widely used anti-FLAG™-M2 mouse monoclonal antibody, for which no sequence was 

publicly available despite its described use in 5000+ peer-reviewed publications (24, 25). 

The protocol achieved full sequence coverage of the variable domains of both heavy and 

light chains, including all complementarity determining regions (CDRs). The obtained 

sequence was successfully validated by remodeling the published crystal structure of the 

anti-FLAG™-M2 Fab and demonstrating binding of the synthetic recombinant antibody 

following the experimental sequence to a FLAG™-tagged protein in Western blot analysis. 

The protocol developed here thus offers robust and reliable sequencing of monoclonal 
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antibodies with prospective applications for sequencing secreted antibodies from bodily 

fluids. 

Method 

Sample preparation  

Anti-FLAG™ M2 antibody was purchased from Sigma (catalogue number F1804). 

Herceptin was provided by Roche (Penzberg, Germany). 27 μg of each sample was 

denatured in 2% sodium deoxycholate (SDC), 200 mM Tris-HCl, 10 mM tris(2-

carboxyethyl)phosphine (TCEP), pH 8.0 at 95°C for 10 min, followed with 30 min 

incubation at 37°C for reduction. Sample was then alkylated by adding iodoacetic acid to 

a final concentration of 40 mM and incubated in the dark at room temperature for 45 min.  

3 μg Sample was then digested by one of the following proteases: trypsin, chymotrypsin, 

lysN, lysC, gluC, aspN, aLP, thermolysin and elastase in a 1:50 ratio (w:w) in a total volume 

of 100 uL of 50 mM ammonium bicarbonate at 37°C for 4 h. After digestion, SDC was 

removed by adding 2 uL formic acid (FA) and centrifugation at 14000 g for 20 min. 

Following centrifugation, the supernatant containing the peptides was collected for 

desalting on a 30 µm Oasis HLB 96-well plate (Waters). The Oasis HLB sorbent was 

activated with 100% acetonitrile and subsequently equilibrated with 10% formic acid in 

water. Next, peptides were bound to the sorbent, washed twice with 10% formic acid in 

water and eluted with 100 µL of 50% acetonitrile/5% formic acid in water (v/v). The 

eluted peptides were vacuum-dried and reconstituted in 100 µL 2% FA.  

Mass Spectrometry 

The digested peptides (single injection of 0.2 ug) were separated by online reversed phase 

chromatography on an Agilent 1290 UHPLC (column packed with Poroshell 120 EC C18; 

dimensions 50 cm x 75 µm, 2.7 µm, Agilent Technologies) coupled to a Thermo Scientific 

Orbitrap Fusion mass spectrometer. Samples were eluted over a 90 min gradient from 0% 

to 35% acetonitrile at a flow rate of 0.3 μL/min. Peptides were analyzed with a resolution 

setting of 60000 in MS1. MS1 scans were obtained with standard AGC target, maximum 

injection time of 50 ms, and scan range 350-2000. The precursors were selected with a 3 

m/z window and fragmented by stepped HCD as well as EThcD. The stepped HCD 

fragmentation included steps of 25%, 35% and 50% NCE. EThcD fragmentation was 
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performed with calibrated charge-dependent ETD parameters and 27% NCE 

supplemental activation. For both fragmentation types, ms2 scans were acquired at 30000 

resolution, 4e5 AGC target, 250 ms maximum injection time, scan range 120-3500. 

MS Data Analysis 

Automated de novo sequencing was performed with Supernovo (version 3.10, Protein 

Metrics Inc.). Supernovo identifies closely matching antibody germline sequences from an 

initial database search, followed by iterative substitutions to the recombined V-J-C 

sequences of heavy and light chain by wildcard searches on the MS/MS spectra to 

converge to the final output sequence (21). Custom parameters were used as follows: non-

specific digestion; precursor and product mass tolerance was set to 12 ppm and 0.02 Da 

respectively; carboxymethylation (+58.005479) on cysteine was set as fixed modification; 

oxidation on methionine and tryptophan was set as variable common 1 modification; 

carboxymethylation on the N-terminus, pyroglutamic acid conversion of glutamine and 

glutamic acid on the N-terminus, deamidation on asparagine/glutamine were set as 

variable rare 1 modifications. Peptides were filtered for score >=500 for the final 

evaluation of spectrum quality and (depth of) coverage. The ‘depth of coverage’ was 

defined as the number of unique peptides with score >=500 that cover the position. 

Supernovo generates peptide groups for redundant MS/MS spectra, including also when 

stepped HCD and EThcD fragmentation on the same precursor both generate good 

peptide-spectrum matches. In these cases only the best-matched spectrum is counted as 

representative for that group. This criterium was used in counting the number of peptide 

reads reported in Table S1. Germline sequences and CDR boundaries were inferred using 

IMGT/DomainGapAlign (26, 27). 

Revision of the anti-FLAG™-M2 Fab crystal structure model 

As a starting point for model building, the reflection file and coordinates of the published 

anti-FLAG™-M2 Fab crystal structure were used (PDB ID: 2G60) (28). Care was taken to 

use the original Rfree labels of the deposited reflection file for refinement, so as not to 

introduce extra model bias. Differential residues between this structure and our mass 

spectrometry-derived anti-FLAG™ sequence were manually mutated and fitted in the 

density using Coot (29). Many spurious water molecules that caused severe steric clashes 

in the original model were also manually removed in Coot. Densities for two sulfate and 
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one chloride ion were identified and built into the model. The original crystallization 

solution contained 0.1 M ammonium sulfate. Iterative cycles of model geometry 

optimization in real space in Coot and reciprocal space refinement by Phenix were used 

to generate the final model, which was validated with Molprobity (30, 31). 

Cloning and expression of synthetic recombinant anti-FLAG™-M2 

To recombinantly express full-length anti-FLAG™-M2, the proteomic sequences of both 

the light and heavy chains were reverse-translated and codon optimized for expression in 

human cells using the Integrated DNA Technologies (IDT) web tool 

(http://www.idtdna.com/CodonOpt) (32). For the linker and Fc region of the heavy chain, 

the standard mouse Ig gamma-1 (IGHG1) amino acid sequence (Uniprot P01868.1) was 

used. An N-terminal secretion signal peptide derived from human IgG light chain 

(MEAPAQLLFLLLLWLPDTTG) was added to the N-termini of both heavy and light chains. 

BamHI and NotI restriction sites were added to the 5’ and 3’ ends of the coding regions, 

respectively. Only for the light chain, a double stop codon was introduced at the 3’ site 

before the NotI restriction site. The coding regions were subcloned using BamHI and NotI 

restriction-ligation into a pRK5 expression vector with a C-terminal octahistidine tag 

between the NotI site and a double stop codon 3’ of the insert, so that only the heavy chain 

has a C-terminal AAAHHHHHHHH sequence for Nickel-affinity purification (the triple 

alanine resulting from the NotI site). The L51I correction in the heavy chain was 

introduced later (after observing it in the crystal structure) by IVA cloning (33). 

Expression plasmids for the heavy and light chain were mixed in a 1:1 (w/w) ratio for 

transient transfection in HEK293 cells with polyethylenimine, following standard 

procedures. Medium was collected 6 days after transfection and cells were spun down by 

10 minutes of centrifugation at 1000 g. Antibody was directly purified from the 

supernatant using Ni-sepharose excel resin (Cytiva Lifes Sciences), washing with 500 mM 

NaCl, 2 mM CaCl2, 15 mM imidazole, 20 mM HEPES pH 7.8 and eluting with 500 mM NaCl, 

2 mM CaCl2, 200 mM imidazole, 20 mM HEPES pH 7.8. 

Western blot validation of anti-FLAG™-M2 binding 

To test binding of our recombinant anti-FLAG™-M2 to the FLAG™-tag epitope, compared 

to the commercially available anti-FLAG™-M2 (Sigma), we used both antibodies to probe 

Western blots of a FLAG™-tagged protein in parallel. Purified Rabies virus glycoprotein 
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ectodomain (SAD B19 strain, UNIPROT residues 20-450) with or without a C-terminal 

FLAG™-tag followed by a foldon trimerization domain and an octahistidine tag was heated 

to 95 °C in XT sample buffer (Biorad) for 5 minutes. Samples were run twice on a Criterion 

XT 4-12% polyacrylamide gel (Biorad) in MES XT buffer (Biorad) before Western blot 

transfer to a nitrocellulose membrane in tris-glycine buffer (Biorad) with 20% methanol. 

The membrane was blocked with 5% (w/v) dry non-fat milk in phosphate-buffered saline 

(PBS) overnight at 4 °C. The membrane was cut in two (one half for the commercial and 

one half for the recombinant anti-FLAG™-M2) and each half was probed with either 

commercial (Sigma) or recombinant anti-FLAG™-M2 at 1 µg/mL in PBS for 45 minutes. 

After washing three times with PBST (PBS with 0.1% v/v Tween20), polyclonal goat anti-

mouse fused to horseradish peroxidase (HRP) was used to detect binding of anti-FLAG™-

M2 to the FLAG™-tagged protein for both membranes. The membranes were washed three 

more times with PBST before applying enhanced chemiluminescence (ECL; Pierce) 

reagent to image the blots in parallel. 

Results 

We used an in-solution digestion protocol, with sodium-deoxycholate as the denaturing 

agent, to generate peptides from the antibodies for LC-MS/MS analysis. Following heat 

denaturation and disulfide bond reduction, we used iodoacetic acid as the alkylating agent 

to cap free cysteines. Note that conventional alkylating agents like iodo-/chloroacetamide 

generate +57 Da mass differences on cysteines and primary amines, which may lead to 

spurious assignments as glycine residues in de novo sequencing. The +58 Da mass 

differences generated by alkylation with iodoacetic acid circumvents this potential pitfall. 

We chose a panel of 9 proteases with activity at pH 7.5-8.5, so that the denatured, reduced 

and alkylated antibodies could be easily split for parallel digestion under the same buffer 

conditions. These proteases (with indicated cleavage specificities) included: trypsin (C-

terminal of R/K), chymotrypsin (C-terminal of F/Y/W/M/L), α-lytic protease (C-terminal 

of T/A/S/V), elastase (unspecific), thermolysin (unspecific),  lysN (N-terminal of K), lysC 

(C-terminal of K), aspN (N-terminal of D/E), and gluC (C-terminal of D/E).  Correct 

placement or assembly of peptide reads is a common challenge in de novo sequencing, 

which can be facilitated by sufficient overlap between the peptide reads. This favors the 

occurrence of missed cleavages and longer reads, so we opted to perform a brief 4-hour 
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digestion. Following digestion, SDC is removed by precipitation and the peptide 

supernatant is desalted, ready for LC-MS/MS analysis. The resulting raw data was used for 

automated de novo sequencing with the Supernovo software package. 

As peptide fragmentation is dependent on many factors like length, charge state, 

composition and sequence (34), we needed a versatile fragmentation strategy to 

accommodate the diversity of antibody-derived peptides generated by the 9 proteases. 

We opted for a dual fragmentation scheme that applies both stepped high-energy collision 

dissociation (stepped HCD) and electron transfer high-energy collision dissociation 

(EThcD) on all peptide precursors (35-37). The stepped HCD fragmentation includes three 

collision energies to cover multiple dissociation regimes and the EThcD fragmentation 

works especially well for higher charge states, also adding complementary c/z ions for 

maximum sequence coverage. 

We used the monoclonal antibody Herceptin (also known as Trastuzumab) as a 

benchmark to test our protocol (38, 39). From the total dataset of 9 proteases, we collected 

4408 peptide reads (defined as peptides with score >=500, see methods for details), 2866 

of which with superior stepped HCD fragmentation (compared to EThcD) and conversely 

1722 peptide reads with superior EThcD fragmentation (see Table S1). Sequence coverage 

was 100% in both heavy and light chains across the variable and constant domains (see 

Figures S1 and S2). The median depth of coverage was 148 overall and slightly higher in 

the light chain (see Table S1 and Figure S1-2). The median depth of coverage in the CDRs 

of both chains ranged from 42 to 210. 
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Figure 1. Mass spectrometry-based de novo sequencing of the monoclonal antibody 

Herceptin. The variable regions of the Heavy (A) and Light Chains (B) are shown. The MS-

based sequence is shown alongside the known Herceptin sequence, with differences 

highlighted by asterisks (*). Exemplary MS/MS spectra supporting the assigned sequences of 

the Heavy and Light Chain CDRs are shown below the alignments with protease, precursor 

charge state and fragmentation type indicated. Peptide sequence and fragment coverage are 

indicated on top of the spectra, with b/c ions indicated in blue and y/z ions in red. The same 

coloring is used to annotate peaks in the spectra, with additional peaks such as intact/charge 

reduced precursors, neutral losses and immonium ions indicated in green. Note that to 

prevent overlapping peak labels, only a subset of successfully matched peaks is annotated. 

The experimentally determined de novo sequence is shown alongside the known 

Herceptin sequence for the variable domains of both chains in Figure 1, with exemplary 

MS/MS spectra for the CDRs. We achieved an overall sequence accuracy of 99% with the 

automated sequencing procedure of Supernovo, with 3 incorrect assignments in the light 

chain. In framework 3 of the light chain, I75 was incorrectly assigned as the isomer 

Leucine (L), a common MS-based sequencing error. In CDRL3 of the light chain, an 

additional misassignment was made for the dipeptide H91/Y92, which was incorrectly 

assigned as W91/N92. The dipeptides HY and WN have identical masses, and the 
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misassignment of W91/N92 (especially W91) was poorly supported by the fragmentation 

spectra, in contrast to the correct H91/Y92 assignment (see c6/c7 in fragmentation 

spectra, Figure 1). Overall, the protocol yielded highly accurate sequences at a combined 

230/233 positions of the variable domains in Herceptin. 

The combined use of both stepped HCD and EThcD fragmentation resulted in superior 

accuracy compared to the separate fragmentation techniques (see Figure S3). Likewise, 

the use of all nine proteases resulted in superior accuracy compared to a smaller subset 

of trypsin, chymotrypsin, thermolysin and elastase or single protease datasets (see Figure 

S3). Finally, compared to overnight digestion, the shorter 4-hour digestion of our protocol 

resulted in peptides of similar length (see Figure S4). However, specific proteases showed 

different effects of digestion time; overnight digestion gave a higher number of peptides 

for trypsin and chymotrypsin, but fewer for elastase and thermolysin digestion. From the 

subset of 4 proteases (trypsin, chymotrypsin, elastase and thermolysin) used for this 

comparison, the overnight digestion resulted in fewer errors compared to the 4 hour 

digestion overall, to an equivalent number as observed in the full dataset with 9 proteases. 

The main benefit of the shortened digestion is therefore that the sample preparation can 

be completed within one working day. These comparisons highlight that the key to 

accurate sequencing with our protocol is the dual fragmentation scheme in combination 

with the multitude of proteases for antibody digestion, rather than digestion time, and that 

the protocol could be further optimized by adapting digestion time for specific proteases 

individually.  

We next applied our sequencing protocol to the mouse monoclonal anti-FLAG™-M2 

antibody as a test case (24). Despite the widespread use of anti-FLAG™-M2 to detect and 

purify FLAG™-tagged proteins (40), the only publicly available sequences can be found in 

the crystal structure of the Fab (28). The modelled sequence of the original crystal 

structure had to be inferred from germline sequences that could match the experimental 

electron density and also includes many placeholder Alanines at positions that could not 

be straightforwardly interpreted. The full anti-FLAG™-M2 dataset from the 9 proteases 

included 3371 peptide reads (with scores >= 500); 1983 with superior stepped HCD 

fragmentation spectra (compared to EThcD) and conversely 1388 with superior EThcD 

spectra. We achieved full sequence coverage of the variable regions of both heavy and light 

chains, with a median depth of coverage in the CDRs ranging from 32 to 192 (see Table 
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S1). As for Herceptin, the depth of coverage was better in the light chain compared to the 

heavy chain (see Figure S1-S2). The full MS-based anti-FLAG™-M2 sequences can be found 

in FASTA format in the supplementary information. 

 

Figure 2. Mass spectrometry based de novo sequence of the mouse monoclonal anti-FLAG™-

M2 antibody. The variable regions of the Heavy (A) and Light Chains (B) are shown. The MS-

based sequence is shown alongside the previously published sequenced in the crystal 

structure of the Fab (PDB ID: 2G60), and germline sequence (IMGT-DomainGapAlign; IGHV1-

04/IGHJ2; IGKV1-117/IGKJ1). Differential residues are highlighted by asterisks (*). 

Exemplary MS/MS spectra in support of the assigned sequences are shown below the 

alignments with protease, precursor charge state and fragmentation type indicated. Peptide 

sequence and fragment coverage are indicated on top of the spectra, with b/c ions indicated 

in blue, y/z ions in red. The same coloring is used to annotate peaks in the spectra, with 

additional peaks such as intact/charge reduced precursors, neutral losses and immonium 

ions indicated in green. Note that to prevent overlapping peak labels, only a subset of 

successfully matched peaks is annotated. 
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Figure 3. Validation of the MS-based anti-FLAG™-M2 sequence. A) the previously published 

crystal structure of the anti-FLAG™-M2 FAb was remodeled with the experimentally 

determined sequence, shown in surface rendering with CDRs and differential residues 

highlighted in colors. B) 2Fo-Fc electron density of the new refined map contoured at 1 RMSD 

is shown in blue and Fo-Fc positive difference density of the original deposited map contoured 

at 1.7 RMSD in green around the CDR loops of the heavy and light chains. Differential residues 

between the published crystal structure and the model based on our antibody sequencing are 

indicated in purple. C) Western blot validation of the synthetic recombinant anti-FLAG™-M2 

antibody produced with the experimentally determined sequence demonstrate equivalent 

FLAG™-tag binding compared to commercial anti-FLAG™-M2 (see also Figure S3). 

The MS-based sequences of anti-FLAG™-M2 are shown alongside the crystal structure 

sequences and the inferred germline precursors with exemplary MS/MS spectra for the 

CDRs in Figure 2. The experimentally determined sequence reveals that anti-FLAG™-M2 

is a mouse IgG1, with an IGHV1-04/IGHJ2 heavy chain and IGKV1-117/IGKJ1 kappa light 

chain. The experimentally determined sequence differs at 34 and 9 positions in the heavy 

and light chain of the Fab crystal structure, respectively. To validate the experimentally 

determined sequences, we remodeled the crystal structure using the MS-based heavy and 

light chains, resulting in much improved model statistics (see Figure 3 and Table S2). The 

experimental electron densities show excellent support of the MS-based sequence (as 

shown for the CDRs in Figure 3B). A notable exception is L51 in CDRH2 of the heavy chain. 

The MS-based sequence was assigned as Leucine, but the experimental electron density 

supports assignment of the isomer Isoleucine instead (see Figure S5). In contrast to the 

original model our new MS-based model reveals a predominantly positively charged 

paratope (see Figure S6), which potentially complements the -3 net charge of the FLAG™ 
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tag epitope (DYKDDDDK) to mediate binding. The experimentally determined anti-

FLAG™-M2 sequence, with the L51I correction, was further validated by testing binding of 

the synthetic recombinant antibody to a purified FLAG™-tagged protein in Western blot 

analysis (see Figure 3C and S7). The synthetic recombinant antibody showed equivalent 

binding compared to the original antibody sample used for sequencing, confirming that 

the experimentally determined sequence is reliable to obtain the recombinant antibody 

product with the desired functional profile. 

Discussion 

There are four other monoclonal antibody sequences against the FLAG™ tag publicly 

available through the ABCD (AntiBodies Chemically Defined) database (41-43). 

Comparison of the CDRs of anti-FLAG™-M2 with these additional four monoclonal 

antibodies reveals a few common motifs that may determine FLAG™-tag binding 

specificity (see Table S3). In the heavy chain, the only common motif between all five 

monoclonals is that the first three residues of CDRH1 follow a GXS sequence. In addition, 

the last three residues of CDRH3 of anti-FLAG™-M2 are YDY, similar to MDY in 2H8, and 

YDF in EEh13.6 (and EEh14.3 also ends CDRH3 with an aromatic F residue). In contrast to 

the heavy chain, the CDRs of the light chain are almost completely conserved in 4/5 

monoclonals with only minimal differences compared to germline. The anti-FLAG™-M2 

and 2H8 monoclonals were specifically raised in mice against the FLAG™-tag epitope (24, 

42), whereas the computationally designed EEh13.6 and EEh14.3 monoclonals contain the 

same light chain from an EE-dipeptide tag directed antibody (41). This suggests that the 

IGKV1-117/IGKJ1 light chain may be a common determinant of binding to a small 

negatively charged peptide epitope like the FLAG™-tag and is readily available as a 

hardcoded germline sequence in the mouse antibody repertoire. 

The availability of the anti-FLAG™-M2 sequences may contribute to the wider use of this 

important research tool, as well as the development and engineering of better FLAG™-tag 

directed antibodies. This example illustrates that our MS-based sequencing protocol 

yields robust and reliable monoclonal antibody sequences. The protocol described here 

also formed the basis of a recent application where we sequenced an antibody directly 

from patient-derived serum, using a combination with top-down fragmentation of the 

isolated Fab fragment (44). The dual fragmentation strategy yields high-quality spectra 
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suitable for de novo sequencing and may further contribute to the exciting prospect of a 

new advanced serology in which antibody sequences can be directly obtained from bodily 

fluids. 

Data Availability 

The raw LC-MS/MS data have been deposited to the ProteomeXchange Consortium via the 

PRIDE partner repository with the dataset identifier PXD023419. The coordinates and 

reflection file with phases for the remodeled crystal structure of the anti-FLAG™-M2 Fab 

have been deposited in the Protein Data Bank under accession code 7BG1. 
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anti-FLAG-M2 MS-based sequence (with L51I correction) 

>anti-FLAG-M2_MS_HeavyChain 

QVQLQQSAAELARPGASVKMSCKASGYSFTTYTIHWVKQRPGQGLEWIGYINPSSGYAAYNQN

FKDETTLTADPSSSTAYMELNSLTSEDSAVYYCAREKFYGYDYWGQGATLTVSSAKTTPPSVYP

LAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVPSSP

RPSETVTCNVAHPASSTKVDKKIVPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVV

VDISKDDPEVQFSWFVDDVEVHTAQTQPREEQFNSTFRSVSELPIMHQDWLNGKEFKCRVNS

AAFPAPIEKTISKTKGRPKAPQVYTIPPPKEQMAKDKVSLTCMITDFFPEDITVEWQWNGQPA

ENYKNTQPIMNTNGSYFVYSKLNVQKSNWEAGNTFTCSVLHEGLHNHHTEKSLSHSPGK 

>anti-FLAG-M2_MS_LightChain 

DVLMTQIPLSLPVSLGDQASISCRSSQSIVHRNGNTYLEWYLLKPGQSPKLLIYKVSNRFSGVPD

RFSGSGSGTDFTLKISRVEAEDLGVYYCFQGSHVPYTFGGGTKLEIRRADAAPTVSIFPPSSEQLT

SGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYERH

NSYTCEATHKTSTSPIVKSFNRNEC 

Table S1. Coverage statistics for the Herceptin benchmark and anti-FLAG™-M2 MAb 

sequences. 

 

   Herceptin anti-FLAG-M2 

total  4408 3371 
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# peptide reads (Byonic 
score >=500) 

stepped HCD  2686 1983 

EThcD  1722 1388 

depth-of-coverage 
(median [range]) 

total  148 [8-394] 84 [0-382] 

    

CDRH1  163 [158-176] 32 [22-47] 

CDRH2  94 [88-103] 39 [36-43] 

CDRH3  42 [18-67] 66 [50-75] 

    

CDRL1  210 [208-218] 192 [144-207] 

CDRL2  74 [71-84] 46 [40-60] 

CDRL3  140 [130-143] 127 [109-131] 
 

 

 

Table S2. Model statistics for Fab crystal structure. 

 

Table S3. Comparison of CDR sequences from anti-FLAG™-M2 to other known FLAG™-

tag binding MAbs (see refs 41-42).   

Refinement statistics 

Resolution (Å) 42.52-1.86  

No. of reflections 39988  

PDB 2G60 (old)  7BG1 (new)  

Total number of atoms 3518  3497  

Average atomic displacement parameter (Å2) 45.0  52.0  

Rwork/Rfree 0.235/0.278  0.217/0.255  

Bond length RMSZ 0.93  0.28  

Bond angle RMSZ 0.96  0.51  

Ramachandran favored/outliers (%) 93.0/1.0  97.57/0.24  

Molprobity score 3.37 1.60  

Clashscore 56  3.61  
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   Heavy Chain 

MAb  CDRH1 CDRH2 CDRH3 

anti-FLAG-M2  GYSFTTYT----     LNPSSGYA  AREKFYGYDY     

2H8  GFSLNTSGRS--     IYWDDDK   ARRMDY         

EEh13.6  GDSLSSFNAGVN HGAVM-STR AKSTGRYDF      

EEh14.3  GDSLSSYNAGVN HMAGV-STR VRNEWSGAF      

EEf15.4  GFSIK--GANVN HVRGDASTR ADRKMYSFYSGGEA 

     

   Light Chain 

MAb  CDRL1 CDRL2 CDRL3 

anti-FLAG-M2  QSIVHRNGNTY KVS FQGSHVPYT   

2H8  QSLVHSNGNTY KVS SQSTHVPYT   

EEh13.6  QSIVHSNGNTY KVS FQGSLVPPT   

EEh14.3  QSIVHSNGNTY KVS FQGSLVPPT   

EEf15.4  NARSGS      DGN SAFDQTNKYVG 
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Figure S1. Coverage maps of Herceptin benchmark (A) and anti-FLAG™-M2 MAb (B) 

sequences. Peptides with Byonic scores of >=500 are shown. 
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Figure S2. Depth of coverage profiles for Herceptin (A) and anti-FLAG™-M2 (B) 

sequences, based on peptides with Byonic score >=500, as in Figure S1.  
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Figure S3. Sequence accuracy of Herceptin by fragmentation type (A) and use of proteases 

(B). Supernovo analysis was performed using only the specified fragmentation type or 

proteases as input data. Resulting sequences were aligned to the Herceptin reference 

sequences to count the number of errors. Every substitution, insertion or deletion was 

counted as an error as listed before the output sequence; i.e. all positions labeled in purple 

and marked with an asterisks are counted. The ‘4 proteases’ dataset consists of trypsin, 

chymotrypsin, thermolysin and elastase. The total number of errors is shown for 

fragmentation strategy and protease datasets in panel C. 

  



Chapter 2 
 

68 
 

 

Figure S4. Peptide length depending on digestion time. Datasets of four proteases were 

combined for Supernovo analysis. Peptide length distribution is based on peptides with 

score >=500. Resulting sequences from Supernovo were aligned to the Herceptin 

reference sequences to count the number of errors. Every substitution, insertion or 

deletion was counted as an error as listed before the output sequence; i.e. all positions 

labeled in purple and marked with an asterisks are counted.  
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Figure S5. Isoleucine/Leucine assignment at Heavy Chain position 51 of anti-FLAG™-M2. 

(left panel) Electron density around isoleucine 51 at a contour level of 1.0 RMSD in blue 

and simulated annealing omit map density of the Cγ1, Cγ2 and Cδ atoms of this residue at a 

contour level of 2.5 R.M.S.D. in green. (right panel) A leucine instead of an isoleucine in 

this location has a poor fit to both maps.  

 

 

Figure S6. Electrostatic surface potential of the anti-FLAG™-M2 paratope. The revised 

crystal structure based on the MS-derived sequence (PDB ID: 7BG1) is shown alongside 

the original model (PDB ID: 2G60). The electrostatic surface was calculated with the 

default coulombic command in ChimeraX. 
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Figure S7. Western blot validation of synthetic recombinant anti-FLAG™-M2 compared 

to the originally sequenced sample. Same Western blot as shown in Figure 3C, showing 

complete lanes with marker positions. 
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Abstract: 

Antibodies can target a vast molecular diversity of antigens. This is achieved by generating 

a complementary diversity of antibody sequences though somatic recombination and 

hypermutation. A full understanding of the antibody repertoire in health and disease 

therefore requires dedicated de novo sequencing methods. Next generation cDNA 

sequencing methods have laid the foundation of our current understanding of the 

antibody repertoire, but these methods share one major limitation in that they target the 

antibody-producing B-cells, rather than the functional secreted product in bodily fluids. 

Mass spectrometry-based methods offer an opportunity to bridge this gap between 

antibody repertoire profiling and bulk serological assays, as they can access antibody 

sequence information straight from the secreted polypeptide products. In a step to 

meeting the challenge of MS-based antibody sequencing, we present a fast and simple 

software tool (Stitch) to map proteomic short reads to user-defined templates with 

dedicated features for both monoclonal antibody sequencing and profiling of polyclonal 

antibody repertoires. We demonstrate the use of Stitch by fully reconstructing 2 

monoclonal antibody sequences with >98% accuracy (including I/L assignment); 

sequencing a Fab from patient serum isolated by reversed-phase LC fractionation against 

a high background of homologous antibody sequences; sequencing antibody light chains 

from urine of multiple-myeloma patients; and profiling the IgG repertoire in sera from 

patients hospitalized with COVID-19. We demonstrate that Stitch assembles a 

comprehensive overview of the antibody sequences that are represented in the dataset 

and provides an important first step towards analyzing polyclonal antibodies and 

repertoire profiling.  
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Introduction 

Antibodies bind a wide variety of antigens with high affinity and specificity, playing a 

major role in the adaptive immune response to infections, but can also target self-antigens 

to mediate autoimmune diseases 1-4. Antibodies can mediate immunity by blocking 

essential steps of a pathogen’s replication cycle (e.g. receptor binding and cell entry), 

triggering the complement system, or activating a specific cell-mediated immune 

response known as antibody-dependent cellular cytotoxicity. Antibodies elicited in 

response to infection may persist in circulation for several months and regenerate quickly 

by subsequent exposures to the same antigen through a memory B-cell response 5,6. All 

this has made antibodies into popular serological markers of pathogen exposure and 

vaccine efficacy, therapeutic leads for the treatment of cancer and infectious disease, and 

invaluable research tools for specific labelling and detection of molecular targets. 

The large diversity of antigens that antibodies can target comes from a complementary 

diversity of available antibody sequences and compositions 2,7-11. Antibodies of most 

classes consist of a combination of two unique, paired, homologous polypeptides: the 

heavy chain and the light chain, each consisting of a series of the characteristic 

Immunoglobulin (Ig) domains. Both chains can be subdivided into a variable region, 

involved in antigen binding, and a constant region, which plays a structural role in 

oligomerization, complement activation and receptor-binding on immune cells. Disulfide 

bonds covalently link the heavy and light chains, and two copies of this covalent 

heterodimer are in turn disulfide-linked on the heavy chains to form the characteristic Y-

shaped antibody (consisting of two heavy chains and two light chains). Up to four separate 

gene segments encode each chain by somatic recombination of the Variable, Diversity 

(only in heavy chain), Joining, and Constant segments, known as V-(D)-J-C recombination. 

Every unique B-cell clone can draw from many unique alleles for each segment (up to 

hundreds for the V-segment) creating in the order of 105 possible unique V-(D)-J 

permutations. The number of possible unique pairings between the heavy and light chains 

further adds to the available variety of the fully assembled antibody.  

The V-(D)-J segments collectively make up the variable domain of the heavy and light 

chains, each containing three so-called complementarity-determining regions (CDRs), 

which are directly involved in antigen binding and ultimately responsible for binding 
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affinity and specificity 2,9,11. CDR1 and CDR2 lie fully encoded within the V-segment, while 

CDR3 lies encoded in the V-(D)-J junction and is therefore inherently more variable. After 

initial activation of naïve B-cells, each with their specific V-(D)-J recombination, individual 

clones undergo a process of somatic hypermutation, in which additional sequence 

variation is introduced in the variable domain of the antibody, especially in the CDRs, 

resulting in affinity maturation of the coded antibody through a process of natural 

selection for the strongest antigen binders. This combination of somatic recombination, 

hypermutation and heavy-light chain pairing thus creates a vast repertoire of mature 

antibody sequences. 

This large sequence diversity within and between individuals requires dedicated de novo 

sequencing of antibodies to uncover the structural basis of antigen binding and to map out 

the antibody repertoire in both health and disease 12,13. Established methods for de novo 

antibody sequencing rely on cloning and sequencing of the coding mRNAs from single B-

cells, recovering up to hundreds of paired heavy and light chain sequences in a single study. 

While these methods have laid the foundation for our current understanding of the 

antibody repertoire, they share one major limitation in that sequencing requires recovery 

of the antibody-producing B-cells. While immature and memory B-cells do present 

antibodies on their surface, the major functional contribution of antibodies to adaptive 

immunity comes from the vast amounts that are secreted in blood and other bodily fluids. 

In other words, most antibodies are physically disconnected from their producing B-cell 

and there is no straightforward quantitative relation between serological test results (e.g. 

binding and neutralization titers) and antibody repertoires derived from single B-cell 

sequencing results. Expansion of memory B-cells into a secreting B-cell population, 

production and secretion levels of antibodies, and the lifetimes of both B-cells and 

secreted antibody product in bodily fluid may vary by orders of magnitude between 

unique B-cell clones. To address this caveat, methods to sequence and profile the 

functional antibody repertoire on the level of the secreted product are necessary. 

Mass spectrometry-based methods are particularly powerful for direct proteomic 

sequencing and profiling of secreted antibody products. This is illustrated by several 

recent proteogenomics studies in which targeted single B-cell sequencing data is used to 

generate a custom database for a conventional proteomics-type LC-MS/MS-based 
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database search to quantitatively profile the abundance of sequenced clones in serum 14-

21. These methods still rely on complementary cDNA sequencing of the antibody producing 

B-cell, unlike true de novo protein sequencing methods. Direct protein sequencing 

methods have focused especially on de novo sequencing of monoclonal antibodies, based 

on bottom-up analysis of digested peptides 22-31. With the aid of specialized software 

packages like DiPS, Supernovo, or ALPS, full and accurate sequences of the heavy and light 

chains can be reconstructed with the MS/MS spectra of the digested peptides 28,29,31. The 

use of multiple complementary proteases and novel hybrid fragmentation techniques 

provides large benefits in sequence coverage and accuracy in these methods 26. The 

obtained sequences are complete and accurate enough to reverse-engineer functional 

synthetic recombinant antibodies, for instance of monoclonal antibodies from lost 

hybridoma cell lines. Recently we also demonstrated complete sequencing of a 

monoclonal antibody isolated from patient serum by reversed-phase LC fractionation and 

integrated bottom-up and top-down analysis 32. Plasma proteomics methods to profile 

polyclonal IgG mixtures and other heterogeneous variant proteins based on de novo 

methods (SpotLight and LAX) have also recently been described 33-36.  

Characterization of polyclonal mixtures and a move toward full profiling of the circulating 

antibody repertoire remain major outstanding challenges for MS-based antibody 

sequencing. In a step to meeting these challenges, we present a fast and simple software 

tool (Stitch) to map proteomic short reads to user-defined templates with dedicated 

features for both monoclonal antibody sequencing and profiling of polyclonal antibody 

repertoires. We demonstrate the use of Stitch by fully reconstructing 2 monoclonal 

antibody sequences with >98% accuracy (including I/L assignment); sequencing a Fab 

from patient serum isolated by reversed-phase LC fractionation against a high background 

of homologous antibody sequences; sequencing antibody light chains from urine of 

multiple-myeloma patients; and profiling the IgG repertoire in sera from patients 

hospitalized with COVID-19. 

Methods 

Monoclonal antibodies and COVID-19 serum IgG – sample preparation 
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Herceptin and anti-FLAG-M2 were obtained as described in reference 26, F59 was purified 

from patient serum as described in reference 32. Convalescent serum from COVID-19 

patients were obtained under the Radboud UMC Biobank protocol; IgG was purified with 

Protein G affinity resin (Millipore). Samples were denatured in 2% sodium deoxycholate 

(SDC), 200 mM Tris–HCl, 10 mM Tris(2-carboxyethyl)phosphine (TCEP), pH 8.0 at 95 °C 

for 10 min, followed by 30 min incubation at 37 °C for reduction. The samples were then 

alkylated by adding iodoacetic acid to a final concentration of 40 mM and incubated in the 

dark at room temperature for 45 min. For herceptin and anti-FLAG-M2 a 3 μg sample was 

then digested by one of the following proteases: trypsin (Promega), chymotrypsin (Roche), 

lysN (Thermo Fisher Scientific), lysC (FUJIFILM Wako Pure Chemical Corporation), gluC 

(Roche), aspN (Roche), aLP (Sigma-Aldrich), thermolysin (Promega), and elastase (Sigma-

Aldrich) in a 1:50 ratio (w/w) in a total volume of 100 μL of 50 mM ammonium 

bicarbonate at 37 °C for 4 h. After digestion, SDC was removed by adding 2 μL of formic 

acid (FA) and centrifugation at 14 000g for 20 min. Following centrifugation, the 

supernatant containing the peptides was collected for desalting on a 30 μm Oasis HLB 96-

well plate (Waters). The F59 monoclonal isolated from patient serum was digested in 

parallel by four proteases: trypsin, chymotrypsin, thermolysin and pepsin. Digestion with 

trypsin, chymotrypsin and thermolysin was done with 0.1 μg protease following the SDC 

protocol described above. For pepsin digestion, a urea buffer was added to a total volume 

of 80 μL, 2M Urea, 10 mM TCEP. Sample was denatured for 10 min at 95 °C followed by 

reduction for 20 min at 37 °C. Next, iodoacetic acid was added to a final concentration of 

40 mM and incubated in the dark for 45 min at room temperature for alkylation of free 

cysteines. For pepsin digestion 1 M HCl was added to a final concentration of 0.04 M. 

Digestion was carried out overnight with 0.1 μg of protease, after which the entire digest 

was collected for desalting with the Oasis HLB 96-well plate. The Oasis HLB sorbent was 

activated with 100% acetonitrile and subsequently equilibrated with 10% formic acid in 

water. Next, peptides were bound to the sorbent, washed twice with 10% formic acid in 

water, and eluted with 100 μL of 50% acetonitrile/5% formic acid in water (v/v). The 

eluted peptides were vacuum-dried and reconstituted in 100 μL of 2% FA. 

LC-MS/MS 
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The digested peptides were separated by online reversed phase chromatography on an 

Agilent 1290 UHPLC coupled to a Thermo Scientific Orbitrap Fusion mass spectrometer. 

Peptides were separated using a Poroshell 120 EC-C18 2.7-Micron analytical column 

(ZORBAX Chromatographic Packing, Agilent) and a C18 PepMap 100 trap column (5 mm 

x 300 µm, 5 µm, Thermo Fisher Scientific). Samples were eluted over a 90 min gradient 

from 0 to 35% acetonitrile at a flow rate of 0.3 μL/min. Peptides were analyzed with a 

resolution setting of 60 000 in MS1. MS1 scans were obtained with a standard automatic 

gain control (AGC) target, a maximum injection time of 50 ms, and a scan range of 350–

2000. The precursors were selected with a 3 m/z window and fragmented by stepped 

high-energy collision dissociation (HCD) as well as electron-transfer high-energy collision 

dissociation (EThcD). The stepped HCD fragmentation included steps of 25, 35, and 50% 

normalized collision energies (NCE). EThcD fragmentation was performed with calibrated 

charge-dependent electron-transfer dissociation (ETD) parameters and 27% NCE 

supplemental activation. For both fragmentation types, MS2 scans were acquired at a 

30 000 resolution, a 4e5 AGC target, a 250 ms maximum injection time, and a scan range 

of 120–3500. 

Peptide sequencing from MS/MS spectra 

MS/MS spectra were used to determine de novo peptide sequences using PEAKS Studio X 

(version 10.5). We used a tolerance of 20 ppm and 0.02 Da for MS1 and MS2, respectively. 

Carboxymethylation was set as fixed modification of cysteine, and variable modification 

of peptide N-termini and lysine. Oxidation of methionine and tryptophan, pyroglutamic 

acid modification of N-terminal glutamic acid and glutamine were set as additional 

variable modifications.  

Stitch code and analysis parameters 

Stitch was written in C# with compatibility for Windows, Apple and Linux. The source 

code is available at GitHub (https://github.com/snijderlab/stitch), along with a complete 

description of all functions in the manual. Stitch is run through a terminal, using a .txt 

batch file that specifies the input data, run parameters, and filenames with output location. 

Stitch can read FASTA, PEAKS or Novor.Cloud data as input. The template sequences are 

derived from IMGT (at https://www.imgt.org/vquest/refseqh.html), grouped by V/J/C 

https://github.com/snijderlab/stitch
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segment, and filtered to remove all duplicate sequences at the amino acid level and 

generate a list of non-redundant unique sequences. These template sequences are 

included for human, mouse, bovine, dog, and rabbit in the default installation and the 

retrieval/cleanup procedure for additional species is included. Reads are matched using 

local Smith Waterman alignment with a user-defined alphabet/scoring matrix; default 

based on BLOSUM62. Input reads are matched to a template when they exceed the user-

defined score cutoff, which is adapted to the square root of the length of the matched 

template sequence. When this metadata is available for the input reads, the consensus 

sequences (and sequence logos) in Stitch are weighted by the local and global quality 

scores scaled from 0-1, with 1 for the best scoring reads/positions, as well as the MS1 peak 

area scaled logarithmically to a weight between 1 and 2, using 2-1/log10(Area). When 

specified in the batch file, Stitch can recombine the top-N scoring (V/J/C) segments in a 

user-defined order. A gap (*) can be defined between recombined segments, which will 

extend the templates with twenty X characters at the junction to look for overhanging 

reads. This aids reconstruction of CDRH3 at the V-J junction. The potential overlap 

between these recombined segments is determined within a sliding window of max 40 

amino acids, scored using the same scoring matrix/alphabet as the template matching step. 

If no positive score is found in the sliding window, a single gap is placed at the junction of 

the extended template sequences. Stitch will then perform a second template matching 

step on the recombined segments, in which the non-selected templates can be added as 

decoys. Stitch generates an interactive HTML report, with a summary of the results on the 

home page, and separate pages with detailed results for every (recombined) template that 

provides the consensus sequence, sequence logo, depth of coverage, and alignment 

overview of all reads on the template. All Stitch analysis results of the current work are 

provided as supplementary data. The batch file parameters used for every analysis are 

outputted in the results file. Briefly, we typically use PEAKS ALC cutoff of ≥85, local 

alignment cutoff score of ≥8 and adjust these to the quality and complexity of the input 

data. 

Results 

The experimental de novo antibody sequence reads obtained from a typical LC-MS/MS 

experiment are 5-40 amino acids in length. Although these reads are relatively short for 
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completely de novo assembly, the rates of somatic hypermutation are typically low enough 

(1-10%) that the translated germline sequences contained in the IMGT are of sufficient 

homology to accurately place all peptide reads in the correct framework of the heavy and 

light chains. Based on this notion, we developed Stitch to perform template-based 

assembly of antibody-derived de novo sequence reads using local Smith-Waterman 

alignment 37. Although the program can also perform this task on any user-defined set of 

templates, using plain FASTA sequences as input, we developed dedicated procedures for 

both mono- and polyclonal antibody sequencing using de novo reads from PEAKS or 

Novor.Cloud as input 38. Post-translational modifications can be accommodated in the de 

novo sequence reads and they are handled by scoring the peptide reads using the 

corresponding unmodified amino acids. With input from PEAKS or Novor.Cloud the 

program can use metadata of individual reads as filtering criteria and determine weighted 

consensus sequences from overlapping reads, based on global and local quality scores, as 

well as MS1 peak area (when available). As output Stitch generates an interactive HTML 

report that contains a quantitative overview of matched reads, alignment scores and a 

combined peak area for every template. In addition, it generates the final consensus 

sequences for all matched templates together with a sequence logo, depth of coverage 

profiles, and a detailed overview of all assembled reads in the context of their templates 

(see Figure 1). Finally, the output report also contains a complete overview of all reads 

assigned to the CDRs. 
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Figure 1. Schematic overview of Stitch. A) Input reads in PEAKS or FASTA format are 

matched to user-defined templates for V/J/C segments of the heavy and light chains by local 

Smith-Waterman alignment. B) For monoclonal antibodies the top-scoring segments can be 

recombined for a second template matching step on the full heavy and light chain sequences. 

C) Procedure to reconstruct CDRH3 looks for overlap between the overhanging reads 

extending the V- and J-segments. D) Shared and unique reads are placed at the corresponding 

position in a cladogram of homologous template sequences to provide a quantitative 

overview of the template matching with explicit consideration of ambiguity in the read 

placement. This example is whole IgG from a COVID-19 hospitalized patient, as further 

described in Figure 4. 

In its most basic implementation, Stitch can simply match peptide reads to any 

homologous template in a user-defined database. Peptide reads are placed based on a 

user-defined cutoff score of the local alignment. When the database contains multiple 

templates, individual reads may match multiple entries with scores above this cutoff. This 
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scenario is particularly relevant to antibody sequences as the multitude of available V/J/C 

alleles share a high degree of homology. The program can be set to place reads within all 

templates above the cutoff score or to place reads only on their single-highest scoring 

template. With this latter setting, reads with equal scores on multiple templates will be 

placed at all entries simultaneously. Reads with a single-highest scoring template are 

thereby defined as ‘unique’ for the program to track the total ‘unique’ alignment score and 

area of every template. Furthermore, Stitch explicitly considers the ambiguity of read 

placement across multiple homologous template sequences. A multiple sequence 

alignment is performed on each segment of the user-defined templates to generate a 

cladogram that represents the homology between the template sequences. Unique reads 

are placed at the tips of the branches, whereas shared reads are placed at the 

corresponding branching points of the tree (see Figure 1D). Stitch outputs the consensus 

sequence of every matched template based on all overlapping reads, accounting for 

frequency, global quality score and MS peak area with PEAKS data as input. The generated 

consensus sequence defaults to the template sequence in regions without coverage. 

Positions corresponding to I/L residues are defaulted to L in PEAKS data, as the two 

residues have identical masses and are therefore indistinguishable in most MS 

experiments. The consensus sequences in the output follow the matched template in these 

instances, changing the position to isoleucine when suggested by the template sequence. 

Stitch allows templates to be defined in multiple separate groups, such that for antibody 

sequences we can sort peptide reads from heavy and light chains, and distinguish peptides 

from the V-, J- and C-segments of either chain. We have defined separate template 

databases for IGHV-IGHJ-IGHC, as well as IGLV-IGLJ-IGLC (with all kappa and lambda 

sequences combined in the same databases). The templates correspond to the germline 

sequences included in IMGT but filtered to create a reduced and non-redundant set of 

amino acid sequences (templates for human, mouse, bovine, dog and rabbit antibodies are 

currently provided and the clean-up procedure to generate the non-redundant databases 

from additional species is included in the program). Templates for the D-segment are 

currently not taken from IMGT as they are typically too short and variable for any 

meaningful read-matching. In addition to the Ig segments, a separate decoy database for 

common contaminants of cell culture medium, plasma/serum, and proteomics sample 

preparation can be defined. The output report includes consensus sequences for all 
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matched germline templates with annotation of the CDRs, as well as a quantitative 

overview of how each germline template is represented in the dataset by number of 

matched reads, alignment score, and combined peak area for the total set of matched reads, 

or the set of unique reads. Moreover, the program generates an aligned overview of all 

reads overlapping the CDRs (grouped by CDRH1, CDRH2, CDRH3, CDRL1, CDRL2, and 

CDRL3). The resulting report is a comprehensive overview of the antibody sequences that 

are represented in the dataset and provides an important first step towards analyzing 

polyclonal antibodies and repertoire profiling. 

 

 

Figure 2. Stitch analysis of monoclonal antibodies. A) recombinant purified Herceptin. B) 

recombinant purified anti-FLAG-M2. CDRs are annotated, sequence conflicts highlighted by 

an asterisk (*) and the sequence identity listed in parentheses. 

We have also built a dedicated procedure to reconstruct full monoclonal antibody 

sequences (see Figure 1B-C). Using the template-matching procedure described above, 

Stitch then selects the top-N scoring templates for each segment (with N = 1 for 

monoclonal antibodies) and recombines their consensus sequences into new V-J-C 

templates. As part of this recombination, CDRH3 is reconstructed by extending the V- and 

J-segments with the consensus sequences of overhanging reads to fill in the missing D-

segment. The program then searches for identical sequences within the V- and J-

overhanging regions to find the correct junction between the segments. A single gap is 

placed at the V-J junction if no overlap between the overhanging sequences can be found. 

The new recombined templates with reconstructed CDRH3 are then used for a second 

round of template matching to determine the final consensus sequences of the full heavy 
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and light chains of the antibody. Stitch offers an option to use all non-selected germline 

templates as decoys in this second step to accommodate sequencing of monoclonal 

antibodies against a high background of homologous sequences, such as those collected 

from serum by LC fractionation or to cope with the presence of the multiple light or heavy 

chains which are often observed in hybridoma-derived antibodies 39. 

 

To demonstrate the use of Stitch, we assembled de novo peptide reads to reconstruct the 

full heavy and light chain sequences of three different monoclonal antibodies. First, we 

used the human-mouse chimeric therapeutic antibody Herceptin (also known as 

Trastuzumab). Herceptin is composed of mouse CDR sequences placed within a human 

IgG1 framework and targets the Her2 receptor in treatment of a variety of cancers 26,40,41. 

Second, we reconstructed the sequence of the anti-FLAG-M2 antibody, which is a mouse 

antibody targeting the DYKDDDDK epitope used to label and purify recombinant proteins 

26,42. Alignment of the assembled output sequences reveals an overall accuracy of 98% and 

99% (including I/L assignments) for Herceptin and anti-FLAG-M2, respectively (see 

Figure 2). A close-up view of the CDRH3 reconstructions demonstrates how the missing 

D-segment in the heavy chain is obtained through the two-step procedure described 

above (i.e. by extending the V- and J-segments with the consensus sequence of overlapping 

reads, searching for the V-J junction in the extended templates and performing a second 

round of template matching on the recombined V-J-C template, see Supplementary Figure 

S1). 

The third monoclonal antibody (F59) represents a more challenging case, as it is a Fab 

isolated directly from patient serum by reversed-phase LC-fractionation and therefore has 

to be sequenced against a high background of unrelated antibodies (see Figure 3). The F59 

sequence was originally determined by integrated use of both bottom-up and top-down 

LC-MS/MS data 32. It consists of an IGHV3-9 heavy chain, coupled to an IGLV2-14 light 

chain. When we naively provide the input data to Stitch, it initially returns variable domain 

output sequences of 89% accuracy for the heavy chain, and a mere 50% for the light chain. 

This rate of errors is caused by the high background of other antibodies in the sample, 

which results in selection of the ubiquitous IGKV3-20 template for recombination. 

However, read matching on the C-region clearly point to the presence of a lambda light 
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chain, and within the subset of IGLV templates, IGLV2-14 is indeed assigned the highest 

score. When we refine the Stitch run to force selection of IGLV2-14 for recombination, the 

accuracy of the light chain improves to 78%. The remaining errors still stem from the high 

background of other antibodies, but this can be further reduced by using the non-selected 

templates as decoys in the final template matching step. With the use of non-selected 

templates as decoys, the accuracy of the light chain now improves to 94%. By comparison, 

the sequence of the purified synthetic recombinant antibody can be determined to 98% 

and 100% for the heavy and light chain, respectively. Of note, in the fractionated serum 

sample 4/20 of the remaining errors in the heavy and light chains combined occur in CDR3, 

with all other error occurring outside CDRs in the framework regions. Moreover, most 

errors are clearly identifiable in the sequence logo from the Stitch analysis (see 

Supplementary Figure S2), which may be useful to apply manual corrections and refine 

the sequence with complementary MS data. The F59 Fab from fractionated patient serum 

can thus be sequenced to >90% accuracy with Stitch, even before input from 

complementary top-down LC-MS/MS data.  

 

Figure 3. Stitch analysis of F59 Fab from fractionated serum sample. A) sequence accuracy 

of the variable domains of heavy and light chain from a naïve Stitch run (Naïve), compared 

to a run with selected V-segments for recombination (Refined), added use of non-selected 

templates as decoys in the final template matching step (Refined+Decoy), and the synthetic 

recombinant antibody run with identical Stitch parameters (Recombinant). B) Sequence 
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alignment of the output sequences (Naïve run excluded for low accuracy) with CDRs 

annotated and sequence conflicts highlighted by an asterisk (*). 

In addition to monoclonal antibodies, Stitch can also be used to assemble proteomic short 

reads of free light chains, such as those observed in multiple myeloma patients. Chamot-

Rooke and colleagues recently reported proteomic sequencing of multiple myeloma light 

chains from patient urine, using an integrated bottom-up and top-down sequencing 

approach 43. Here we used the bottom-up de novo sequencing reads from that study as a 

test case to reconstruct the light chains (see Supplementary Figure S3A). This includes one 

sample consisting of a mixture of two closely related light chains, for which the variable 

positions are also clearly identifiable in the sequence logo from the Stitch analysis (see 

Supplementary Figure S3B). The reconstructed sequences are in good agreement with 

those reported in the original study, with an average accuracy of 98% (ranging from 88% 

to 100%, including I/L assignments). Notably, in all instances of sequence conflicts, the 

coverage of the bottom-up data is limited or the corresponding alternative sequence is 

also present in reads within the dataset (but does not stand out in terms of quality score 

and MS peak area to dominate the consensus sequence). This further stresses the 

importance of the (depth of) coverage in the input data and highlights the added benefit 

of complementary top-down LC-MS/MS data for antibody sequencing. 

To demonstrate the use of Stitch for profiling polyclonal antibody mixtures we generated 

a new dataset of de novo peptide reads from human serum. We obtained the total fraction 

of IgG, isolated by protein G affinity purification, from two individuals hospitalized with 

COVID-19. The purified IgG fractions were digested in parallel with four different 

proteases (trypsin, chymotrypsin, elastase and thermolysin), and analyzed by LC-MS/MS 

with a dual fragmentation scheme using both stepped HCD and EThcD fragmentation, with 

all obtained de novo sequence reads pooled into a single Stitch run. The analysis provides 

a quantitative overview of the IgG classes, use of kappa vs lambda light chains, and 

corresponding use of V-alleles across the total IgG repertoire of these patients (see Figure 

3). For each of the two patient samples, we mapped 1276 and 1292 reads to IGHC, 697 

and 837 reads to IGLC, 513 and 624 reads to IGHV, and 697 and 837 reads to IGKV/IGLV. 

The profiles of both patients are remarkably similar, dominated by IgG1 with kappa light 

chains and drawing primarily from IGHV1/3 and IGKV1/3 alleles. Of the matched reads to 



Chapter 3 
 

90 
 

the IGHV segment, 74 and 89 map to CDRH1, 65 and 92 to CDRH2, and 19 and 23 to CDRH3. 

Whereas the reads mapping to CDRH1/2 collectively span the full region, the CDRH3 reads 

are mostly limited to the first conserved AR/K residues following the preceding cysteine, 

or the conserved parts of the J-segment. Of the matched reads to the IGKV/IGLV segment, 

98 and 116 map to CDRL1, 136 and 182 to CDRL2, and 93 and 97 to CDRL3. The CDRL3 

reads span a larger region compared to CDRH3, likely because the read assembly does not 

suffer from the missing D-segment. The Stitch analysis thus provides a quantitative 

overview of V-gene usage in polyclonal IgG mixtures, obtained straight from human serum 

samples, covering CDR1 and CDR2, but with notable limitations of CDR3. 

 

Figure 4. Repertoire profiling of protein G purified whole IgG from human serum. Profiles of 

IGHC, IGLC, IGHV and IGLV segments from two hospitalized COVID-19 patients as determined 

by Stitch. Shown are the total alignment scores of each matched template. The closed white 

circles in the IGHV/IGLV segments indicate score of the uniquely matched reads. 

Discussion 

Stitch provides a quick and accessible way to assemble proteomic short reads against 

user-defined templates. It enables full reconstruction of monoclonal antibodies and free 
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light chains, as well as profiling of polyclonal antibody mixtures. Stitch was specifically 

developed to provide better insight into sequence variations of antibodies in complex 

mixtures. The assumption of a monoclonal antibody is so deeply embedded in the 

structure of existing software for antibody sequencing that their output provides limited 

insights into the presence of other (background) sequences and they may even struggle to 

converge on a consensus sequence for complex mixtures. Compared to other antibody 

sequencing software, Stitch still requires input from de novo peptide sequencing 

algorithms and is limited to performing a template-based assembly of these input reads. 

This is an alternative strategy to existing software like pTA, which rather performs the 

assembly based on overlap between peptide sequences. The template-based assembly of 

Stitch is on the one hand more dependent on the homology of the input reads to the 

templates, but on the other hand requires less extensive overlap between peptides. 

Given high-quality input reads, Stitch generates accurate consensus sequences, with 

remaining errors being fundamental to MS-based sequencing. These are errors related to 

deamidation (N to D) and assignment of isomeric I/L residues. Currently Stitch assigns I/L 

residues based on the matched template sequence, but this can potentially be further 

improved by considering experimental information, such as the cleavage specificity of 

chymotrypsin (cleaves only at L, not I) and use of diagnostic w-ions 44-47. Whereas Stitch 

already explicitly considers both global and local quality scores of sequence reads, it does 

not yet provide integrated access to the underlying raw MS/MS data itself, which we aim 

to implement in the future. It is currently also limited to plain FASTA or PEAKS and 

Novor.Cloud data as input reads, but we aim to adapt it to data formats from additional de 

novo sequencing software in the future. Current limitations regarding polyclonal antibody 

profiling will have to be solved with improved experimental approaches: obtaining longer 

sequence reads will reduce ambiguity in the correlation of sequence variants against the 

database of homologous templates, and top-down MS/MS of intact Fabs/antibodies or 

additional cross-linking MS workflows will have to elucidate the heavy-light chain 

pairings in the antibody mixture.  

As illustrated by the sequencing of the F59 clone from fractionated patient serum (Figure 

3), as well as the mixture of light chains in the urine of multiple myeloma patients 

described by Chamot-Rooke and colleagues (Supplementary Figure 3), integrated use of 
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bottom-up and top-down sequencing provides important information to correct, refine 

and validate de novo antibody sequences derived from mass spectrometry, especially from 

complex mixtures. We have previously described such integrated use of bottom-up and 

top-down MS to determine the F59 sequence. Future work will focus on better 

streamlining and automation of the integrated use of both approaches for antibody 

sequencing. Validation by production and characterization of the synthetic recombinant 

antibodies, in particular when the target antigen is known, may also become an important 

addition to the validation stage of MS-based antibody sequencing approaches. 

By enabling antibody sequencing and profiling from the purified secreted product, the 

development of Stitch contributes to an emerging new serology, in which bulk measures 

of antigen binding and neutralization can be directly related to the composition and 

sequence of a polyclonal antibody mixture. Direct MS-based sequencing and profiling of 

secreted antibodies thereby bridges the gap between bulk serological assays and B-cell 

sequencing approaches. These developments promise to provide a better understanding 

of antibody-mediated immunity in natural infection, vaccination and autoimmune 

disorders. 

Data and Code availability 

The source code of Stitch is available on the Snijderlab GitHub page 

(https://github.com/snijderlab/stitch). All Stitch HTML results related to this study are 

provided as supplementary data. The raw data and PEAKS analyses unique to this study 

have been deposited in the ProteomeXchange Consortium via the PRIDE partner 

repository with the data set identifier PXD031941. The raw data of the monoclonal 

antibodies herceptin and anti-FLAG-M2 is available under identifier PXD023419. The raw 

data and PEAKS analyses of the multiple myeloma light chain dataset of Chamot-Rooke 

and colleagues is available under identifier PXD025884. The raw data of the serum-

derived F59 monoclonal antibody is available at 

https://doi.org/10.6084/m9.figshare.13194005. 

Supplementary Information 

Contents 

https://github.com/snijderlab/stitch
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Legend of Supplementary Data with Stitch HTML reports 

CDRH3 reconstructions of Herceptin and anti-FLAG-M2 

Details of sequence variations in F59 Fab 

Description of multiple myeloma light chain sequences. 

Supplementary Data. 

All reported Stitch analyses are provided with the complete output reports. The 

supplementary data can be unzipped to browse the interactive HTML reports. The 

corresponding analysis parameters are provided under the ‘Batch File’ menu in each 

report. 

 

Supplementary Figure S1. Detailed view of CDRH3 reconstruction by Stitch of the 

antibodies shown in main text figure 2. Shown are the selected template sequences, 

aligned reads, found overlap and known reference sequence. 
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Supplementary Figure S2. Sequence logos of heavy (A) and light (B) chains of F59 Fab 

from fractionated serum sample from Refined+Decoy Stitch runs. Sequencing error are 

highlighted in red boxes. 
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Supplementary Figure S3. A) Stitch reconstruction of light chains from multiple 

myeloma patient urine (Chamot-Rooke and colleagues, ref 43). CDRs are annotated, 

sequence conflicts highlighted by an asterisk (*) and sequence identity in parentheses, 

along with the mass error of the predicted Stitch sequence compared to the 
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experimentally determined mass of the intact light chain. B) Sequence logo of P5 light 

chain from Stitch analysis, with highlighted variants in red boxes. 
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Abstract: 

Mucin 1 (MUC1) is a transmembrane mucin expressed at the apical surface of epithelial 

cells at mucosal surfaces. MUC1 has a barrier function against bacterial invasion and is 

well known for its aberrant expression and glycosylation in adenocarcinomas. The MUC1 

extracellular domain contains a variable number of tandem repeats (VNTR) of 20 amino 

acids, which are heavily O-linked glycosylated. Monoclonal antibodies against the MUC1 

VNTR are powerful research tools with applications in the diagnosis and treatment of 

MUC1-expressing cancers. Here we report direct mass spectrometry-based sequencing of 

anti-MUC1 hybridoma-derived 139H2 IgG, enabling reverse engineering of the functional 

recombinant monoclonal antibody. The crystal structure of the 139H2 Fab fragment in 

complex with the MUC1 epitope was solved, revealing the molecular basis for 139H2 

binding specificity to MUC1 and its tolerance to O-glycosylation of the VNTR. The available 

sequence of 139H2 will allow further development of MUC1-related diagnostics, targeting 

and treatment strategies. 
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Introduction 

The mucin MUC1 is a transmembrane glycoprotein expressed by epithelial cells at 

different mucosal surfaces including breast tissue, the airways and gastrointestinal tract. 

The full-length MUC1 protein extends 200-500 nm from the apical surface of epithelial 

cells and is therefore an important component of the glycocalyx1,2. At the mucosal surface, 

MUC1 has an essential barrier function against bacterial and viral invasion3,4 but it can 

also be used as entry receptor by pathogenic Salmonella species 5. Using knockout mice, it 

was demonstrated that MUC1 has anti-inflammatory functions6–8. However, MUC1 is most 

well-known for its aberrant expression and glycosylation in different types of 

adenocarcinomas9. 

The full-length MUC1 heterodimer consists of an extracellular domain with a variable 

number of tandem repeats (VNTR) of 20 amino acids, which are heavily O-linked 

glycosylated, a non-covalently attached SEA domain, a transmembrane domain, and a 

cytoplasmic tail with signaling capacity (see Figure 1). The VNTR region consists of 

repeats of 20 amino acids with the sequence GSTAPPAHGVTSAPDTRPAP10,11. Each repeat 

contains five serine and threonine residues that can be O-linked glycosylated and 

experiments with synthetic MUC1 fragments demonstrated a high glycosylation 

occupancy at these residues12. In healthy tissue, the O-glycans on the MUC1 VNTR 

predominantly consist of elongated core 2 structures, while it remains restricted to 

predominant core 1 structures in many cancerous cells13,14.  

 



Chapter 4 
 

104 
 

Figure 1. Schematic overview of MUC1 domain structure. VNTR: Variable Number of 

Tandem Repeats. SEA: domain name from initial identification in a sperm protein, 

enterokinase, and agrin. 

The overexpression and altered glycosylation of MUC1 in cancerous cells makes it a 

potentially viable candidate target for cancer immunotherapy. In addition, MUC1 could be 

an interesting target for therapeutic strategies that require delivery to the (healthy) 

mucosal surface. Monoclonal antibodies against the MUC1 VNTR can be powerful tools 

because of their multiplicity of binding and possible applications in the diagnosis and 

treatment of MUC1-expressing cancers. Since the late 1980’s, several monoclonal 

antibodies against MUC1 have been described and explored for the diagnosis and 

treatment of MUC1 overexpressing cancers15,16. Peptide mapping experiments have 

revealed that many such monoclonal antibodies target a similar region within the VNTR 

of MUC1, resulting in the definition of an immunodominant peptide corresponding to the 

subsequence APDTRPAP17. One such antibody is 139H2, a hybridoma monoclonal 

antibody that was raised against human breast cancer plasma membranes15,16. In different 

studies, 139H2 has been applied for the diagnostics of MUC1-overexpressing cancers and 

radioimmunotherapy15,16,18. In addition, the antibody is also widely applied as a research 

tool in Western blot, ELISA, immunohistochemistry and immunofluorescence microscopy 

to study MUC1 biology16,19,20. To make this antibody available for general use, we set out 

to determine its sequence based on the available hybridoma-derived product. Recently we 

have reported a method to reverse engineer monoclonal antibodies by determining the 

sequence directly from the purified protein product based on liquid chromatography 

coupled to mass spectrometry (LC-MS), using a bottom-up proteomics approach21–24. Here 

we applied this method to obtain the full sequence of 139H2. The sequence was 

successfully validated by comparing the performance of the reverse engineered 139H2 

and its Fab fragment to the hybridoma-derived product in Western blot and 

immunofluorescence microscopy. Reverse engineering 139H2 enabled us to characterize 

binding to the immunodominant peptide epitope within the MUC1 VNTR by surface 

plasmon resonance (SPR) and map out the epitope by solving a crystal structure of the 

139H2 Fab fragment in complex with the APDTRPAP peptide. These analyses reveal the 

molecular basis for 139H2 binding to MUC1 and illustrate a remarkable diversity of 
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binding modes to the immunodominant epitope in comparison to other reported 

structures of anti-MUC1 monoclonals targeting the VNTR.  

Methods 

Purification of 139H2 from hybridoma cultures supernatant: 

The 139H2 in hybridoma culture supernatant was a kind gift from John Hilkins from The 

Netherlands Cancer Institute (NKI). The 139H2 was purified with Protein G Sepharose 4 

Fast Flow beads (Merck), washed with PBS, eluted with 0.2 mM Glycine-buffer pH 2.5, 

neutralized with 1 M Tris-HCL pH 8 and dialyzed against PBS with Pierce Protein 

Concentrators PES, 30 kDa MWCO.  

Bottom-up proteomics  

in-solution digestion: 

139H2 was denatured in 2% sodium deoxycholate (SDC), 200 mM Tris-HCl, and 10 mM 

Tris(2-carboxyethyl)phosphine (TCEP), pH 8.0 at 95 °C for 10 min, followed by 30 min 

incubation at 37 °C for reduction. The samples were then alkylated by adding iodoacetic 

acid to a final concentration of 40 mM and incubated in the dark at room temperature for 

45 min. 3 μg sample was then digested by one of the following proteases: trypsin (Promega) 

and elastase (Sigma-Aldrich) in a 1:50 ratio (w/w) in a total volume of 100 μL of 50 mM 

ammonium bicarbonate at 37 °C for 4 h. After digestion, SDC was removed by adding 2 μL 

of formic acid (FA) and centrifuged at 14000× g for 20 min. Following centrifugation, the 

supernatant containing the peptides was collected for desalting on a 30 μm Oasis HLB 96-

well plate (Waters). The Oasis HLB sorbent was activated with 100% acetonitrile and 

subsequently equilibrated with 10% formic acid in water. Next, peptides were bound to 

the sorbent, washed twice with 10% formic acid in water, and eluted with 100 μL of 50% 

acetonitrile/5% formic acid in water (v/v).  

in-gel digestion: 

The hybridoma 139H2 was loaded on a 4%-12% Bis-Tris precast gel (Bio-Rad) in non-

reducing conditions and run at 120 V in 3-Morpholinopropane-1-sulfonic acid (MOPS) 

buffer (Bio-Rad). Bands were visualized with Imperial Protein Stain (Thermo Fisher 
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Scientific), and the size of the fragments evaluated by running a protein standard ladder 

(Bio-Rad). The Fab bands were cut and reduced by 10 mM TCEP at 37 °C, then alkylated 

in 40 mM IAA at RT in the dark, followed by alkylation in 40 mM IAA at RT in the dark. The 

Fab bands were digested by chymotrypsin and thermolysin at 37 °C overnight in 50 mM 

ammonium bicarbonate buffer. The peptides were extracted with two steps incubation at 

RT in 50% ACN, and 0.01% TFA, and then 100% ACN respectively.  

LC-MS/MS: 

The peptides obtained by in-solution and in-gel digestion were vacuum-dried and 

reconstituted in 100 μL of 2% FA. The digested peptides were separated by online 

reversed-phase chromatography on an Agilent 1290 Ultra-high performance LC (UHPLC) 

or Dionex UltiMate 3000 (Thermo Fisher Scientific) coupled to a Thermo Scientific 

Orbitrap Fusion mass spectrometer. Peptides were separated using a Poroshell 120 EC-

C18 2.7-Micron analytical column (ZORBAX Chromatographic Packing, Agilent) and a C18 

PepMap 100 trap column (5 mm × 300, 5 μm, Thermo Fisher Scientific). Samples were 

eluted over a 90 min gradient from 0 to 35% acetonitrile at a flow rate of 0.3 μL/min. 

Peptides were analyzed with a resolution setting of 60 000 in MS1. MS1 scans were 

obtained with a standard automatic gain control (AGC) target, a maximum injection time 

of 50 ms, and a scan range of 350–2000. The precursors were selected with a 3 m/z 

window and fragmented by stepped high-energy collision dissociation (HCD) as well as 

electron-transfer high-energy collision dissociation (EThcD). The stepped HCD 

fragmentation included steps of 25, 35, and 50% normalized collision energies (NCE). 

EThcD fragmentation was performed with calibrated charge-dependent electron-transfer 

dissociation (ETD) parameters and 27% NCE supplemental activation. For both 

fragmentation types, MS2 scans were acquired at a 30 000 resolution, a 4e5 AGC target, a 

250 ms maximum injection time, and a scan range of 120–3500. 

peptide sequencing from MS/MS Spectra:  

MS/MS spectra were used to determine de novo peptide sequences using PEAKS Studio X 

(version 10.6)25,26. We used a tolerance of 20 ppm and 0.02 Da for MS1 and MS2, 

respectively. Carboxymethylation was set as fixed modification of cysteine and variable 

modification of peptide N-termini and lysine. Oxidation of methionine and tryptophan and 
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pyroglutamic acid modification of N-terminal glutamic acid and glutamine were set as 

additional variable modifications. The CSV file containing all the de novo sequenced 

peptide was exported for further analysis. 

template-based assembly via Stitch: 

Stitch (nightly version 1.4.0+802a5ba) was used for the template-based assembly27. The 

mouse antibody database from IMGT was used as template28. The cutoff score for the de 

novo sequenced peptide was set as 90 and the cutoff score for the template matching was 

set as 10. All the peptides supporting the sequences were examined manually. 

Cloning and Expression of recombinant 139H2 IgG and Fab: 

To recombinantly express full-length anti-MUC1 antibodies, the proteomic sequences of 

both the light and heavy chains were reverse-translated and codon-optimized for 

expression in human cells using the Thermo Fisher webtool 

(https://www.thermofisher.com/order/gene-design/index.html ). For the linker and Fc 

region of the heavy chain, the standard mouse Ig γ-1 (IGHG1) amino acid sequence 

(Uniprot P01868.1) was used. An N-terminal secretion signal peptide derived from human 

IgG light chain (MEAPAQLLFLLLLWLPDTTG) was added to the N-termini of both heavy 

and light chains. BamHI and NotI restriction sites were added to the 5′ and 3′ ends of the 

coding regions, respectively. Only for the light chain, a double stop codon was introduced 

at the 3′ site before the NotI restriction site. The coding regions were subcloned using 

BamHI and NotI restriction-ligation into a pRK5 expression vector with a C-terminal 

octahistidine tag between the NotI site and a double stop codon 3′ of the insert, so that 

only the heavy chain has a C-terminal AAAHHHHHHHH sequence for nickel-affinity 

purification (the triple alanine resulting from the NotI site). After the sequence was 

validated by Sanger Sequencing, the HC/LC were mixed in a 1:1 DNA ratio and expressed 

in HEK293 cells by the ImmunoPrecise Antibodies (Europe) B.V company. After 

expression the culture supernatant of the cells was harvested and purified using a 

prepacked HisTrap excel column (Cytiva), following standard protocols. (see 

Supplementary Figure S2)) 

To recombinantly express anti-MUC1 Fab the coding regions of HC variable region were 

subcloned using AgeI and NheI restriction-ligation into a pRK5 expression vector. The 

https://www.thermofisher.com/order/gene-design/index.html
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subcloned region contains the mouse Ig γ-1 (IGHG1) Fab constant region with a C-terminal 

octahistidine tag followed by a double stop codon 3′ of the insert, so that only the heavy 

chain has a C-terminal AAAHHHHHHHH sequence for nickel-affinity purification (the 

triple alanine resulting from the NotI site). After the sequence was validated by Sanger 

Sequencing the HC/LC were mixed in a 1:1 (m/m) DNA ratio and expressed in HEK293 

cells by the ImmunoPrecise Antibodies (Europe) B.V company. After expression the 

culture supernatant was loaded onto a 5 ml HisTrap excel column (Cytiva) using peristatic 

pump. Column was reconnected to the ÄktaGo system (Cytiva) for column wash (50 mM 

Tris at pH=8, 150 mM NaCl) and step elution (50 mM Tris at pH=8, 150 mM NaCl, 300 mM 

imidazole). Fraction from the peak corresponding to the Fab were concentrated using 

Amicon Ultra-15 (Millipore) and further purified by size-exclusion chromatography using 

Superdex 200 Increase 10/300 GL (Cytiva) in buffer 50 mM Tris (pH=8), 150 mM NaCl. 

Mammalian cell lines and culture conditions: 

The human gastrointestinal epithelial cell lines HT29-MTX29 and HT29-MTX ∆MUC15 were 

cultured in 25 cm2 flasks in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% 

fetal calf serum (FCS) at 37 °C in 10% CO2.  

Western blot: 

HT29-MTX and HT29-MTX ∆MUC1 lysates were prepared form cells grown to full 

confluency for 7 days in a 6-well plate. Cells were harvested by scraping and lysed with 

lysis buffer (10% SDS in PBS with 1× Halt Protease Inhibitor Cocktail). Concentration was 

measured by BCA-assay, 5×  Laemmli buffer was added and sample was boiled for 15 min 

at 95 °C. A mucin-SDS gel was made according to Li et al.5; 40 µg of protein was added to 

each well and run in Boric acid-Tris buffer (192 mM Boric acid, Merck; 1 mM EDTA, Merck; 

0.1% SDS, to pH 7.6 with Tris) at 25 mA for 1.5 h. Proteins were transferred to a  

polyvinylidene fluoride (PVDF) membrane using wet transfer for 3 h at 90 V/4 °C in 

transfer buffer (25 mM Tris; 192 mM glycine, Merck; 20% methanol, Merck). Afterwards, 

membranes were blocked with 5% BSA in TSMT (20 mM Tris; 150 mM NaCl, Merck; 1 mM 

CaCl2 (Sigma); 2 mM MgCl2, Merck; adjusted to pH 7 with HCl; 0.1% Tween 20 (Sigma)) 

overnight at 4 °C. The following day, membranes were washed with TSMT and incubated 

with 139H2 Wildtype, Synthetic or FAB antibodies (1:1000) in TSMT containing 1% BSA 
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for 1h at RT. Membranes were washed again with TSMT and incubated with α-mouse IgG 

secondary antibody (A2304, Sigma) diluted 1:8000 in TSMT with 1% BSA for 1 h at RT, 

washed with TSMT followed by TSM. For detection of actin, cell lysates were loaded onto 

a 10% SDS-PAGE gel, transferred to PVDF membranes and incubated with α-Actin 

antibody (1:2,000; bs-0061R, Bioss) and α-rabbit IgG (1: 10,000; A4914, Sigma). Blots 

were developed with the Clarity Western ECL kit (Bio-Rad) and imaged in a Gel-Doc 

system (Bio-Rad). 

Western blot of MUC1 reporter constructs: 

Four MUC1 reporter constructs, expressed in engineered HEK293 cells, were a kind gift 

from Chistian Büll of the Copenhagen Center for Glycomics. Each reporter construct in 1× 

PBS was boiled in 5× laemmli buffer. 10 ng/25 ng of each construct was loaded per well 

on a 10% bis-acrylamide SDS gel for the 139H2/6× His-tag blots respectively. Samples 

were run in 1× Novex Tris-Glycine SDS Running Buffer (Thermo Fisher Scientific) for 1.5 

h at 120 V. Proteins were transferred to a 0.2 µm Trans-Blot PVDF membrane (Bio-Rad) 

and transferred at 1.3 A/25 V for 7 min using the Trans-Blot Turbo system (Bio-Rad). 

Afterwards, membranes were blocked with 5% BSA in TSMT (20 mM Tris; 150 mM NaCl, 

Merck; 1 mM CaCl2, Sigma; 2 mM MgCl2, Merck; adjusted to pH 7 with HCl; 0.1% Tween 20, 

Sigma) overnight at 4 °C. The following day, membranes were washed with TSMT and 

incubated with 139H2 Wiltype, Synthetic antibody (1:1000) or HisProbe-HRP Conjugate 

(15165,Thermo Fisher Scientific,1:5000) in TSMT containing 1% BSA for 1h at RT. The 6× 

His-tag blots were washed with TMST and TSM and developed with the Clarity Western 

ECL kit (Bio-Rad) and imaged in a Gel-Doc system (Bio-Rad). The 139H2 membranes were 

washed again with TSMT and incubated with α-mouse IgG secondary antibody (A2304, 

Sigma) diluted 1:8000 in TSMT with 1% BSA for 1 h at RT, washed with TSMT followed by 

TSM and developed. 

Confocal microscopy: 

HT29-MTX and HT29-MTX ∆MUC1 cells were grown for 7 days to reach a confluent 

monolayer on cover slips (8 mm diameter#1.5) in 24-well plates. Cells were washed with 

Dulbecco’s Phosphate Buffered Saline (DPBS, D8537) and fixed with 4% 

paraformaldehyde in PBS (Affimetrix) for 30 min at RT. Fixation was stopped by adding 
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50 mM NH4Cl in PBS for 15 min. Cells were washed 2 times and permeabilized in binding 

buffer (0.1% saponin (Sigma) and 0.2% BSA (Sigma) in DPBS) for 30 min. Coverslips were 

incubated with 139H2 Wildtype, Synthetic of FAB at 1:100 dilution for 1h, washed 3× with 

binding buffer, incubated with Alexa Fluor-488-conjugated α-mouse IgG secondary 

antibodies (1:200; A11029, ThermoFisher) and DAPI at 2 μg/ml (D21490, Invitrogen) for 

1 h. Coverslips were washed 3× with DPBS, desalted in MiliQ, dried and embedded in 

Prolong Diamond mounting solution (ThermoFisher) and allowed to harden. Images were 

collected on a Leica SPE-II confocal microscope with a 63× objective (NA 1.3, HCX 

PLANAPO oil). Controlled by Leica LAS AF software with default settings to detect DAPI, 

Alexa488, Alexa568 and Alexa647. Axial series were collected with step sizes of 0.29 μm. 

Surface Plasmon Resonance: 

N-terminally biotinylated synthetic MUC1 peptide with the sequence biotin-GGS-

APDTRPAPG was ordered from Genscript. This was dissolved in PBS and printed on a 

planar streptavidin-coated SPR chip (P-Strep, SSens B.V.) using a continuous flow 

microfluidics spotter (Wasatch), flowing for 1 hour at RT, after which it was washed with 

SPR buffer (150 mM NaCl, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid 

(HEPES)  with 0.005% Tween 20) for 15 min and quenched with biotin solution (10 mM 

biotin in SPR buffer). SPR experiments were performed using an IBIS-MX96 system (IBIS 

technologies) with SPR buffer as the running buffer. Dilution series of 2× steps of the full 

recombinant 139H2 or Fab were prepared, starting from a 10.0 μM stock for full IgG and 

a 7.88 μM stock for the Fab, diluting with SPR buffer. 20 dilution steps (including the stock) 

were used for the full IgG, and 10 dilutions were used for the Fab. SPR experiments were 

performed as a kinetic titration without regenerating in between association/dissociation 

cycles, with 30 min association and 10 min dissociation time for the full IgG and 6 min 

association and 4 min dissociation for the Fab. Binding affinity was determined by fitting 

data at binding equilibrium to a 2-site binding model for the full IgG and a 1-site (Langmuir) 

binding model for the Fab, using Scrubber 2.0 (Biologic software) and Graphpad Prism 5 

(Graphpad software, Inc.). 

Crystallization and data collection: 



Chapter 4 
 

111 
 

Sitting-drop vapor diffusion crystallization trials were set up at 20 °C by mixing 150 nl of 

complex with 150 nl of reservoir solution. The complex sample consisted of purified 

139H2 Fab and MUC1 epitope peptide (APDTRPAPG; GeneScript) in a 1:2.5 molar ratio, at 

a total concentration of 3.8 mg/mL in a buffer of 50 mM trisaminomethane at pH 8.0 and 

150 mM NaCl. The diffracting crystals grew in a condition of 0.2 M NaCl, 0.1 M sodium 

phosphocitrate, and 20% w/v Polyethylene glycol (PEG) 8000 used as reservoir solution. 

A 3:1 mixture of reservoir solution and glycerol was added as cryo-protectant to the 

crystals before plunge freezing them in liquid nitrogen. Datasets were collected at 100 K 

at Diamond Light Source beamline I24, equipped with an Eiger 9M detector (Dectris), at a 

wavelength of 0.6199 Å.  

Structure determination and refinement: 

Collected datasets were integrated using the xia2.multiplex pipeline30, and the three best 

datasets were subsequently merged and scaled in AIMLESS to a maximum resolution of 

2.5 Å. Resolution limit cut off was determined based on mean intensity correlation 

coefficient of half-data sets, CC1/2. An initial model of 139H2 Fab was generated using 

ColabFold31. The variable region and constant region were placed in subsequent 

PHASER32, the short linkers between the two regions were built manually and the CDRs 

were adjusted in COOT33. Clear density for the MUC1 peptide was present in the Fo-Fc map, 

and the peptide was built manually in COOT. The structure was refined by iterative rounds 

of manual model building in COOT and refinement in REFMAC534. The final model was 

assessed using MolProbity35. All programs were used as implemented in CCP4i2 version 

1.1.036. 

Results 

De novo sequencing by bottom-up mass spectrometry 

The goal of our study was to obtain the sequence of the full length 139H2 IgG antibody 

using a bottom-up proteomics approach. As a starting point, we used 139H2 IgG 

hybridoma supernatant and purified the antibody using protein G affinity resin. The 

purified IgG was digested with a panel of 4 proteases in parallel (trypsin, chymotrypsin, 

α-lytic protease, and thermolysin) to generate overlapping peptides for the LC-MS/MS 

analysis, using a hybrid fragmentation scheme with stepped high-energy collision 
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dissociation (sHCD) and electron-transfer high energy collision dissociation (EThcD) on 

all peptide precursors. The peptide sequences were predicted from the MS/MS spectra 

using PEAKS and assembled into the full-length heavy and light chain sequences using the 

in-house developed software Stitch. This resulted in the identification of a mouse IgG1 

antibody with an IGHV1-53 heavy chain paired with an IGKV8-30 light chain (the full 

sequence is provided in the Supplementary Information). The depth of coverage for the 

complementarity determining regions (CDRs) varies from around 10 to 100, indicating a 

high sequence accuracy (see Supplementary Figure S1). Examples of MS/MS spectra 

supporting the CDRs of both heavy chain and light chain are shown in Figure 2. 

Comparison to the inferred germline precursors indicate a typical moderate level of 

somatic hypermutation (3% in the light chain; 10% in the heavy chain), with some notable 

mutations in the framework regions, also directly flanking CDRH2.  

 

Figure 2. De novo sequencing of the hybridoma 139H2 based on bottom-up proteomics. The 

variable region alignment to the inferred germline sequence is shown for both heavy and 

light chains. Positions with putative somatic hypermutation are highlighted with asterisks 

(*). The MS/MS spectra supporting the CDR regions are shown beneath the sequence 

alignment, b/y ions are indicated in blue and red, while c/z ions are indicated in green and 

yellow. 

Validation of the experimentally determined 139H2 sequence 
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The experimentally determined sequences of the 139H2 variable domains were codon 

optimized for mammalian expression and subcloned into expression vectors with the 

mouse IgG1 heavy chain (with an 8xHis-tag) and the kappa light chain backbones (see 

Supplementary Information for the full amino acid sequences). Co-transfection of the two 

plasmids in HEK293 cells yielded ca. 10 mg from a 1 L culture following His-trap 

purification (see Supplementary Figure S2). Additionally, the Fragment antigen-binding 

(Fab) region was expressed to study the monovalent binding to MUC1. The recombinant 

139H2 and Fab were then compared with the hybridoma-derived 139H2 in Western blot 

and confocal immunofluorescence microscopy.  

To investigate the specificity of the recombinant 139H2 antibody for MUC1, we performed 

immunoblot analysis on lysates of the methotrexate-adapted human colon cancer cell line 

HT29-MTX, known for its high MUC1 expression, and a MUC1 knockout of the same cell 

line that was previously described (see Figure 2)5. The original hybridoma-derived 139H2 

recognizes one predominant band at an estimated molecular weight of 600 kDa, 

corresponding to full length MUC1, and this band is absent in lysates of the MUC1-

knockout cells. The recombinant 139H2 showed the same binding pattern. In confocal 

immunofluorescence microscopy, original hybridoma-derived 139H2 stains MUC1 at the 

apical surface in a confluent culture of HT29-MTX, and this signal is reduced to 

background in the MUC1-knockout cell line. A similar staining is observed with the 

recombinant 139H2.  Western blot and immunofluorescence microscopy using the 

monovalent Fab fragment also showed specific binding to MUC1 in the wild type 

background but with reduced avidity compared to the full bivalent IgG molecule. These 

results confirm that the reverse engineered 139H2 antibody is functional and recognizes 

the full length MUC1 glycoprotein at the apical surface of intestinal epithelial cells. 
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Figure 3. Validation of synthetic recombinant 139H2 following the mass spectrometry-

derived sequence. (A) Immunoblot analysis of lysates of intestinal epithelial HT29-MTX and 

HT29-MTX ∆MUC1 cells with the original hybridoma-derived 139H2 IgG antibody and 

synthetic recombinant 139H2. (B) Immunofluorescence confocal microscopy imaging of 

confluent HT29-MTX and HT29-MTX ΔMUC1 monolayers. Cells were stained for nuclei (DAPI, 

blue) and MUC1 (139H2, green). The signal of the 139H2 Fab was enhanced to compensate 

for the expected low signal/binding. White scale bars represent 20 μm. 

Epitope mapping of 139H2 

Using the reverse engineered 139H2 product, we next characterized binding to the 

immunodominant epitope APDTRPAPG within the MUC1 VNTR. Binding to the synthetic 

peptide, including an N-terminal biotin and short peptide linker for immobilization to the 

SPR substrate (i.e. biotin-GGS-APDTRPAPG), was determined by SPR. Binding of the full 

IgG was characterized by a high and low affinity phase with dissociation constants of 

17×10-9 M and 43×10-7 M, respectively (Figure S3). We interpret this biphasic binding as 

an avidity-enhanced bivalent mode (both Fab arms engaged with epitope, high affinity), 

and a monovalent mode (single Fab arm, low affinity) of binding, respectively. In line with 

this interpretation, binding to a recombinant monovalent 139H2 Fab yielded a 

dissociation constant of 45×10-7 M, similar to the low affinity binding phase of the full IgG. 
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Figure 4.  Structure of 139H2 Fab in complex with MUC1 peptide. (A) Surface 

representation of the Fab with CDRs highlighted in colours and MUC1 peptide shown as a 

model. N- to C-terminus direction of MUC1 peptides is shown as a pink arrow. (B) 

Interactions of interactions between 139H2 Fab and MUC1 peptide. (C) Comparison with 

previously reported structures of monoclonal anti-MUC1 antibodies targeting the VNTR. 

Glycosylated residues of the epitope are depicted by yellow square above.  

To better understand the molecular basis of 139H2 binding to the immunodominant 

epitope within the VNTR we determined a crystal structure of the Fab fragment in complex 

with the synthetic APDTRPAPG peptide (without N-terminal biotin or peptide linker). 

Crystals diffracted to a resolution of 2.5 Å and a structure was solved using molecular 

replacement with a ColabFold model of the 139H2 Fab. This also revealed clear density 

for the peptide epitope in contact with the CDRs of 139H2 (see Supplementary Table S1 

and Supplementary Figure S4). 

The APDTRPAPG peptide binds diagonally across the cleft between the heavy and light 

chains, making direct contact with all CDRs, except CDRL2 (see Figure 4 and 

Supplementary Table S2). Contact points between the peptide and the 139H2 Fab include 

hydrogen bonds with the peptide backbone at 6 out of 8 positions. Both the aspartic acid 
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and arginine residues within the epitope make salt bridges with side chains from 139H2. 

While D3 interacts with R99 within CDRL1, R5 interacts with E50 and T59 near CDRH2, 

in addition to a stacking interaction with Y100 in CDRL3. Neither residue E50 nor T59 in 

139H2 is formally part of CDRH2, though both residues directly flank the loop. Previous 

studies on the binding specificity of 139H2 have shown that R5 of the epitope is crucial for 

139H2 binding. The crystal structure reported here shows that interactions with R5 are 

mediated by residues in 139H2 that are formally part of the framework regions of the 

heavy chain, but both mutated compared to the inferred germline precursors (see Figure 

2). Two additional framework mutations in the heavy chain, i.e. Y35 and T97, appear 

indirectly involved in MUC1 binding by positioning CDRH3 through hydrogen bonds with 

N106 and the backbone of Y111, respectively (see Supplementary Figure S5). Finally, the 

T4 residue of the APDTRPAPG epitope is a known glycosylation site, although 139H2 

binding is reported to be unaffected by the presence of a single O-linked GalNAc at this 

position14,37. The crystal structure reported here shows the T4 side chain to be pointing 

outwards from the 139H2 paratope with no indication of potential clashes that would 

preclude binding of the epitope with glycosylated APDTRPAPG at the T4 position. In line 

with this previous report and our own structural data, we also found that 139H2 binds 

equally well to MUC1 reporter constructs with different types of O-linked glycans 

(Supplementary Figure S6). 

Comparison with previously reported structures of monoclonal anti-MUC1 antibodies 

targeting the VNTR reveal a striking diversity in the modes of binding (a full overview of 

reported structures is listed in Supplementary Table S3)38–48. Monoclonal antibodies 14A, 

16A, and 5E5 all target a different region within the VNTR. While monoclonal antibodies 

SM3, SN101, and AR20.5 all bind to the same immunodominant epitope of the VNTR as 

139H2, the peptide is either shifted or oriented in the opposite direction relative to the 

cleft between the heavy and light chains. For SN101 and AR20.5, the peptide runs across 

this cleft in the opposite direction compared to 139H2. In SM3 the peptide is oriented in a 

similar direction but shifted by approximately 2 residues such that both D3 and R5 are 

contacting different CDRs. In contrast to 139H2, each of the monoclonals compared above 

bind stronger to the glycosylated epitope. In the case of AR20.5 and SN101 this specificity 

can be explained by direct contacts made between the glycan and CDRs of the antibody. 

However, for SM3 the orientation of the glycosylated T4 residue is more similar to 139H2. 
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In SM3 the GalNAc residue makes an additional hydrogen bond with a tyrosine in CDRL1. 

A similar interaction is predicted for 139H2, albeit through a different group of the GalNAc 

residue (see Supplementary Figure S7). 

Discussion 

Our study demonstrates how direct mass spectrometry-based protein sequencing enables 

the reconstruction of antibodies from hybridoma supernatants. In addition to recovering 

such precious resources for research and therapeutic applications, it also contributes to 

open and reproducible science by making the sequences of crucial monoclonal antibody 

reagents more readily available and accessible. Poorly defined (monoclonal) antibody 

products have notoriously been a challenge to reproducibility in life science research and 

the present work shows that MS-based sequencing can offer helpful improvements in this 

regard49,50. 

The reverse-engineered anti-MUC1 monoclonal antibody 139H2 reported here is suitable 

for Western blotting and immunofluorescence microscopy and is likely suitable for other 

applications in FACS sorting of MUC1 positive cells, immunohistochemistry and ELISA, as 

demonstrated for the original hybridoma-derived product16,19,20. We show that 139H2 

binds the immunodominant epitope of the VNTR in a unique way compared to previously 

described monoclonal antibodies against MUC1. Because of its previously reported 

glycan-independent binding, which we supported in this study by the determined 

structure in complex with the epitope, the 139H2 antibody is an important tool for current 

and future MUC1 research. 
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The raw LC-MS/MS files and analyses have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD043489. 

Coordinates and structure factors for 139H2 bound to the MUC1 epitope peptide have 

been deposited to the Protein Data Bank with accession code 8P6I.  

Supplementary Information: 

>139H2 Heavy Chain 

QVQLQQSGAELVKPGASVKLSCKASGYTFTNYYMYWVLQRPGQGLEWIGEINPSNGGTTFNEK

FKNKATLTVDKSSSTAYMQLNSLTSEDSAVYYCTRSRYGNYVNYGMDYWGQGTSVTVSSASTT

PPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGVHTFPAVLQSDLYTLSSSV

TVPSSPRPSETVTCNVAHPASSTKVDKKIVPRDCGCKPCICTVPEVSSVFIFPPKPKDVLTITLTP

KVTCVVVDISKDDPEVQFSWFVDDVEVHTAQTQPREEQFNSTFRSVSELPIMHQDWLNGKEF

KCRVNSAAFPAPIEKTISKTKGRPKAPQVYTIPPPKEQMAKDKVSLTCMITDFFPEDITVEWQW

NGQPAENYKNTQPIMNTNGSYFVYSKLNVQKSNWEAGNTFTCSVLHEGLHNHHTEKSLSHSP

GK 

>139H2 Light Chain 

DIVMSQSPSSLAVSVGEKVTMSCKSSQSLLYSNTQKNYLAWYQQKPGQSPKLLIYWASTRESGV

PDRFTGSGSGTDFTLTISSVKAENLAVYYCQQYYRYPPTFGGGTKLEIRRADAAPTVSIFPPSSEQ

LTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYE

RHNSYTCEATHKTSTSPIVKSFNRNEC 
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Supplementary Table S1. Details of X-ray data collection, processing, and structure 

refinement. 

 PDB accession code  8P6I  

Data collection and 
processing  

   

    Space group  C2  
    a, b, c (Å)  211.8, 42.8, 129.1  
    α, β, γ (deg)  90.0, 122.3, 90.0  
    Wavelength (Å)  0.6199  
    Resolution (Å)  56.05-2.50 (2.60-2.50)*  
    Rmerge  0.387 (1.813)  
    Rpim  0.093 (0.673)  
    CC(1/2)  0.988 (0.689)  
    No. of observations  630424 (58514)  
    No. unique  34554 (3836)  
    Mean I/σ (I)  9.0 (0.7)  
    Completeness (%)  100.0 (100.0)  
    Redundancy  18.2 (15.2)  
    

Structure Refinement     
    Rwork/Rfree   0.202/0.253  
    Model composition     
        Non-hydrogen atoms  6719  
        Protein residues  854   
        Water  229  
    B factors (Å2)     
        Protein   33.6  
    R.m.s. deviations     
        Bond lengths (Å)   0.0086  
        Bond angles (°)   1.53  
    Validation     
        MolProbity score   1.53  
        Clash score   2.27  
        Poor rotamers (%)   3.12  
    Ramachandran plot     
        Favoured (%)   97.19  
        Allowed (%)   2.69  
        Outliers (%)   0.12  

*Values in parenthesis are for the highest resolution shell.  
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Supplementary Table S2. Overview of 139H2-MUC1 epitope contacts observed in crystal 

structure. 

MUC1 peptide group 139H2 group interaction 

Ala1 backbone Arg99|LC sidechain hydrogen bond 

Pro2 sidechain Tyr98|LC sidechain stacking 

Asp3 backbone Tyr98|LC backbone hydrogen bond 

 sidechain Arg99|HC sidechain salt bridge 

 sidechain Tyr100|LC backbone hydrogen bond 

Thr4 - - - - 

Arg5 backbone Tyr101|HC backbone hydrogen bond 

 backbone Tyr102|HC sidechain hydrogen bond 

 sidechain Glu50|HC sidechain salt bridge 

 sidechain Thr59|HC sidechain hydrogen bond 

 sidechain Tyr100|LC sidechain stacking 

Pro6 backbone Tyr33|HC sidechain hydrogen bond 

Ala7 - - - - 

Pro8 backbone Ser54|HC sidechain hydrogen bond 

Gly9 - - - - 
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Supplementary Table S3. Overview of reported MUC1-Fab structures. Structures in 

yellow contain O-glycopeptide, green unglycosylated peptide. The final column highlights 

the bound peptides in the context of MUC1’s repeat region. 

  



Chapter 4 
 

122 
 

PDB 
ID 

mAb peptide remarks ref VNTR (2x repeat 
GSTAPPAHGVTSAPDTR
PAP) 

7VAZ 14A RPAPGS(
GalNAc)T
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

7V8Q 14A RPAPGST
(GalNAc)
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

7VAC 14A RPAPGS(
GalNAc)T
(GalNAc)
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

7V4
W 

16A RPAPGST
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

7V64 16A RPAPGST
(GalNAc)
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

7V7K 16A RPAPGS(
GalNAc)T
(GalNAc)
APPAHG 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1101/2022.07.
24.501275 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

6TNP 5E5 APGST(Ga
lNAc)AP 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1039/D0CC063
49E 

GSTAPPAHGVTSAPDTRP
APGSTAPPAHGVTSAPD
TRPAP 

6KX1 SN-
101 

VTSAPDT
(GalNAc)
RPAPGST
A 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1039/D0SC003
17D 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAP
DTRPAP 

5T6P AR20.
5 

APDTRPA
P 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1093/glycob/c
ww131 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5T78 AR20.
5 

APDT(Gal
NAc)RPA
P 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1093/glycob/c
ww131 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5A2J SM3 APDTRP higher affinity for 
glycopeptide 

https://doi.org/1
0.1002/anie.201
502813 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5A2K SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1002/anie.201
502813 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5A2I SM3 APDS(Gal
NAc)RP 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1002/anie.201
502813 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5A2L SM3 APDC(Gal
NAc)RP 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1002/anie.201
502813 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5N7B SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; substitution 
in glycosidic linkage 

https://doi.org/1
0.1021/jacs.8b13
503 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

6FRJ SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; substitution 
in glycosidic linkage 

https://doi.org/1
0.1021/jacs.8b13
503 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

6TGG SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; with 
iminosugar 

https://doi.org/1
0.1039/C9SC063
34J 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 
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6FZR SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; with 
fluorinated glycan 

https://doi.org/1
0.1021/jacs.8b04
801 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

6FZQ SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; with 
fluorinated glycan 

https://doi.org/1
0.1021/jacs.8b04
801 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5FXC SM3 APDT(Gal
NAc)RP 

higher affinity for 
glycopeptide; glycan 
connected with linker 

https://doi.org/1
0.1021/acs.joc.6
b00833 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

5OW
P 

SM3 GVTSA(2f
P)DT(Gal
NAc)RPA
P 

higher affinity for 
glycopeptide; with 
fluorinated proline 

https://doi.org/1
0.1021/jacs.7b09
447 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

1SM3 SM3 TSAPDTR
PAPGST 

higher affinity for 
glycopeptide 

https://doi.org/1
0.1006/jmbi.199
8.2209 

GSTAPPAHGVTSAPDTR
PAPGSTAPPAHGVTSAPD
TRPAP 

8P6I 139H
2 

APDTRPA
PG 

 
current work GSTAPPAHGVTSAPDTR

PAPGSTAPPAHGVTSAPD
TRPAP 
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Supplementary Figure S1. Depth of coverage (total number of overlapping peptides 

mapped per position) for the variable domains of the 139H2 heavy and light chains.
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Supplementary Figure S2. Purification of recombinant 139H2. A) Elution profile across 

the imidazole gradient from the His-Trap purification. B) SDS-PAGE of the purified IgG 

product under reducing/non-reducing conditions. 
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Supplementary Figure S3. Surface plasmon resonance quantification of binding affinity 

for the recombinant full-length 139H2 and its Fab to surface-immobilized MUC1 peptide. 

a) Binding of 139H2 full IgG to surface-immobilized biotinylated MUC1 peptide, analyzed 

by SPR. Equilibrium binding was fitted using a two-site binding model (right panel), with 

the respective KD and Bmax values for the high- and low-affinity binding indicated. b) 

Binding of 139H2 Fab to surface-immobilized biotinylated MUC1 peptide, analyzed by 

surface plasmon resonance SPR. Equilibrium binding was fitted using a one-site binding 

model (Langmuir isotherm, right panel), with KD and Bmax value indicated. 
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Supplementary Figure S4. Electron density for the MUC1 peptide bound to 139H2 Fab. 

(A) Positive Fo-Fc omit density plotted at 3.0σ (green mesh), after correcting CDRs and 

refinement in REFMAC but excluding placement of the MUC1 peptide, shows well-resolved 

additional density at the peptide binding site. (B) The 2Fo-Fc density plotted at 1.0σ (grey 

mesh) of the final refined model including waters (red spheres) shows a good fit for the 

modelled MUC1 peptide (green sticks). In both panels the 139H2 Fab molecule is shown 

in stick representation, with the light chain coloured in light grey, and the heavy chain 

coloured in dark grey, as in Figure 3. 
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Supplementary Figure S5. Sites of somatic hypermutation in 139H2 framework. (A) 

Structure of 139H2 FAB with somatic hypermutations highlighted in red. (B) 

Hypermutations in heavy chain are organized in a stripe across the beta-sheet, side chains 

are oriented to the center of beta-barrel formed by heavy and light chains. (C) Interaction 

of Y35 and T97 with N106 and Y111, respectively, tilt CDR3 loop into the position where 

it can interact with MUC1. 
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Supplementary Figure S6. Binding of 139H2 to MUC1 reporter constructs with different 

O-linked glycosylation. A) Schematic representation of the MUC1 Fragments used, 

adopted from Nason/Büll et al. 2021. The four fragments used contain 7 transmembrane 

repeats (TR) of MUC1 with 5 O-glycosylation sites with WT Core2/ST (WT)/ DiST/ STn or 

Tn glycan structures. Fragments were a kind gift from Christian Büll. Fig. 1B-D) Western 

blots against the MUC1 WT/DiST/STn/Tn fragments with 139H2 Hybridoma-derived 

antibody  (B) (N=3), 139H2 Synthetic Recombinant antibody (C) (N=3) and a α-His-tag 

antibody control (D) (N=3). Fig. 1E) Western blot band intensities analyzed with Image 

Lab 6.0 software. Calculated intensity ratios were made relative to the intensity of MUC1-

Tn. No significant difference in binding of 139H2 Hybridoma-derived or 139H2 

Recombinant Synthetic was observed compared to the 6 α-His-tag antibody control.  
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Supplementary Figure S7. Comparison of 139H2 and SM3 binding to MUC1. In SM3 the 

GalNAc residue makes an additional hydrogen bond with a tyrosine in CDRL1, similar 

interaction between T4 and GalNAc is predicted to be present also in 139H2. 
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Abstract 

The Respiratory Syncytial Virus (RSV) Fusion (F) protein is a major target of antiviral 

antibodies following natural infection and vaccination and responsible for mediating 

fusion between the viral envelope and the host membrane. The fusion process is driven 

by a large-scale conformational change in F, switching irreversibly from the metastable 

prefusion state to the stable postfusion conformation. Previous research has identified six 

distinct antigenic sites in RSV-F, termed sites Ø, I, II, III, IV, and V. Of these, only antigenic 

site I is fully specific to the postfusion conformation of F. A monoclonal antibody 131-2a 

that targets postfusion F specifically has been widely employed as a research tool to probe 

for postfusion F and to define antigenic site I in serological studies, yet the sequence and 

epitope of the antibody remained unknown. Here we use mass spectrometry-based de 

novo sequencing of 131-2a to reverse engineer a recombinant product and study the 

epitope to define antigenic site I with molecular detail. The experimentally determined 

sequence was validated by comparison of the reverse-engineered 131-2a and the 

sequenced input material in Western blot and ELISA. We used reverse engineered 131-2a 

to investigate the epitope by single particle cryo electron microscopy, revealing the 

molecular basis for the antibody binding to the antigenic site I of the postfusion RSV-F. 
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Introduction 

Respiratory Syncytial Virus (RSV) is the second major cause for hospital admissions of 

young infants globally, following malaria. It is estimated that RSV is responsible for 

approximately 60,000 childhood deaths each year, especially in low-resource settings1,2. 

RSV is a Pneumovirus, member of the family of Paramyxoviruses. It consists of a negative 

sense, single stranded RNA genome enveloped in a lipid bilayer containing three virally 

encoded envelope proteins: the Small Hydrophobic Protein (SHP), Fusion protein (F), and 

Glycoprotein (G)3. Both G and F are involved in host cell attachment and receptor binding 

and as the name suggests, F also mediates cell entry by fusing the viral envelope with the 

host membrane, thereby delivering the genetic material of the virus into its host cell.4 The 

antibodies that target G and F play a pivotal role in the antiviral immune response. This is 

especially true for the F protein, making it the focus of vaccines and monoclonal antibody 

therapies currently under clinical development5–7. 

F is a trimeric class I viral fusion protein that exists in a metastable prefusion 

conformation. Its conformational change into the stable postfusion conformation drives 

fusion of the viral envelope with the host membrane. Owing to the drastic conformational 

changes between the pre- and postfusion states of F, each conformation presents distinct 

epitopes. Previous studies have described this complex antigenic landscape by defining 

six antigenic sites: Ø, I, II, III, IV, and V (see Figure 1)8. Antigenic sites Ø and V are specific 

to the prefusion state of F, and while antibodies directed against antigenic site III can bind 

F in both conformations, they also bind stronger to the prefusion conformation. Antigenic 

sites II and IV are shared between pre- and postfusion states, but antibodies directed to 

antigenic site I are fully specific to the postfusion conformation9. 
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Figure 1. RSV F protein antigenic sites: Antigenic sites Ø (petrol) and V (yellow) are specific 

to the prefusion state; antigenic II (green) and IV (magenta) are present in both pre- and 

postfusion F; antigenic site III (blue) show preference to the prefusion state; antigenic site I 

(purple) is specific to postfusion F. 

Even in newly produced virions from an infected host cell, F is present on the envelope in 

a complex mixture of pre- and postfusion states. Meanwhile, neutralizing activity in 

immune sera can be largely attributed to prefusion F-specific antibodies. The postfusion 

F on virions has been speculated to act as a decoy to the immune system, directing it 

towards non-neutralizing epitopes at the expense of effectively neutralizing epitopes 

present in prefusion F. The antigenic site-I directed antibodies thereby constitute an 

important, possibly counterproductive component of the antibody response to natural 

RSV infection or vaccination. 

Serological studies have used monoclonal antibody standards to probe the antigenic site-

specific antibody response in human subjects. This is typically done in competition 
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binding experiments of the monoclonal antibody standards with polyclonal sera to pre- 

and postfusion F10. The mouse monoclonal antibody 131-2a has become the canonical 

antigenic site I- defining antibody in these studies and is also widely used to specifically 

detect postfusion F in viral cultures and vaccine preparations by ELISA, Western blot, 

immunofluorescence microscopy, and cell sorting experiments. While 131-2a was 

discovered in the early 1980’s and has since been widely used in RSV studies, its sequence 

is not publicly available11. Moreover, the epitope of 131-2a on postfusion F has not been 

studied at a detailed structural level, so the basis of its specificity to postfusion F has not 

been conclusively established. We have recently developed a mass spectrometry-based 

workflow to sequence antibodies straight from the purified protein, which we apply here 

to reverse engineer a functional recombinant 131-2a monoclonal antibody12,13. This 

enabled detailed structural studies of the 131-2a interaction with F by single particle cryo 

electron microscopy (cryo-EM), revealing the molecular basis for its binding specificity to 

the postfusion conformation. 

Methods 

Expression and Purification of RSV-F Proteins 

Design, expression and purification of  RSV pre-fusion F (DSCav1-T4fd, Genbank JX015498) 

has been described previously14,15. Briefly, cDNA encoding pre-fusion RSV F (DSCav1-T4fd) 

was cloned into the pCD5 expression vector in frame with the CD5 signal peptide coding 

sequence, followed by sequences encoding a C-terminal T4 fibritin trimerization motif, 

thrombin site, and Strep-tagII (IBA, Germany). Pre-fusion F was expressed transiently in 

HEK-293T cells [ATCC, CRL-11268] and secreted protein was purified from culture 

supernatants using Strep-tactin Sepharose beads (IBA) following the manufacturer’s 

protocol and as described previously15,16. RSV post-fusion F corresponds to Flys-GCN  

described  previously except that the strep tag was not present in the current protein and 

that it was expressed in CHO cells16. This construct was generated by cloning cDNAs 

encoding the RSV F ectodomain (amino acids 26 to 515, Genbank: JX015498.1) in frame 

with a CD5 signal peptide-encoding sequence and followed by sequences coding for the 

GCN4 isoleucine zipper trimerization motif and a a LysM peptidoglycan binding 

domain17,18. In addition, arginines in the two furin-cleavage sites were substituted by 

lysines. This protein was previously used in a clinical trial19. 
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MS-based sequencing of 131-2a 

Sample preparation – 24 μg of 131-2a (MAB8599P-K, Sigma) was denatured and reduced 

in 2% sodium deoxycholate (SDC), 200 mM Tris-HCl, 10 mM tris(2-

carboxyethyl)phosphine (TCEP), 40 mM iodoacetic acid, pH 8.5 at 95°C for 10 min, 

followed with 20 min incubation at room temperature in the dark for alkylation.  3 μg 

Sample was then digested by one of the following proteases trypsin, chymotrypsin, α-lytic 

protease, thermolysin, elastase, gluC, lysC and lysN in a 1:50 ratio (w:w) in a total volume 

of 100 uL of 50 mM ammonium bicarbonate at 37°C overnight. After digestion, SDC was 

removed by adding 2 uL formic acid (FA) and centrifugation at 14000 g for 20 min. 

Following centrifugation, the supernatant containing the peptides was collected for 

desalting on a 30 µm Oasis HLB 96-well plate (Waters). The Oasis HLB sorbent was 

activated with 100% acetonitrile and subsequently equilibrated with 10% formic acid in 

water. Next, peptides were bound to the sorbent, washed twice with 10% formic acid in 

water and eluted with 100 µL of 50% acetonitrile/5% formic acid in water (v/v). The 

eluted peptides were vacuum-dried and reconstituted in 100 µL 2% FA.  

Mass Spectrometry –The  digested peptides (single injection of 0.2 ug) were separated by 

online reversed phase chromatography on an Agilent 1290 UHPLC (column packed with 

Poroshell 120 EC C18; dimensions 50 cm x 75 µm, 2.7 µm, Agilent Technologies) coupled 

to a Thermo Scientific Orbitrap Fusion mass spectrometer. Samples were eluted over a 90 

min gradient from 0% to 35% acetonitrile at a flow rate of 0.3 μL/min. Peptides were 

analyzed with a resolution setting of 60000 in MS1. MS1 scans were obtained with 

standard AGC target, maximum injection time of 50 ms, and scan range 350-2000. The 

precursors were selected with a 3 m/z window and fragmented by stepped HCD as well 

as EThcD. The stepped HCD fragmentation included steps of 25%, 35% and 50% NCE. 

EThcD fragmentation was performed with calibrated charge-dependent ETD parameters 

and 27% NCE supplemental activation. For both fragmentation types, ms2 scan were 

acquired at 30000 resolution, 800% Normalized AGC target, 250 ms maximum injection 

time, scan range 120-3500. 

Data analysis – MS/MS spectra were used to determine de novo peptide sequences using 

PEAKS Studio X (version 10.6)20. We used a tolerance of 20 ppm and 0.02 Da for MS1 and 

MS2, respectively. Carboxymethylation was set as fixed modification of cysteine and 
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variable modification of peptide N-termini and lysine. Oxidation of methionine and 

tryptophan and pyroglutamic acid modification of N-terminal glutamic acid and glutamine 

were set as additional variable modifications. The CSV file containing all the de novo 

sequenced peptide was exported for further analysis. Stitch (nightly version 

1.4.0+6dbb8b7) was used for the template-based assembly21. The mouse antibody 

database from IMGT was used as templates22,23. The cutoff score for the de novo sequenced 

peptide was set as 85 and the cutoff score for the template matching was set as 10. All the 

peptides supporting the sequences were examined manually. 

Reverse engineering 131-2a 

Cloning and Expression of recombinant 131-2a  

To recombinantly express full-length 131-2a, the proteomic sequences of both the light 

and heavy chains were reverse-translated and codon-optimized for expression in human 

cells using the Thermo Fisher webtool (https://www.thermofisher.com/order/gene-

design/index.html ). For the linker and Fc region of the heavy chain, the standard mouse 

IGG2A amino acid sequence (IMGT database) was used. An N-terminal secretion signal 

peptide derived from human IgG light chain (MEAPAQLLFLLLLWLPDTTG) was added to 

the N-termini of both heavy and light chains. BamHI and NotI restriction sites were added 

to the 5′ and 3′ ends of the coding regions, respectively. Only for the light chain, a double 

stop codon was introduced at the 3′ site before the NotI restriction site. The coding regions 

were subcloned using BamHI and NotI restriction-ligation into a pRK5 expression vector 

with a C-terminal octahistidine tag between the NotI site and a double stop codon 3′ of the 

insert, so that only the heavy chain has a C-terminal AAAHHHHHHHH sequence for nickel-

affinity purification (the triple alanine resulting from the NotI site). After the sequence 

was validated by Sanger Sequencing, the HC/LC were mixed in a 1:1 DNA ratio and 

expressed in HEK293 cells by the ImmunoPrecise Antibodies (Europe) B.V company. After 

expression the culture supernatant of the cells was harvested and purified using a HisPur 

Ni-NTA Resin (Thermos Scientific). After purification, 131-2a was buffer exchanged and 

concentrated into PBS by Amicon Ultra Filter.  

131-2a Fab generation 

The full 131-2a IgG was digested by immobilized papain (ThermoFisher) in digestion 

buffer (0.22 mM Cysteine HCl, 20 mM phosphate buffer, pH=7) at 37 degree, 1000 rpm 

https://www.thermofisher.com/order/gene-design/index.html
https://www.thermofisher.com/order/gene-design/index.html
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shaking for 5 hours. After digestion, Fc was removed by incubation with protein A agarose 

Resin (ThermoFisher) at room temperature for 15 minutes. The 131-2a Fab was further 

purified by size-exclusion chromatography using Superdex 200 Increase 10/300 GL 

(Cytiva) in PBS buffer.  

Validation of 131-2a product 

Western blot 

Binding of 131-2a was analyzed by western blot assay utilizing both prefusion and 

postfusion  proteins mentioned above14–16. Briefly, 0.25 μg of either post- or pre-fusion 

RSV F proteins were mixed with native protein buffer (Bio-Rad, 1610738) and then loaded 

into 7% polyacrylamide gel devoid of SDS, accompanied by protein standards (Bio-Rad, 

1610375). The proteins were transferred to a cellulose nitrate membrane using a Trans-

Blot Turbo Transfer System (Bio-Rad). Following this, the membrane was subjected to 

blocking utilizing 3% BSA alongside 0.1% Tween 20. HRP-conjugated rabbit anti-mouse 

IgG (Dako, P0260) was used at 1:5,000 for detection of 131-2a antibody. Visualization was 

performed using BeyoECL Moon (Beyotime). The Western blots were scanned by using an 

imaging system (Odyssey). 

ELISA 

Nunc MaxiSorp ELISA plates (Thermo Fisher Scientific) were icoated with 50 ng of RSV F 

and  incubated overnight at 4 ℃, followed by three washing steps with phosphate-buffered 

saline (PBS) containing 0.05% Tween 20. Plates were blocked with 2% bovine serum 

albumin (BSA; Fitzgerald) in PBS with 0.1% Tween 20 at 4 °C overnight. Subsequently, 

131-2a (home-made or commercial (MAB8599P-K, Sigma) ) antibodies were allowed to 

bind the plates at 3-fold serial dilutions, starting at 1 μg/ml diluted in PBS containing 2% 

BSA and 0.1% Tween 20, at RT for 1 hour. After washing, plates were incubated with 

1:1000 diluted horseradish peroxidase (HRP)–conjugated rabbit anti-mouse IgG (Dako, 

P0260) for 1 hour at RT. HRP reactivity with tetramethylbenzidine substrate (BioFX) was 

measured with an ELISA plate reader at 450nM (EL-808, BioTek). 

CryoEM sample preparation, data collection, motion correction, and CTF estimation 
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RSV postF and 131-2a Fabs were mixed in 3:4 molar ratio and incubated 30 minutes on 

ice. Sample was diluted to 0.2 mg/ml in PBS and was pipetted onto a holey carbon-coated 

copper grid (R1.2/1.3, mesh 200; Quantifoil), blotted and vitrified by plunging into liquid 

ethane using an FEI Vitrobot Mark IV (Thermo Fisher Scientific). The vitrified sample was 

transferred to a Titan Krios electron microscope (Thermo Fisher Scientific) operated 

under cryogenic conditions and at an acceleration voltage of 300 kV.  

Micrographs were collected at a magnification of 105,000x on a K3 direct electron 

detector in counted super-resolution mode, resulting in a calibrated pixel size of 

0.418 Å/pix. Imaging was done under low-dose conditions (total dose 50 e−/Å2) and 

defocus values ranging from −0.8 to −2.0 μm. The 2.52 second exposure was fractionated 

into 50 frames and saved as a tiff. Automated data acquisitions were performed using the 

software EPU with AFIS (Thermo Fisher Scientific).  

The movies were motion-corrected globally and locally (5 × 5 patches) using the software 

MotionCor224 and saved as dose-weighted micrographs. Defocus values were estimated 

from aligned non-dose-weighted micrographs using the program CTFFINF425.  

Cryo-EM reconstruction of postF in complex with 131-2a Fab 

Particle picking was done in two iterations, first particles were picked using Topaz 

embedded in Relion-4.0.1. and subjected to 2D classification26,27. Selected 2D classes were 

used as a reference for reference based particle picking in Relion. Extracted particles were 

then transferred to Cryosparc v4.2.1.28. Several rounds of 2D classification were 

performed to select intact postF particles. Ab initio reconstruction with four requested 

classes resulted into the densities of postF with none, one, two, and three Fabs attached. 

Global 3D refinements were performed. Particle stacks were sorted for one, two and three 

Fab-bound complexes by iterative heterogeneous refinements using ab initio 

reconstructions as initial models. All particle stacks were separately reconstructed using 

homogenous, local and ctf refinements. 

Cryo-EM structure determination and refinement 

131-2a Fab Alphafold2 model and crystal structure of RSV postF (PDB:3RKI) was fitted 

into their densities as rigid bodies using Chimera and then iteratively refined in real space 

using the program PHENIX real_space_refine.py and corrected manually in COOT and 
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ISOLDE9,29–33. The quality of the structures and their fit to the cryo-EM density maps was 

assessed using comprehensive validation in the program PHENIX.  

Result 

De novo sequencing by bottom-up mass spectrometry 

The purified mouse monoclonal antibody 131-2a was sequenced by mass spectrometry, 

using a bottom-up proteomics approach. The antibody was digested with a panel of 8 

proteases in parallel (trypsin, chymotrypsin, α-lytic protease, thermolysin, elastase, gluC, 

lysC and lysN) to generate overlapping peptides for the LC-MS/MS analysis, using an in-

solution digestion protocol. Peptides were sequenced from MS/MS spectra, following a 

hybrid fragmentation scheme with both stepped high-energy collision dissociation (sHCD) 

and electron-transfer high energy collision dissociation (EThcD) on all peptide precursors. 

The peptide sequences were predicted from the MS/MS spectra using PEAKS and 

assembled into the full length heavy and light chain sequences using the in-house 

developed software Stitch. This resulted in the identification of a mouse IgG2a antibody 

with an IGHV1S29 heavy chain, paired with an IGKV3-2 light chain (the full sequence is 

provided in the Supplementary Information). The depth of coverage for the 

complementarity determining regions (CDRs) varies from around 10 to 200, indicating a 

high sequence accuracy (see Supplementary Figure S1). Examples of MS/MS spectra 

supporting the CDRs of both heavy chain and light chain are shown in Figure 2. Both heavy 

and light chains exhibit a typical, moderate degree of somatic hypermutation of an 

estimated 12% and 5%, respectively. This includes several inferred mutations in the 

framework regions of the chains. 
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Figure 2. De novo sequencing of the commercial 131-2a based on bottom-up proteomics. The 

variable region alignment to the inferred germline sequence is shown for both heavy and 

light chains. Positions with putative somatic hypermutation are highlighted with asterisks 

(*). The MS/MS spectra supporting the CDR regions are shown beneath the sequence 

alignment, b/y ions are indicated in green and purple, while c/z ions are indicated in orange 

and dark blue. 

Reverse engineering a functional 131-2a monoclonal antibody 

The experimentally determined sequences of 131-2a were reverse translated to DNA with 

codon optimization for expression in HEK293 cells. The synthetic DNA for the variable 

domains was inserted into pRK5 plasmids containing the mouse IgG2a backbone with a C-

terminal 8xHis-tag for purification for the heavy chain, and the mouse Ig Kappa backbone 

for the light chain. Plasmids were co-transfected in HEK293E cells, with the recombinant 

131-2a yielding 95 mg from a 1 L culture following his-tag purification (see 

Supplementary Figure S2). The reverse engineered 131-2a was then compared with input 

material for sequencing in Western blot and enzyme-linked immunosorbent assay 

(ELISA). As shown in Figure 3, the reverse engineered 131-2a binds specifically to 

postfusion F, in a manner that is indistinguishable from the input material. This 

demonstrates that the mass spectrometry derived sequence yielded a functionally 

equivalent antibody product. 
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Figure 3. Validation of recombinant 131-2a expressed with mass spectrometry-derived 

sequence A) Elisa analysis of pre/post- F with the commercial 131-2a and the recombinant 

131-2a; B) Western blot analysis of pre/post- F with the commercial 131-2a and the 

recombinant 131-2a 

Epitope mapping of 131-2a 

Despite its use as an antibody standard to define antigenic site I and specifically detect the 

F protein in a postfusion state, the molecular basis of 131-2a's postfusion specificity is not 

well understood. Reverse engineering 131-2a enabled us to map the epitope in greater 

detail using single particle cryoEM. The antigen-binding fragment (Fab) of 131-2a was 

purified by SEC following papain cleavage and added to postfusion F to form the complex. 

These F:131-2a complexes were deposited on holey carbon grids for vitrification and 

imaging without further purification. Several rounds of 2D and 3D classification recovered 

a clearly identifiable postfusion F head domain, while the stalk remained largely 

unresolved. The imaged particles consist of a mixture of four F:131-2a stoichiometries, 

containing 3:0, 3:1, 3:2, and 3:3 subunits of each component. The 3:1 complex was most 

populated in this dataset and refined to a final resolution of 3.7 Å. There were no 

distinguishable differences in Fab binding between the 3:1 or 3:2 and 3:3 complexes, 

indicating that the 3:1 stoichiometry we focused on is simply the result of the specific 

mixing ratio of the postfusion F and 131-2a Fab in this preparation.  

The epitope of 131-2a consists mainly of a region spanning the C382-C393 loop in the F1 

subunit. This loop is contacted by both CDRL2 and CDRH3, with the latter making 

additional contacts with the N-terminal region of the F2 subunit. CDRH1 and CDRL1 make 
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additional contacts with the alpha helix and beta strand flanking the C382-C393 loop, 

respectively. CDRL2 makes additional contacts with the C322-C333 loop in the F1 subunit, 

which is disordered in previously published postfusion F structures, as well as in unbound 

F subunits in the present reconstructions34. The conformation of the 131-2a epitope is 

similar in prefusion F. However, in prefusion F access by 131-2a is blocked by the a10 helix 

of the F1 subunit. This helix refolds to the stalk in the postfusion conformation14. 

 

Figure 4: Panel A illustrates the Cryo-EM reconstruction of RSV postF with bound 131-2a Fab, 

Panel B illustrates the previously published unbound postfusion F structure (PDB: 3RRR), the 

C382-C393 loop is highlighted in the zoom in. Panel C illustrates the prefusion F structure 

(PBD: 4MMU). The α10 helix that hindered the binding and C382-C393 loop are highlighted 

in the zoom in. The 131-2a Fab is shown in grey, the C-terminus of F1 subunit is shown in 

yellow. 

Conclusions 

In this work, the application of the bottom-up proteomics based mass spectrometry 

method allows us to derive the full sequence from the anti-RSV post fusion F mAb 131-2a. 

This sequence information enabled the reverse engineering of a functional recombinant 

131-2a antibody, which was demonstrated to possess equivalent binding specificity to 

RSV postfusion F when compared to the commercial 131-2a, as confirmed by Western blot 

and ELISA  
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Moreover, the study employed single particle cryo-electron microscopy (cryo-EM) to map 

the epitope of 131-2a in detail. It revealed that the epitope primarily encompasses a region 

spanning the C382-C393 loop in the F1 subunit and the N-terminus of the F2 subunit. 

While the conformation of the epitope remains similar in the prefusion conformation of F, 

access is hindered by the a10 helix of the F1 subunit, which refolds to the stalk region in 

the postfusion conformation. The postF specificity of 131-2a can thus be explained by 

negative selection of binding in the prefusion conformation. De novo sequencing of 131-

2a by mass spectrometry enabled an in-depth molecular characterization of antigenic site 

I of the RSV-F protein, shedding new light on decades of serological studies characterizing 

the antibody response to RSV infection and vaccination. 
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DIVLTQSPASLAVSLGQRATISCRASESVDNFGISFINWFQQKPGQPPKLLIYGASNQGSGVPARF

SGSGSGTDFSLNIHPMEEVDTAVYFCHQSKEVPYTFGGGTKLEIKRADAAPTVSIFPPSSEQLTS

GGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYERHN

SYTCEATHKTSTSPIVKSFNRNCCSNTTGSKT 

 

Supplementary Figure S1. Depth of coverage (total number of overlapping peptides 

mapped per position) for the variable domains of the 131-2a heavy and light chains. 
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Supplementary Figure S2.  Cryo-EM reconstructions of RSV postF (grey) with one, two, 

and three 131-2a Fabs attached. 
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Abstract： 

Monoclonal gammopathy of undetermined significance (MGUS) is a plasma cell disorder, 

characterized by the presence of a predominant monoclonal antibody (i.e., M-protein) in 

serum, without clinical symptoms. Here we present a case study in which we detect MGUS 

by liquid-chromatography coupled with mass spectrometry (LC-MS) profiling of IgG1 in 

human serum. We detected a Fab-glycosylated M-protein and determined the full heavy 

and light chain sequences by bottom-up proteomics techniques using multiple proteases, 

further validated by top-down LC-MS. Moreover, the composition and location of the Fab-

glycan could be determined in CDR1 of the heavy chain. The outlined approach adds to an 

expanding mass spectrometry-based toolkit to characterize monoclonal gammopathies 

such as MGUS and multiple myeloma, with fine molecular detail. The ability to detect 

monoclonal gammopathies and determine M-protein sequences straight from blood 

samples by mass spectrometry provides new opportunities to understand the molecular 

mechanisms of such diseases. 

 

Keywords: 

M-protein; monoclonal gammopathy; glycosylation; antibody; de novo sequencing; 

middle-down  
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Introduction  

Monoclonal gammopathy of undetermined significance (MGUS) is a plasma cell disorder, 

characterized by the presence of a predominant monoclonal antibody (i.e., M-protein) in 

patient serum. 1 MGUS is a preclinical stage of Multiple Myeloma (MM), with an estimated 

annual risk of 1% to progress to MM. 2 The most common antibody isotype in MGUS 

patients is IgG, which is a heterodimer consisting of two identical pairs of heavy chains 

(HC) and light chains (LC).3,4 All IgG share one conserved N-linked glycosylation site on 

each copy of the HC in the Fc region.5 However, the M proteins present in both MGUS and 

MM patients have been reported to have a high frequency of unusual additional 

glycosylation in the Fab region, present in the variable domains of either the light or heavy 

chains. 6,7 

We recently developed methods for direct mass spectrometry-based repertoire profiling 

and sequencing of IgG1 from human serum.8,9 In this method IgG is affinity purified from 

serum samples, followed by selective digestion and release of the IgG1 Fab portion.10 

Subsequent analysis of the released Fabs by reversed phase liquid chromatography, 

coupled with mass spectrometry (LC-MS), establishes a highly resolved map of antibody 

clones separated by mass and retention time, spanning at least 2 orders of magnitude in 

abundance. By spiking in monoclonal antibodies at known concentrations, also absolute 

concentrations of endogenous clones can be estimated by normalizing their signal 

intensities. Typically, we detect a few hundred of the most abundant clones, together 

making up 50-90% of the total subclass concentration. The most abundant IgG1 clones are 

generally in the order of 0.01-0.1 mg/mL, with sometimes outliers of up to about 1 mg/mL 

in hospitalized patients in critical condition.11,12 

During screening of serum IgG1 repertoires of a new cohort of donors by LC-MS we 

observed a donor whose repertoire was exceptionally dominated by a single IgG1 clone 

exhibiting a very high concentration of approximately 10 mg/mL in serum. This single 

clone contributes approximately 98% to the total amount of all IgG1 molecules in the 

serum of this patient. Subsequent clinical tests confirmed diagnosis of MGUS. Our MS data 

also indicated that this MGUS M-protein harbored abundant Fab glycosylation. Combining 

the above IgG1 profiling method with bottom-up proteomics-based sequencing, we were 

able to recover the full sequence of the antibody heavy and light chains. The Fab 
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glycosylation could be traced back to a specific residue in CDR1 of the heavy chain. The 

attached N-glycan structures could be assigned and quantified based on the intact Fab MS 

spectra and tandem MS spectra of the corresponding glycopeptides. This case illustrates 

how integrated bottom-up and top-down proteomics can be used to detect MGUS and 

other monoclonal gammopathies, sequence the associated monoclonal antibody against a 

background of serum IgG1, even when the M-protein is Fab-glycosylated, and that the 

composition of this Fab-glycosylation can be determined and localized from the same 

sampled material. 

Method 

Cohort and Trial information 

In the period of 2015-2019 patients who underwent kidney transplantation were asked 

to participate in a biobank to evaluate immunological developments after kidney 

transplantation. All participants provided written informed consent to collect clinical data 

and serum samples pre-transplantation and at month 1, 3, 6, and 12 post-transplantation. 

The study was approved by the local Biobank Research Ethics Committee (protocol 15-

019). Serum samples of patients with a recorded bacterial infection after kidney 

transplantation were identified and analyzed to evaluate the immunological response to 

such an infection. In one of the patients the samples showed a few extremely abundant 

clones. 

IgG purification and Fab production 

IgG1 clonal profiling was performed based on a method previously described by Bondt et 

al. 8 Two internal reference mAbs (trastuzumab and alemtuzumab) were spiked into 

serum samples of 10 µL to a final concentration of 20 µg/mL (200 ng), after which IgG was 

captured using 10 µL CaptureSelect FcXL affinity matrix (20 µL slurry, Thermo Fisher) in 

a spin column. After binding for 60 min on a shaker at 750 rpm and room temperature, 

columns were washed in four sequential rounds by adding 150 µL PBS and removing the 

liquid by centrifugation for 1 min at 500 g. IgG1 Fab molecules were released on through 

on-bead proteolytic digestion using 100 U IgdE (FabALACTICA; Genovis) in 50 µL 150 mM 

sodium phosphate pH 7.0 overnight on a shaker at 750 rpm and 37 °C. Liquid containing 

free IgG1 Fabs was captured through centrifugation for 1 min at 1,000 g. 
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Analysis was performed by reversed-phase LC-MS using a Vanquish Flex UHPLC system 

(Thermo Fisher) coupled to an Orbitrap Exploris 480 instrument (Thermo Scientific. 

Chromatographic separation was performed on a 1 x 150 mm MAbPac column at 80 °C 

and using a flow rate of 150 µL/min. Mobile phase A consisted of MilliQ water with 0.1% 

formic acid, mobile phase B of acetonitrile with 0.1% formic acid. Samples were run 

starting with a 10%-25% B ramp with the spray voltage turned off for 2 minutes to wash 

away salts. This was followed by a 54 min linear gradient of 25%-40% B, a 95% B wash 

and re-equilibration at 10% B. The mass spectrometer was operated at low pressure 

setting in Intact Protein mode at a set resolution of 7,500 at 200 m/z. For every scan, 5 

µscans were acquired with an m/z range of 500 - 4,000 using an AGC target of 300% with 

a maximum injection time of 50 ms. The RF lens was set to 40% and a source 

fragmentation energy of 15 V was used. Raw data were processed by sliding window 

deconvolution using the ReSpect algorithm in BioPharma Finder v3.2 (Thermo Fisher). 

Further analysis was performed using an in-house python library described by Bondt et 

al. Components with masses between 45,000 and 53,000 Da, most intense charge states 

above m/z 1,000, and a Score of over 40 were considered valid Fab identifications. 

Bottom-up proteomics 

In-gel digestion – Fab (3 μg/lane) was loaded on a 4%-12% Bis-Tris precast gel (Bio-rad) 

in non-reducing conditions and run at 120 V in 3-Morpholinopropane-1-sulfonic acid 

(MOPS) buffer (Bio-rad). Bands were visualized with Imperial Protein Stain (Thermo 

Fisher Scientific), and the size of the fragments evaluated by running a protein standard 

ladder (Bio-rad). The Fab bands were cut and reduced by 10 mM TCEP at 37°C, then 

alkylated in 40 mM IAA at RT in the dark, followed by alkylation in 40 mM IAA at RT in the 

dark. The Fab bands were digested by trypsin, chymotrypsin, thermolysin, and alpha lytic 

protease at 37 °C overnight in 50 mM ammonium bicarbonate buffer. The peptides were 

extracted with two steps incubation at RT in 50% ACN, and 0.01% TFA, and then 100% 

ACN respectively. The peptides were dried in speed-vac. To obtain the sequence of the 

glycosylated Fab, the N-linked glycan was removed by PNGaseF at 37 °C overnight then in 

gel digested as described above.   
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Mass Spectrometry – The digested peptides were separated by online reversed phase 

chromatography on an Dionex UltiMate 3000 (Thermo Fisher Scientific) (column packed 

with Poroshell 120 EC C18; dimensions 50 cm × 75 μm, 2.7 μm, Agilent Technologies) 

coupled to a Thermo Scientific Orbitrap Fusion mass spectrometer or Thermo Scientific 

Orbitrap Fusion LUMOS mass spectrometer. Samples were eluted over a 90 min gradient 

from 0 to 35% acetonitrile at a flow rate of 0.3 μL/min. Peptides were analyzed with a 

resolution setting of 60 000 in MS1. MS1 scans were obtained with a standard automatic 

gain control (AGC) target, a maximum injection time of 50 ms, and a scan range of 350–

2000. The precursors were selected with a 3 m/z window and fragmented by stepped 

high-energy collision dissociation (HCD) and electron-transfer higher-energy collision 

dissociation (EThcD). The stepped HCD fragmentation included steps of 25, 35, and 50% 

normalized collision energies (NCE). EThcD fragmentation was performed with calibrated 

charge-dependent electron-transfer dissociation (ETD) parameters and 27% NCE 

supplemental activation. For both fragmentation types, MS2 scans were acquired at a 

30 000 resolution, a 4e5 AGC target, a 250 ms maximum injection time, and a scan range 

of 120–3500. 

Peptide Sequencing from MS/MS Spectra – MS/MS spectra were used to determine de novo 

peptide sequences using PEAKS Studio X (version 10.6).13,14 We used a tolerance of 20 

ppm and 0.02 Da for MS1 and 0.02 Da for MS2, respectively. Carboxymethylation was set 

as fixed modification of cysteine and variable modification of peptide N-termini and lysine. 

Oxidation of methionine and tryptophan, pyroglutamic acid modification of N-terminal 

glutamic acid, and glutamine were set as additional variable modifications. The CSV file 

containing all the de novo sequenced peptides was exported for further analysis.   

Template-based assembly via Stitch – Stitch15 (1.1.2) was used for the template-based 

assembly. The human antibody database from IMGT was used as template. The cutoff 

score for the de novo sequenced peptide was set as 90/70 and the cutoff score for the 

template matching was set as 10. All the peptides supporting the sequences were 

examined manually. The ions for annotation of the CDR regions were exported and 

visualized by Interactive Peptide Spectral Annotator.16  
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Glycoproteomics data analysis – Chymotryptic digested peptides were used to search for 

site specific glycosylation via Byonic (v5.0.3).17 The de novo obtained sequences were 

selected as protein database. Four missed cleavages were permitted using C-terminal 

cleavage at WFMLY for chymotrypsin. Carboxymethylation of cysteine was set as fixed 

modification, oxidation of methionine/tryptophan as variable rare 1, Gln to pyro-Glu and 

Glu to pyro-glu on the N-temmius of protein as rare 1, and N-glycan modifications were 

set as variable rare 1. The N-glycan 132 human database from Byonic was applied in the 

search. All reported glycopeptides in the Byonic result files were manually inspected for 

quality of fragment assignments. 

Native MS 

To remove the N-linked glycan on the fab, the samples was incubated with 1% Rapigest 

(Waters Corporation, USA) for 3 min at 90 °C.the PNGaseF was added to the sample and 

incubated at 50 °C for 10 min. Both the native fab and the deglycosylated fab were buffer 

exchanged into 150 mM ammonium acetate (pH 7.5) using Amicon 10 kDa MWCO 

centrifugal filters (Merck Millipore). The samples were loaded into gold-coated 

borosilicate capillaries (in-house prepared) and analyzed on an ultra-high mass range 

(UHMR) Q-Exactive Orbitrap (Thermo Fisher Scientific, Bremen, Germany). The mass 

spectra were obtained in positive mode with an ESI voltage of 1.3 kV. The maximum 

injection was set at 100 ms and the HCDenergy was set at 100 V. The used resolution was 

12500 at 400 m/z. The S-Lens level was set at 200. UniDec was used to generating the 

charge-deconvoluted spectrum. 18 

MD proteomics 

The reduced Fab was freshly prepared by incubating with TCEP at 60°C for 30 min before 

injecting to MS. Around 1 μg sample was used for a single measurement. Reduced Fab was 

measured by LC-MS/MS. Samples were loaded on a Thermo Scientific Vanquish Flex 

UHPLC instrument, equipped with a 1 mm x 150 mm MAbPac RP analytical column, 

directly coupled to an Orbitrap Fusion Lumos Tribrid (Thermo Scientific, San Jose, CA, 

USA). The samples were eluted over 22 min at a 150 μL/min flow rate. Gradient elution 
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was achieved by using two mobile phases A (0.1% HCOOH in Milli-Q) and B (0.1% HCOOH 

in CH3CN) and ramping up B from 10 to 25% over one minute, from 25 to 40% over 14 

min, and from 40 to 95% over one minute. MS data were collected with the instrument 

operating in Intact Protein and Low Pressure mode. Spray voltage was set at 3.5 kV, 

capillary temperature 350 °C, probe heater temperature 100 °C, sheath gas flow 15, 

auxiliary gas flow 5, and source-induced dissociation was set at 15 V.  Separate Fab chains 

were analyzed with a resolution setting of 120,000. MS1 scans were acquired in a range 

of 500-3,000 Th with the 250% AGC target and a maximum injection time set to either 50 

ms for the 7,500 resolution or 250 ms for the 120,000 resolution. In MS1, 2 μscans were 

recorded for the 7,500 resolution and 5 μscans for the 120,000 resolution per scan. Data-

dependent mode was defined by the number of scans: single scan for intact Fabs and two 

scans for separate Fab chains. MS/MS scans were acquired with a resolution of 120,000, a 

maximum injection time of 500 ms, a 1,000% AGC target, and 5 μscans averaged and 

recorded per scan for the separate Fab chains. The EThcD active was set at true. The ions 

of interest were mass-selected by quadrupole in a 4 Th isolation window and accumulated 

to the AGC target prior to fragmentation. MS/MS spectra were used to validate the 

sequences using LC-MS Spectator (Version 1.1.8313.28552) and ProSight Lite (1.4.8).19,20 

In LC-MS Spectator, we used a tolerance of 10 ppm for MS1 and 20 ppm for MS2, 

respectively and applied the S/N threshold filtering (1.5). All the annotated ions were 

exported and visualized in ProSight Lite. 

Structural model of glycosylated MGUS Fab 

The variable domain of the MGUS Fab was modelled using the ABodyBuilder2 webserver 

from the SAbPred suite. The predominant HexNAc(5)Hex(5)Fuc(1)NeuAc(2) glycoform 

was modelled as diantennary, bisected complex glycan with core fucosylation using the 

GLYCAM glycoprotein builder webserver. Figures were rendered in ChimeraX. 

Results 

Observation of a Fab-glycosylated IgG1 M protein  
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When analyzing the serum IgG1 clonal repertoire of a patient that had undergone a recent 

kidney transplant, we unexpectedly encountered an atypical antibody profile. This patient 

was part of a longitudinal study cohort who were observed after kidney transplantation 

for immunological monitoring. Per protocol in these patients, serum samples were 

obtained at different time points, starting from moments before surgery (t = 0 days) with 

follow-up samplings for over a year which were stored in a biobank. Samples of patients 

who developed designated bacterial infections in follow up were drawn from the biobank 

and to investigate how the antibody repertoire responded to the surgery and subsequent 

infections, we applied our LC-MS IgG1 profiling approach to these longitudinal serum 

samples. 

Strikingly, the IgG1 repertoire of this particular kidney transplant patient was very 

different from that of other donors, being dominated by seemingly a few extremely 

abundant clones that also exhibit relatively high masses (Figure 1A). This pattern 

remained unchanged before or after kidney transplantation or even after an episode of 

sepsis with a Klebsiella species (Supplementary Figure S1).  

Because these antibodies were detected at relatively high masses, we hypothesized that 

the unusual antibody profile of the patient resulted from a single IgG1 clone of very high 

concentration that may carry Fab-glycosylation. Based on experimental data from our lab 

and theoretical calculations using sequences from the ImMunoGeneTics (IMGT) 

database,21 the bulk of IgG1 Fabs have backbone masses of roughly 46-50 kDa. The 

abundant Fabs that we detected, however, have higher masses of more than 50 kDa. This 

strongly suggests that they are modified by N-glycosylation, which would contribute 

roughly 2 kDa to their mass. Combining the signal intensities of the multiple putative 

glycoforms, the total concentration of this clone is approximately 10 mg/mL at t = 0, 

remaining high throughout the longitudinal follow up (see Supplementary Figure S1). 

Compared to the total IgG1 concentration in human plasma, approximately 8 mg/mL on 

average, this is extremely high, prompting additional clinical tests. The patient was tested 

for an M protein using serum immunofixation, which confirmed the IgG kappa M protein, 

as well as serum electrophoresis, which could not quantify the M protein due to low 

amount. In addition, free light chains (FLC) were determined (Binding Site®), 
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demonstrating an elevated FLC kappa of 61.52 mg/L, and a FLC ratio of 3.92 (normal range 

0.26-1.65). No bone marrow biopsy was done and a diagnosis of monoclonal gammopathy 

of undetermined significance (MGUS) was made. 

 

Figure 1. Detection of MGUS by LC-MS based IgG1 Fab-profiling. A) Serum IgG1 Fab profile 

of human subject with putative MGUS. B) Illustrative IgG1 Fab profile from serum of a 

healthy human donor. Note the difference in complexity, average mass, and concentration of 

detected IgG1 Fabs, hinting at the presence of a Fab-glycosylated M-protein in A). Pie charts 

show the relative abundance (%) of the top-5 most abundant Fab species. 

Direct MS-based sequencing and glycan localization of the serum-derived MGUS clone  

We have recently demonstrated the direct MS-based sequencing of both recombinant and 

serum-derived antibodies, using bottom-up proteomics methods.8,9,22,23 Owing to the high 

abundance of the MGUS M-protein in the serum samples of this donor, we were able to 

sequence the full antibody without further fractionation. First, we used an in-gel digestion 

protocol, using in parallel four proteases of complementary specificity, to obtain 

overlapping peptides for de novo sequencing by LC-MS/MS analysis. We identified the M-
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protein as consisting of an IGHV4-4 heavy chain, coupled with an IGKV3-20 light chain. 

Notably, this experiment was performed with intact N-glycosylation and resulted in a lack 

of coverage in CDR1 of the heavy chain. The germline sequence of IGHV4-4 CDRH1 

contains 5 serine residues and a single asparagine, priming it to obtain an N-glycosylation 

sequon by as many as 6 independent substitutions. These observations pointed to CDRH1 

as a likely region to contain the putative Fab-glycosylation. 

Digestion with PNGase F results in the removal of the N-glycan and converts the glycan-

linked asparagine to an aspartic acid residue.24 We digested the serum sample with 

PNGase F, followed by proteolysis with chymotrypsin and thermolysin in parallel. This 

recovered the previously missing CDRH1 sequence, containing a clear DSS motif, which 

would have corresponded with an NSS glycosylation sequon in the antibody prior to 

PNGase F digestion. Using the experimentally determined sequence, we then performed a 

glycoproteomics database search including common human N-glycans and were able to 

detect a predominant HexNAc(5)Hex(5)Fuc(1)NeuAc(2) glycan at the identified NSS 

sequon in CDRH1 (see Supplementary Figure S2). 

 

Figure 2. De novo sequencing of the MGUS Fab by bottom-up proteomics. The variable region 

alignment to the inferred germline sequence is shown for both heavy and light chains. 

Positions with putative somatic hypermutation are highlighted with asterisks (*). The 

MS/MS spectra supporting the annotation of the CDRs are shown beneath the sequence 
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alignment. b/y ions are indicated in blue and red, while c/z ions are indicated in green and 

yellow. 

Validation of the sequence and Fab glycosylation by middle-down LC-MS/MS 

To validate our bottom-up de novo sequencing result, we further analyzed the MGUS Fab 

by native MS and middle-down LC-MS/MS. The intact mass profile of the Fab is shown in 

Figure 3A. The observed masses are consistent with the determined sequence, 

considering a pyroglutamic acid modification of the heavy chain N-terminus, and reveals 

heterogeneous glycosylation with a predominant HexNAc(5)Hex(5)Fuc(1)NeuAc(2) 

glycan, as also observed by bottom-up LC-MS/MS (see Supplementary Table S1). A 

predicted structural model of the variable domain shows this glycan protruding outwards 

from CDRH1, leaving the other CDR loops exposed (see Figure 3B). The observed Fab 

glycosylation pattern follows a similar trend as reported by Bondt et al. in that it is 

enriched in galactosylation, sialylation, and bisection compared to Fc glycosylation at the 

conserved N297 site (see Figure 3C; a full overview of glycoforms of the MGUS Fab is 

provided in Supplementary Table S1).25 

 

Figure 3. N-Glycosylation of MGUS Fab. A) Intact mass profile from native MS; peaks are 

annotated according to the assigned glycan structure. B) ABodyBuilder2 structural model 

prediction of the MGUS Fab variable domain with HexNAc(5)Hex(5)Fuc(1)NeuAc(2) grafted 

on CDRH1 using GLYCAM. C) Glycosylation profile of MGUS Fab compared to typical Fc 

glycosylation at N297, according to Bondt et al. 201425 

We performed middle-down fragmentation of the reduced Fab by EThcD to confirm the 

sequence determined by bottom-up proteomics. This resulted in a coverage of 25.7% for 
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the Fd and 60.5% for the LC (see Figure 4 and Supplementary Figure S3). The obtained 

sequence coverage is in line with a recent interlaboratory middle-down EThcD 

fragmentation benchmark on known monoclonal antibody standards, where an average 

coverage of 20-25% was obtained on both Fd and LC26. The coverage we obtain on the Fd 

of this M-protein is similar, while the coverage of the LC is substantially higher. We 

attribute the relatively lower coverage of the Fd to the presence of the N-glycan in CDRH1, 

which is likely to fragment during EThcD, producing more complex spectra, with lower 

signal for individual fragments. Furthermore, glycan fragmentation is not yet 

implemented in currently available peak matching algorithms for middle-down LC-

MS/MS. In line with this explanation, none of the observed fragment ions for the Fd 

supersedes the position of the N-glycan in either the b/c or y/z series. Nonetheless, the 

intact masses and middle-down fragmentation patterns support the M-protein sequence 

determined by bottom-up proteomics. 

 

Figure 4. Top-down LC-MS/MS data on the of Fab-glycosylated M-protein. Shown are the 

heavy and light chain sequences, position supported by b/c or y/z ions from EThcD 

fragmentation are indicated in red and blue, respectively. 

Conclusion 

Here we demonstrate that LC-MS based IgG1 profiling of patient serum can lead to the 

detection of an M-protein, which can be related to diseases such as MGUS or Multiple 

Myeloma. The associated sequence of the M-protein can be fully derived by mass 
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spectrometry. In this case, mass spectrometry also revealed the presence, location and 

composition of Fab glycosylation in the heavy chain of the M-protein. While the Fab-

profiling workflow presented here is limited to the IgG1 subclass, and the de novo 

sequencing and glycan profiling methods are best suited for research applications, we 

believe that a robust implementation of Fab profiling across all IgG subclasses by LC-MS 

holds promise for the clinical detection of M-proteins and diagnostics of monoclonal 

gammopathies. The outlined approach in this case study adds to an expanding mass 

spectrometry-based toolkit to characterize monoclonal gammopathies such as MGUS and 

MM with fine molecular detail.27–32 The ability to detect monoclonal gammopathies and 

determine M-protein sequences straight from peripheral blood samples by mass 

spectrometry provides opportunities to understand the molecular mechanisms of these 

diseases. 
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Supplementary Table S1. Intact mass analysis of MGUS Fab and derivatives. Glycoforms 

are denoted with: N-acetyl hexosamine (N), hexose (H), fucose (F), and N-acetyl 

neuraminic acid (S).  

Sample glycoform 
mass exp. 

(Da) 

SD 
(Da)

c 

mass 
theor. 
(Da)d 

Δmas
s (Da) 

relative 
intensit

y (%) 

intact Faba 

N5H5F1 50093.96 0.40 50090.79 3.17 3.63 

N4H5F1S1 50181.62 0.16 50178.85 2.77 7.52 

N5H5F1S1 50384.96 0.21 50382.05 2.91 22.04 

N4H5F1S2 50472.65 0.02 50470.11 2.54 23.78 

N5H6F1S1 50549.69 0.04 50544.19 5.50 4.93 

N5H5F1S2 50675.96 0.13 50673.30 2.66 32.57 

N5H6F1S2 50837.75 0.17 50835.45 2.30 5.54 

Fab + PNGase 
Fa 

- 48120.43 0.12 48117.67 2.76 - 

Fab + TCEP HCb N5H5F1S2 26952.69 0.37 26951.09 1.60 - 

Fab + TCEP LCb - 23729.78 0.37 23731.31 -1.53 - 

 

a native MS 

b LC-MS 

c average and standard deviations are calculated across the series of charge states for 

native MS, across 4 replicate measurements for LC-MS. 

d average theoretical mass considering disulfide bond formation and pyroglytamic acid 

conversion of the heavy chain N-terminus. 
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Supplementary Figure S1. Longitudinal IgG1 Fab profile of the MGUS patient.  
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Supplementary Figure S2. Tandem MS spectrum of N-glycopeptide in CDRH1 of M-

protein. Shown is the HexNAc(5)Hex(5)Fuc(1)NeuAc(2) glycoform.  
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Supplementary Figure S3. Top-down LC-MS/MS spectra of M-protein Fab Heavy Chain 

(top) and Light Chain. 
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Summary 

Although the importance of antibodies in immunity was proposed more than one hundred 

years ago1, comprehensively studying and characterizing antibodies remains a challenge. 

This thesis demonstrates how mass spectrometry (MS) can be utilized to address this 

challenge through de novo antibody sequencing on the protein level. 

In Chapter 1, I reviewed the current state of mass spectrometry-based de novo antibody 

sequencing. Beginning with an overview of B cell development and antibody diversity, we 

acknowledged the great diversity of antibodies that safeguard our body against numerous 

harmful antigens, while also acknowledging the difficulties this poses for their 

characterization. Recent advancements include partial de novo methods like Ig-seq, which 

merges single B cell sequencing with bottom-up proteomics to semi-quantitatively 

explore serological antibody repertoires. Then I described the complete de novo antibody 

sequencing based on a bottom-up proteomics approach, based on LC-MS/MS, which 

doesn’t require the DNA database and better represents the antibody repertoire on the 

protein level. I describe a range of peptide de novo sequencing tools, discussing their 

strengths and limitations.  Lastly, I review de novo sequencing based on the middle-down 

approach as a complementary method to bottom-up, enabling comprehensive antibody 

repertoire profiling and protein-level sequence insights. 

In Chapter 2, we introduced a bottom-up approach employing multiple proteases and a 

dual fragmentation scheme for monoclonal antibody de novo sequencing. We first 

examined the efficacy of this method on a monoclonal antibody Herceptin (sequence is 

known), showcasing a sequence coverage and accuracy of 100% and 99% in variable 

region of both heavy chain and light chain. The high accuracy enables us to test this 

method on another monoclonal antibody anti-FLAG-M2 whose sequence was unknown. 

Furthermore the sequence was successfully validated by expression of this monoclonal 

antibody in HEK293 cells and comparing its performance in western blot with the input 

antibody. Moreover, the sequence accuracy was confirmed by remodeling the published 

crystal structure of the anti-FLAG-M2 Fab. 

However the de novo sequencing software “Supernovo” that we used in Chapter 2 was 

limited to monoclonal antibodies. Thereby, in Chapter 3 we introduced a new tool “Stitch” 

that uses template-based assembly of the peptide reads for de novo antibody sequencing 
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and repertoire profiling. Stitch supports multiple peptide de novo sequencing tools, e.g. 

PEAKS, MaxNovo, Casanovo, and Novor. Stitch provides the chance to semi-quantitatively 

study the V- and C- gene usage and profile the serological antibody repertoire. 

In Chapter 4, we applied the bottom-up approach that was introduced in Chapter 2 on an 

anti-MUC1 antibody 139H2 and obtained the sequence in de novo fashion. 139H2 was 

developed in the last century for the diagnosis and treatment of MUC1 overexpressing 

cancer. In addition, it has been widely used in the lab as a research tool for western blot 

and immunofluorescence microscopy owing to its binding ability to the tandem repeats 

region (VNTR) on the extracellular domain of MUC1, however, its sequence remained 

unknown. We used the software PEAKS to de novo sequence peptides and Stitch to 

assemble the peptide reads into a full sequence. The sequence was successfully validated 

by comparing the performance of the reverse engineered 139H2 and its Fab fragment to 

the hybridoma-derived product in Western blot and immunofluorescence microscopy. 

The sequence enables us to further characterize the binding to the VNTR peptide epitope 

by surface plasmon resonance (SPR) and solve the crystal structure of the 139H2 Fab 

fragment in complex with MUC1 VNTR peptide. 

In Chapter 5, the bottom-up approach we discussed above was employed to an anti-

respiratory syncytial virus (RSV) antibody 131-2a, which targets the envelope 

glycoprotein F, responsible for host cell binding and entry, in its postfusion 

conformation.post fusion (F) antibody 131-2a. F plays an important role in host cell 

attachment, receptor binding and mediating cell entry. 131-2a has been developed in the 

1980s and widely used as research tool due to its high binding affinity and great specificity 

to RSV-F in the postfusion conformation. However, prior to our study, its precise amino 

acid sequence remained undisclosed. After recombinant expression of 131-2a in HEK293 

cells, we validate its sequence accuracy by comparing its performance with the input 131-

2a in western blot and ELISA. The precise sequence allows us to further characterize its 

binding epitope to RSV-post fusion protein by single particle cryo-EM, revealing the 

molecular basis for 131-2a's specificity to the postfusion conformation of F. 

Though chapters 2 to 5 underscored the power of the bottom-up approach for monoclonal 

antibody de novo sequencing, it faces challenges when handling more complex samples. 

Chapter 6 introduced a hybrid bottom-up and middle-down approach to profile the IgG1 
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antibody repertoire from a monoclonal gammopathy of undetermined significance (MGUS) 

patient, successfully obtaining the full sequence from a most abundant clone that has Fab 

glycosylation. Native MS characterized its Fab glycosylation profile, providing insights 

into aberrant glycosylation patterns, comparing with the normal Fc glycosylation profile. 

Outlook 

Since the first monoclonal antibody was generated by hybridoma technology in 1975, 

more than 100 antibody-derived therapeutics have been approved by FDA and deployed 

in the treatment for various diseases: infectious disease, cancer, autoimmune disorders, 

and more2,3. The great potential for antibodies to cure or treat a wide range of diseases 

creates a large demand for the continual development of novel antibodies. Nowadays, 

antibody development predominantly relies on the single-B cell sequencing technology, 

wherein antigen-specific B cells are derived from patient or other host and the cDNA was 

sequenced by next-generation sequencing technology. However, a significant proportion 

of B cells reside in bone marrow and spleen, which are normally not accessible. The B cells 

in sera only represent a minute fraction of the overall B cell repertoire. To better 

understand the antibody repertoire as secreted glycoproteins in bodily fluids, in direct 

relation to serological studies probing antibody binding and neutralization titers, and 

potentially discover superior therapeutic antibody candidates, it is imperative to 

comprehensively elucidate the antibody repertoire straight at the protein level. 

Furthermore, confirmation of the antibody's amino acid sequences is crucial for antibody 

production quality control. The omission of this critical step often leads to reproducibility 

crisis in research4. The work in this thesis described how bottom-up proteomics based de 

novo sequencing method derived accurate amino acid sequence of monoclonal antibodies 

and the sequence information is subsequently employed for characterization, such as 

epitope mapping.  

While the bottom-up approach stands as a powerful tool for de novo antibody sequencing 

of monoclonal antibodies, it exhibits limitations when confronted with complex polyclonal 

antibodies originating from sera. The peptides generated by a conventional bottom-up 

approach typically consist of around 15-20 amino acids. However, due to the extensive 

heterogeneity in the complementarity-determining regions (CDR) regions and high level 

of conservation in the framework, assembling these short peptides into complete antibody 
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sequences for thousands of variants becomes nearly impossible. In chapter 6 of this thesis, 

we illustrate how application of complementary bottom-up and middle-down methods 

can be used to derive a full sequence of the most abundant clone of a MGUS patient. 

Nonetheless, this represents an uncharacteristically simple antibody profile, and 

comprehending the full antibody repertoire with a deeper coverage of paired heavy-light 

chain antibody sequences in a polyclonal mixture remains a formidable task. 

Extended bottom-up approach (proteases, fragmentation) 

A more favorable scenario for bottom-up proteomics sequencing of antibodies would 

utilize some proteases that yield longer peptides of approximately 50+ amino acids, 

encompassing at least two CDRs. This strategy would ensure that the overlapping portions 

of these longer peptides provide sufficient information for accurate sequence assembly. 

Notably, Laskay et al have published that aspartic acid protease 9 (Sap9) is capable of 

yielding peptides containing complete variable regions or two CDR regions5,6.  However, 

the Sap9 has so far only been applied on monoclonal antibody analysis. Cotham et al also 

demonstrated that using LysC with shortened digestion time (2h) can generate full length 

CDR3 peptides7, while most peptides still fail to cover at least 2 CDR regions, thereby not 

fully solving the problem for the polyclonal antibody sequencing challenge. Hence, 

thorough investigation of proteases and digestion conditions is warranted to establish an 

extended bottom-up approach. The long peptides also lead to new challenges for LC/MS-

MS analysis: the peptides are separated depending on their hydrophobicity in the C18 

column that is normally applied in a bottom-up approach. But the selectivity of the long 

peptides on this material is not very optimal. Columns with C4 or C8 stationary phases 

have shown superior selectivity for this special purpose compared to the C18 column that 

is normally used in traditional bottom-up proteomics methods. Addressing the 

fragmentation of these lengthy peptides is also crucial. Fragmentation schemes, such as 

activated ion electron transfer dissociation (AI-ETD), electron capture dissociation (ECD), 

electron activated dissociation (EAD),electron transfer high-energy collision dissociation 

(EThcD), and Ultraviolet Photodissociation (UVPD),  frequently employed for intact 

protein fragmentation, can be effectively adapted for the extended bottom-up here. 

Middle-down approach  
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In the middle-down approach, the Fc region of the antibody is cleaved by proteases to 

release the antigen binding fragment, reducing the molecular weight and the complexity 

of the target analytes. However, so far there is no protease available that can generate Fab 

for the whole range of human IgG subclasses, let alone across all classes of 

immunoglobulins. IgdE , for instance, cleaves above the hinge region to generate Fab 

fragment but is limited to human IgG18,9. IdeS, on the other hand, works across all the 

human IgG subclasses, but yields Fab2 upon cleavage below the hinge region10,11. The Fab2 

is twice big as the Fab, presenting challenges in subsequent separation on the LC and 

fragmentation with MS-MS. Papain, a widely used enzyme for Fab generation from various 

species, lacks specificity and generates multiple products with different molecular 

weights from a single monoclonal antibody. However, a unique molecular weight is 

considered as a unique clone in middle-down MS methods. This heterogeneity in product 

generation renders papain unsuitable for MS-based methods. While EThcD, ETD, ECD, and 

UVPD display promise in middle-down approaches, the sequence coverage remains 

suboptimal7,12–14. Achieving higher coverage is imperative to support peptides assembly 

from bottom-up approach and validating the sequence, ideally aiming for 100% 

coverageThe inherent similarity in antibody sequences complicates the separation of 

these products generated from polyclonal samples. It has often been considered that the 

longer column length can give better separation. Though lots of middle-down analysis are 

using 50 cm column for separation of Fab, recent evidence suggests that effective column 

lengths differ greatly between peptides and larger proteins. 1-2 cm column lengths are 

appropriate for moderately sized molecule (5-10 kDa) and even shorter columns would 

be adequate for large molecular (100-150 kDa) like Fab2. Consequently, column length 

optimization is essential for Fab/Fab2 profiling15. 

De novo sequencing tool 

As reviewed in chapter 1, each de novo sequencing tools have its own benefits and 

drawbacks. Despite the assembly capabilities of Stitch, manual examination of spectra 

supporting CDR regions remains necessary now, even for monoclonal antibodies16. For 

high-throughput de novo antibody sequencing, automation with precise outputs is ideal. 

Many peptide sequencing tools have constraints on peptide length; for instance, PEAKS 

outputs peptides shorter than 40 amino acids.  But for polyclonal antibody de novo 
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sequencing, long peptides that can cover at least two CDR regions, which are normally 

longer than 50-60 amino acids, are desired. A significant enhancement of de novo 

sequencing tools needs to be made to surpass these peptide length restrictions, catering 

to extended bottom-up data. As discussed above, EThcD/UVPD are powerful 

fragmentation scheme for long peptide discovery, however, now PEAKS and Novor are the 

only two software supporting EThcD spectra, while PEAKS is the unique one that is able 

to de novo solve UVPD spectra17–20. 

There are some algorithms developed in the past few years for the intact protein data 

analysis, however none of them can do it in a de novo way. Presently, no software 

seamlessly integrates bottom-up and middle-down data for comprehensive de novo 

sequencing. Manually assembling sequences and validating them with middle-down data 

prove time-intensive and subjective. In an ideal scenario, a novel algorithm would 

automate the consideration of both bottom-up and middle-down data, yielding complete 

sequences. Beyond sequence information, this innovative tool could quantitatively profile 

entire IgG subclasses from both bottom-up and middle-down data, presenting a 

remarkable advancement in antibody sequencing methodologies. 

All things considered, MS stands a robust and indispensable tool to study antibody 

sequence on the protein level offering valuable insights into the identification of potential 

novel antibody therapeutic candidates. Ongoing advancements in both bottom-up and 

middle-down approaches, coupled with the refinement of de novo sequencing 

methodologies, hold the promise of elucidating the complete antibody repertoire from 

sera samples and enable the derivation of at least the top ten most abundant antibody 

sequences, thereby facilitating a deeper exploration of related diseases.  Furthermore, 

antibody sequence information assumes a pivotal role in quality control measures, 

safeguarding against research reproducibility issues. MS is poised to significantly expand 

its influence in antibody discovery, promising substantial contributions to the recovery of 

numerous patients coping with diverse diseases. 
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samenvatting (Nederlands) 

Hoewel het belang van antilichamen in de immuniteit al meer dan honderd jaar geleden 

werd voorgesteld, blijft het uitgebreid bestuderen en karakteriseren van antilichamen een 

uitdaging. Dit proefschrift laat zien hoe massaspectrometrie (MS) kan worden gebruikt 

om deze uitdaging aan te pakken door middel van de novo antilichaam sequentie bepaling 

op eiwitniveau. 

In Hoofdstuk 1 besprak ik de huidige stand van zaken op het gebied van op 

massaspectrometrie gebaseerde de novo antilichaamsequencing. Beginnend met een 

overzicht van de ontwikkeling van B-cellen en de diversiteit van antilichamen, erkenden 

we de grote diversiteit aan antilichamen die ons lichaam beschermen tegen talrijke 

schadelijke antigenen, terwijl we ook de moeilijkheden erkenden die dit met zich 

meebrengt voor hun karakterisering. Recente ontwikkelingen omvatten gedeeltelijke de 

novo-methoden zoals Ig-seq, die sequencing van enkele B-cellen combineert met bottom-

up proteomics om semi-kwantitatief serologische antilichaamrepertoires te onderzoeken. 

Vervolgens beschreef ik de volledige de novo-sequentiebepaling van antilichamen op 

basis van een bottom-up proteomics-benadering, gebaseerd op LC-MS/MS, waarvoor de 

DNA-database niet nodig is en die het antilichaamrepertoire op eiwitniveau beter 

vertegenwoordigt. Ik beschrijf een reeks nieuwe peptide-sequencing-instrumenten, 

waarbij ik hun sterke en zwakke punten bespreek. Ten slotte bespreek ik de novo 

sequencing op basis van de middle-down benadering als een complementaire methode 

voor bottom-up, waardoor uitgebreide profilering van antilichaamrepertoire en 

sequentie-inzichten op eiwitniveau mogelijk worden. 

In Hoofdstuk 2 introduceerden we een bottom-up benadering waarbij gebruik werd 

gemaakt van meerdere proteasen en een duaal fragmentatieschema voor de novo 

sequencing van monoklonale antilichamen. We onderzochten eerst de werkzaamheid van 

deze methode op een monoklonaal antilichaam Herceptin (sequentie is bekend), waarbij 

een sequentiedekking en nauwkeurigheid van 100% en 99% in het variabele gebied van 

zowel de zware keten als de lichte keten werd aangetoond. Dankzij de hoge 

nauwkeurigheid kunnen we deze methode testen op een ander monoklonaal antilichaam 

anti-FLAG-M2 waarvan de sequentie onbekend was. Bovendien werd de sequentie met 

succes gevalideerd door expressie van dit monoklonale antilichaam in HEK293-cellen en 
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door de prestaties ervan in Western blot te vergelijken met het ingevoerde antilichaam. 

Bovendien werd de sequentienauwkeurigheid bevestigd door het hermodelleren van de 

gepubliceerde kristalstructuur van het anti-FLAG-M2 Fab. 

De de novo sequencing-software “Supernovo” die we in Hoofdstuk 2 gebruikten, was 

echter beperkt tot monoklonale antilichamen. Daarom introduceerden we in Hoofdstuk 3 

een nieuwe tool “Stitch” die gebruik maakt van op templates gebaseerde assemblage van 

de peptide-reads voor de novo antilichaamsequencing en repertoireprofilering. Stitch 

ondersteunt meerdere peptide de novo sequencing-tools, b.v. PEAKS, MaxNovo, Casanovo 

en Novor. Stitch biedt de kans om het gebruik van V- en C-genen semi-kwantitatief te 

bestuderen en het serologische antilichaamrepertoire te profileren. 

In Hoofdstuk 4 hebben we de bottom-up benadering toegepast die in Hoofdstuk 2 werd 

geïntroduceerd op een anti-MUC1 antilichaam 139H2 en de sequentie op de novo manier 

verkregen. 139H2 werd in de vorige eeuw ontwikkeld voor de diagnose en behandeling 

van kanker die MUC1 tot overexpressie brengt. Bovendien wordt het in het laboratorium 

op grote schaal gebruikt als onderzoeksinstrument voor western blot- en 

immunofluorescentiemicroscopie vanwege het bindingsvermogen ervan aan het tandem 

repeats-gebied (VNTR) op het extracellulaire domein van MUC1, maar de sequentie ervan 

bleef onbekend. We gebruikten de software PEAKS om peptiden de nieuwe sequentie te 

geven en Stitch om de peptide-reads samen te stellen tot een volledige sequentie. De 

sequentie werd met succes gevalideerd door de prestaties van het reverse-engineerde 

139H2 en het Fab-fragment ervan te vergelijken met het van hybridoma afgeleide product 

in Western blot- en immunofluorescentiemicroscopie. De sequentie stelt ons in staat om 

de binding aan het VNTR-peptide-epitoop verder te karakteriseren door 

oppervlakteplasmonresonantie (SPR) en de kristalstructuur van het 139H2 Fab-fragment 

in complex met MUC1 VNTR-peptide op te lossen. 

In Hoofdstuk 5 werd de bottom-up benadering die we hierboven bespraken toegepast op 

een anti-respiratoir syncytieel virus (RSV) antilichaam 131-2a, dat zich richt op het 

envelopglycoproteïne F, verantwoordelijk voor de binding en toegang tot de gastheercel, 

in zijn postfusieconformatie.post fusie (F) antilichaam 131-2a. F speelt een belangrijke rol 

bij de hechting van gastheercellen, receptorbinding en het bemiddelen in celinvoer. 131-

2a is in de jaren tachtig ontwikkeld en wordt op grote schaal gebruikt als 
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onderzoeksinstrument vanwege de hoge bindingsaffiniteit en grote specificiteit voor RSV-

F in de postfusieconformatie. Voorafgaand aan onze studie bleef de precieze 

aminozuursequentie echter onbekend. Na recombinante expressie van 131-2a in 

HEK293-cellen valideren we de sequentienauwkeurigheid door de prestaties ervan te 

vergelijken met de input 131-2a in Western blot en ELISA. De precieze sequentie stelt ons 

in staat om zijn bindende epitoop aan RSV-postfusie-eiwit verder te karakteriseren door 

cryo-EM van een enkel deeltje, waardoor de moleculaire basis wordt onthuld voor de 

specificiteit van 131-2a voor de postfusieconformatie van F. 

Hoewel de hoofdstukken 2 tot en met 5 de kracht van de bottom-up benadering voor de 

novo sequencing van monoklonale antilichamen onderstreepten, wordt deze 

geconfronteerd met uitdagingen bij het omgaan met complexere monsters. Hoofdstuk 6 

introduceerde een hybride bottom-up en middle-down benadering om het IgG1-

antilichaamrepertoire van een monoklonale gammopathie van onbepaalde significantie 

(MGUS) patiënt te profileren, waarbij met succes de volledige sequentie werd verkregen 

van een meest voorkomende kloon die Fab-glycosylatie heeft. Native MS karakteriseerde 

het Fab-glycosylatieprofiel en verschafte inzicht in afwijkende glycosylatiepatronen, 

vergeleken met het normale Fc-glycosylatieprofiel. 
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总结（中文） 

尽管在一百多年前科学家们就已经意识到了抗体对于免疫的重要性，然而抗体的

全面表征仍是一个挑战。为了解决这一难题，本论文展示了如何利用质谱进行蛋白质

水平的抗体从头测序。 

本文第一章回顾了基于质谱的抗体从头测序的发展现状。抗体的多样性可以保护

我们的身体免受多种抗原的侵害，然而这种极高的复杂度也带来了对抗体表征的极大

挑战。现在的研究方法（包括 Ig-seq 在内的部分从头测序）都是将单 B 细胞测序与自

下而上的蛋白质组学相结合，从而对血清抗体库进行半定量分析。我在此后介绍了基

于自下而上的蛋白质组学方法的完整从头测序，与部分从头测序方法相比，此方法不

依靠 DNA 数据库，并且可以更客观的在蛋白质水平上表征抗体。我还介绍了一系列的

肽段从头测序软件，客观地描述了它们的优缺点。最后我还介绍了从中而下的蛋白质

组学的方法，很好的弥补了从上而下的蛋白质组学的不足之处。将这两种方法结合可

以全面的进行抗体库分析以及抗体的表征。 

本文第二章介绍了一种自下而上的方法，并采用多种蛋白酶和双重碎裂方案进行

单克隆抗体的全新测序。本章首先将此方法对已知序列的单抗 Herceptin 进行了测试，

结果显示重链和轻链可变区的覆盖率和准确率高达 100%和 99%。本章接下来又将此方

法在未知序列的单抗 anti-flag M2 上进行了检测。根据实验得到的序列，本章将 anti-

flag M2 在 HEK293 细胞中表达并将其性能在西方印迹中与原始的 anti-flag M2 单抗进

行了比较，成功验证了序列的准确性。此外，通过重新构建 anti-FLAG-M2 Fab 的已发

表晶体结构，确认了序列的准确性。 

然而，第二章中使用的抗体从头测序软件“Supernovo”仅限于单克隆抗体。因此，

第三章引入了一个新工具“Stitch”，它使用基于模板的肽段读取组装进行抗体测序和库

分析。Stitch 支持多个肽段从头测序工具，如 PEAKS、MaxNovo、Casanovo 和 Novor。

Stitch 提供了半定量研究 V 和 C 基因使用以及分析血清抗体库的机会。 

第四章应用了在第二章中介绍的自下而上的方法对抗-MUC1 抗体 139H2 进行从头

测序。139H2 是在上个世纪为诊断和治疗 MUC1 过度表达的癌症而开发的。此外，由

于其对 MUC1 细胞外区域的串联重复区（VNTR）的结合能力，被广泛应用于西方印迹
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和免疫荧光显微镜等方法中。然而，139H2 的序列仍然未被解锁。第四章使用了软件

PEAKS 对肽段进行从头测序，并使用 Stitch 将肽段读取组装成完整的序列。通过将在

HEK293 细胞中表达得到的 139H2 及其 Fab 片段的性能与原始单抗在西方印记和免疫

荧光显微镜方法中进行比较，序列得到了成功验证。精确的序列确保了我们能够通过

表面等离子共振（SPR）进一步表征对 VNTR 肽段抗原的结合，并解析与 MUC1 VNTR

肽段形成复合物的 139H2 Fab 片段的晶体结构。 

第五章采用了上文讨论的自下而上的方法对反呼吸道合胞病毒（RSV）抗体 131-

2a 进行了测序，该抗体以其后融合构象中的信使 F 包膜糖蛋白为靶点。F 在宿主细胞

附着、受体结合和介导细胞进入中发挥着重要作用。 131-2a 在 1980 年代被开发，并

因其对RSV-F 在后融合构象中的高结合亲和力和极高的特异性而广泛用作研究工具。然

而，在我们的研究之前，其精确的氨基酸序列仍然未知。在 HEK293 细胞中重新表达

131-2a 后，我们通过将其在西方印迹和 ELISA 中的性能与原始 131-2a 进行比较来验证

其序列准确性。精确的序列使我们能够通过单颗粒冷冻电子显微镜对其与 RSV 后融合

蛋白的结合抗原表位进行进一步表征，揭示了 131-2a 对 F 后融合构象的特异性的分子

基础。 

尽管第 2 章到第 5 章强调了自下而上方法在单克隆抗体全新测序中的强大能力，

但在处理更复杂的样本时仍然面临挑战。第 6 章引入了一种混合自下而上和自中间而下

的方法，用于分析单克隆临床不确定意义的浆细胞病（MGUS）患者的 IgG1 抗体库，成

功地解析了该病人血浆 IgG1 库中丰度最高且有 Fab 糖基化修饰的抗体序列。非变性质

谱表征了其 Fab 糖基化的多样性，深入了解了异常糖基化模式，并与正常 Fc 糖基化谱

进行比较。 
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Zusammenfassung (Deutsch) 

Obwohl die Bedeutung von Antikörpern für die Immunität bereits vor mehr als hundert 

Jahren dargelegt wurde, bleibt die umfassende Erforschung und Charakterisierung von 

Antikörpern eine Herausforderung. Diese Dissertation zeigt, wie die 

Massenspektrometrie (MS) genutzt werden kann, um diese Herausforderung durch die de 

novo Sequenzierung von Antikörpern auf Proteinebene zu bewältigen. 

Im ersten Kapitel habe ich den aktuellen Stand der de novo Antikörpersequenzierung 

mittels Massenspektrometrie besprochen. Dabei begann ich mit einer Übersicht über die 

Entwicklung von B-Zellen und die Vielfalt von Antikörpern. Wir erkannten die große 

Diversität von Antikörpern, die unseren Körper vor zahlreichen schädlichen Antigenen 

schützen, und gleichzeitig die Schwierigkeiten bei ihrer Charakterisierung. Zu den 

neuesten Fortschritten gehören teilweise de novo Methoden wie Ig-seq, die die Einzelzell-

Sequenzierung mit bottom up Proteomik kombinieren, um serologische 

Antikörperrepertoires semi-quantitativ zu erforschen. Dann beschrieb ich die 

vollständige de novo Antikörpersequenzierung auf der Grundlage eines bottom up 

Proteomik-Ansatzes, basierend auf LC-MS/MS, der keine DNA-Datenbank erfordert und 

das Antikörperrepertoire auf Proteinebene besser repräsentiert. Ich stellte eine Reihe von 

Peptid de novo Sequenzierungswerkzeugen vor und diskutierte ihre Stärken und 

Limitationen. Schließlich überprüfte ich die de-novo-Sequenzierung auf der Grundlage 

des Middle-down-Ansatzes als ergänzende Methode zu bottom-up, um eine umfassende 

Profilierung des Antikörperrepertoires und Einblicke in die Sequenz auf Proteinebene zu 

ermöglichen. 

Im zweiten Kapitel führten wir einen bottom-up-Ansatz ein, der mehrere Proteasen und 

ein duales Fragmentierungsschema für die de-novo-Sequenzierung von monoklonalen 

Antikörpern verwendet. Zunächst untersuchten wir die Wirksamkeit dieser Methode an 

dem monoklonalen Antikörper Herceptin (Sequenz bekannt) und zeigten eine 

Sequenzabdeckung und Genauigkeit von 100% bzw. 99% in der variablen Region sowohl 

der schweren als auch der leichten Kette. Die hohe Genauigkeit ermöglichte es uns, diese 

Methode auf den monoklonalen Antikörper anti-FLAG-M2 anzuwenden, dessen Sequenz 

unbekannt war. Die Sequenz wurde erfolgreich validiert, indem dieser monoklonale 

Antikörper in HEK293-Zellen exprimiert und seine Leistung im Western Blot mit dem 
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Ausgangsantikörper verglichen wurde. Die Sequenzgenauigkeit wurde auch durch die 

Neumodellierung der veröffentlichten Kristallstruktur des anti-FLAG-M2 Fab bestätigt. 

Allerdings  war die de-novo-Sequenzierungssoftware "Supernovo", die im zweiten Kapitel 

verwendet wurde, auf monoklonale Antikörper beschränkt. Daher führten wir im dritten 

Kapitel ein neues Werkzeug "Stitch" ein, das die templatebasierte Montage der Peptiden 

für die de-novo-Antikörpersequenzierung und Profilierung des Repertoires verwendet. 

Stitch unterstützt mehrere Bioinformatische Algorthitmen wie PEAKS, MaxNovo, 

Casanovo und Novor. Stitch bietet die Möglichkeit, die V- und C-Gennutzung semi-

quantitativ zu untersuchen und das serologische Antikörperrepertoire zu profilieren. 

Im vierten Kapitel haben wir den im zweiten Kapitel vorgestellten bottom-up-Ansatz auf 

einen Anti-MUC1-Antikörper 139H2 angewendet und die Sequenz de-novo erhalten. 

139H2 wurde im letzten Jahrhundert für die Diagnose und Behandlung von MUC1-

überexprimierenden Krebsarten entwickelt und wird aufgrund seiner Bindungsfähigkeit 

zum tandemrepetierenden Bereich (VNTR) auf der extrazellulären Domäne von MUC1 

auch als Forschungswerkzeug in Laboren weit verbreitet eingesetzt. Die Sequenz wurde 

erfolgreich validiert, indem die Leistung des reverse konstruierten 139H2 und seines Fab-

Fragments mit dem hybriderzeugten Produkt im Western Blot und in der 

Immunfluoreszenzmikroskopie verglichen wurde. Die Sequenz ermöglichte es uns, die 

Bindung an das VNTR-Peptid-Epitop durch Oberflächenplasmonenresonanz (SPR) zu 

charakterisieren und die Kristallstruktur des 139H2 Fab-Fragments im Komplex mit dem 

MUC1 VNTR-Peptid zu lösen. 

Im fünften Kapitel wurde der zuvor diskutierte bottom-up-Ansatz auf einen Anti-

respiratorischen Synzytialvirus (RSV)-Antikörper 131-2a angewendet, der das F-

Glykoprotein in seiner postfusionären Konformation anvisiert. F spielt eine wichtige Rolle 

bei der Anheftung an Wirtszellen, der Rezeptorbindung und der Vermittlung des 

Zelleintritts. 131-2a wurde in den 1980er Jahren entwickelt und aufgrund seiner hohen 

Bindungsaffinität und großen Spezifität für RSV-F in der postfusionären Konformation 

weit verbreitet als Forschungswerkzeug eingesetzt. Vor unserer Studie blieb jedoch seine 

genaue Aminosäuresequenz unbekannt. Nach der rekombinanten Expression von 131-2a 

in HEK293-Zellen validierten wir seine Sequenzgenauigkeit, indem wir seine Leistung im 

Western Blot und ELISA mit dem ursprünglichen 131-2a verglichen. Die genaue Sequenz 
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ermöglichte es uns, das Bindungsepitop an das RSV-Postfusion-Protein durch 

Einzelpartikel-Kryoelektronenmikroskopie zu charakterisieren und die molekulare 

Grundlage für die Spezifität von 131-2a für die postfusionäre Konformation von F 

aufzudecken. 
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