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Abstract 

 

Characterization of Peptides and Proteins by Ultraviolet 

Photodissociation Mass Spectrometry for Biotechnology Applications 

 

Eleanor Watts, Ph.D. 

The University of Texas at Austin, 2023 

 

Supervisor:  Jennifer S. Brodbelt 

 

Given the rapid and ubiquitous growth of biotechnology as a field, expanding the 

capabilities for the characterization of peptides and proteins remains paramount. 

Extending the breadth of applications for advanced tandem mass spectrometry methods 

has been critical to improving the understanding of biomolecules. The research presented 

in this dissertation focuses on the characterization of peptides and proteins with 

ultraviolet photodissociation-mass spectrometry (UVPD-MS). In addition to enhancing 

the body of knowledge on the applications of UVPD, this results in improved tools to 

characterize biotherapeutics and other biomolecules relevant to the biotechnology 

industry, including antibody drug conjugates (ADCs), synthetic selenoproteins, and 

human leukocyte antigen (HLA) immunopeptides. Through this work, improved 

localization of drug conjugation sites is presented for both cysteine- and lysine-linked 

ADCs, complete characterization of sequence and diselenide bond locations is reported 

for synthetic selenoproteins, and comprehensive sequence information, including leucine 

and isoleucine differentiation, is established for HLA immunopeptides. 
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 Various sample preparation techniques are explored to suit each application, 

including bottom-up and middle-down proteolysis as well as top-down analysis. High 

resolution mass spectrometry instrumentation and modern tandem mass spectrometry 

platforms are integral to the research presented in this dissertation. In addition to UVPD, 

a variety of tandem mass spectrometry techniques are explored including collisional and 

electron transfer dissociation. External collaborations have contributed greatly to the 

impact of this work, ensuring the development of industry-relevant applications. Access 

to application-specific software suits has also facilitated and enhanced the analysis and 

presentation of high-quality data. Overall, the work represents a step forward in both the 

understanding of key biomolecules as well as the applicability of UVPD to key areas in 

biotechnology research. 
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Chapter 1: Mass Spectrometry Methods for Biotherapeutic Antibodies 
and Antibody-Drug Conjugates 

1.1 MOTIVATION AND SCOPE OF RESEARCH 

Mass spectrometry has emerged as an indispensable tool in the field of 

biotechnology. From every stage of research and development through quality assurance, 

mass spectrometry is critical to our understanding of biological systems and the safety of 

drugs and consumer products.1 Tandem mass spectrometry techniques have been 

extensively developed to enhance the characterization of peptides and proteins.2 Despite 

the ubiquitous nature of mass spectrometry methods, challenges remain in their extension 

to complex systems. Antibodies have been and remain an important area of research with 

a plethora of therapeutic applications, and extensive work has been undertaken to 

characterize antibodies at an in-depth level.3–6 As biotechnological fields continue to 

advance, however, so do the challenges faced by the field of mass spectrometry.7 As a 

result, the necessity of expanding applications for increasingly complex systems becomes 

more pressing. 

While it is often assumed that any advancements in the characterization of 

antibodies with mass spectrometry methods can be directly applied to antibody-drug 

conjugates (ADCs), little has been done to follow-up these claims. The development of 

increasingly complex biotherapeutics, including highly heterogeneous lysine-linked 

ADCs and custom selenoproteins, necessitates the careful validation of a robust toolbox 

of mass spectrometry methods.7,8 Additional frontiers in biotechnology, including 

immunopeptidomics and foodomics, would also benefit from the broadening of the 

application of advanced mass spectrometry techniques.9,10 The work described herein 

seeks to build on mass spectrometry applications to extend the level of characterization 

possible for biotherapeutic and other biotechnological applications. 
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1.2 THERAPEUTIC IMPORTANCE OF ANTIBODIES AND ADCS 

Antibody-based therapeutics are increasingly being developed to address new 

therapeutic challenges. Given the high specificity of mAbs, they often result in high 

efficacy and less adverse events when compared to traditional small-molecule 

therapeutics.11 While cancer represents one of the most common therapeutic applications 

of antibodies, they are also used for treatment-resistant chronic conditions such as 

psoriasis, atopic dermatitis, sickle cell disease, and asthma.12 Therapeutic antibodies have 

more recently been developed to treat viral infections including COVID-19.12 As 

displayed in Figure 1.1, the number of antibody therapeutics approved in the US has 

increased substantially over the last 10 years. In addition to the 108 therapeutic antibodies 

currently approved for use in US, 20 additional therapeutic antibodies are currently in 

review,12 representing a continued interest in the development of antibody-based 

therapeutics.  

 

Figure 1.1: Table displaying the number of antibody and ADC therapeutics granted 
approval in the US each year from 2002-2022, including those under FDA 
review as of January 2023. Data was adapted from the Antibody Society.12 

ADCs are a smaller group of therapeutics and a relatively newer frontier. They 

involve the linkage of cytotoxic drugs to monoclonal antibodies, in the hope of 

0

5

10

15

20

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

In
 R

ev
ie

w

N
um

be
r 

of
 T

he
ra

pe
ut

ic
s

Antibody ADC



 42 

generating a “magic bullet” that will specifically target diseased cells and unleash the 

cytotoxic drug.13 Since the approval of the first ADC, gemtuzumab ozogamicin 

(Mylotarg), in 2001, a total of 12 ADCs have received FDA approval.12 While this 

represents a relatively small subset of the total number of antibody therapeutics available, 

the interest in ADCs as a therapeutic tool has continued to expand and many more are 

under development.13 The increasing prevalence of ADCs, as well as additional 

subcategories of antibody therapeutics, including bispecific antibodies and nanobodies, 

highlights the importance of expanding and validating the capabilities of mass 

spectrometry methodologies for increasingly complex systems beyond traditional 

monoclonal antibodies.  

1.3 CHALLENGES FOR CHARACTERIZING ANTIBODIES AND ADCS 

1.3.1 Immunoglobulin G1 

Most biotherapeutic antibodies and ADCs, as well as the main antibody 

components of human serum, retain the same basic structure of Immunoglobulin G1 

(IgG1), as illustrated in Scheme 1.1. IgG1 is made up of two heavy chains, composed of 

a single variable region (VH) and three constant regions (CH1-3), as well as two light 

chains, which also contain a variable region (VL) and a constant region (CL). The variable 

portions of IgG1 contain the complementarity determining regions (CDRs) which define 

the epitope an antibody will bind to, while the constant regions are largely responsible for 

the antibody structure. In addition to the conserved portion of the primary peptide 

sequence, all IgG1s contain 16 disulfide bonds of which two link the heavy and light 

chains together and two link the heavy chains to each other. Two N-glycans also play 

important roles in the structure and stability of the antibody.  
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Scheme 1.1: Structure of IgG1. The light chains, composed of VL and CL, are shown 
in blue and the heavy chains, composed of VH, CH1, CH2, and CH3 are 
shown in purple. G2F glycans are included in the CH2 region of each 
heavy chain to demonstrate the location of the N-glycans. Key regions 
of the antibody include the hinge region, which contains disulfide 
linkages between the two heavy chain subunits and between the heavy 
and light chain subunits, the Fab subunit, composed of the light chain 
and the VH and CH1 portions of the light chain, and the Fc subunit, 
which includes the CH2 and CH3 portions of the heavy chains as well as 
the N-glycans. 

The confirmation of disulfide linkages within antibodies has been an important 

area of exploration. The formation and shuffling of disulfide bonds can cause problems 

for the stability and safety of therapeutic antibodies. Several methods, including ion 

mobility and tandem mass spectrometry, have been adopted to probe changes in the 

disulfide bridging patterns of antibodies.14–17 The N-glycan also represents an important 

structural feature and a significant body of research has gone into characterizing the N-

glycans of antibodies, typically by enzymatically releasing the N-glycans and 
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characterizing them separately from the protein.18,19 Additional post-translational 

modifications (PTMs) including deamidation and oxidation, can occur during processing 

or as a result of degradation.20 These modifications can be important to monitor, as they 

may impact bioactivity, especially if they occur on the binding portion of the antibody or 

at the termini.21 In some cases, a PTM may even trigger an immunogenic response, 

leading to serious safety concerns.1 A variety of mass spectrometry, and other analytical 

methods have been developed with the aim of to monitor antibody PTMs.20  

1.3.2 Antibody-Drug Conjugates 

For ADCs, the addition of payloads further complicates characterization. 

Common concerns when characterizing ADCs include assessing the average drug to 

antibody ratio (DAR) and confirming the location of payload linkages.5 These quality 

attributes have received the most focus, but even more in-depth understanding is 

desirable to fully assess any impact the payload may have on the structure and function of 

the antibody.4 Additional concerns may include the structure of the antibody after 

payload conjugation, as well as pharmacokinetic DAR changes in vitro.3 

Scheme 1.2 includes two examples of the most common types of ADCs. 

Cysteine-linked ADCs, such as brentuximab vedotin, involve the partial reduction of the 

antibody disulfide bonds and the conjugation of cytotoxic payloads via maleimide 

attachment groups and protease-cleavable linkers.22 Lysine-linked ADCs represent 

another common type of ADC. An exemplative lysine-linked ADC, trastuzumab 

emtansine, is illustrated in Scheme 1.2B. Trastuzumab emtansine utilizes a non-cleavable 

thioether linker that binds to random lysine residues via an amine reactive NHS ester 

group.23 Given the large number of lysine residues (typically around 75-90 for IgG1), 

lysine-linked ADCs contain even greater heterogeneity then their cysteine-linked 
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counterparts. Identifying payload binding sites can become an even more significant 

concern, as conjugation within the complementarity determining region of the antibody 

could inhibit epitope binding. The location of the payload conjugation has also been 

shown to contribute significantly to the linker stability.24,25 Additional ADCs are under 

development which utilize conjugation to the N-glycan or modified amino acid 

chemistries in order to limit and/or eliminate heterogeneity in payload binding sites.22 

While “next-generation” ADCs are a highly attractive alternative, allowing the selection 

of a conjugation site that will maximize linker stability and limit effect on antibody 

function, the majority of ADCs to date contain significant conjugation site 

heterogeneity.22 

 

Scheme 1.2: Two exemplative ADC structures displaying common linker chemistries 
including (A) cysteine-linked ADC, brentuximab vedotin, and (B) 
lysine-linked ADC, trastuzumab emtansine. N-glycans are not shown.  

1.3.3 Other Immunoglobulins and Antibody Derivatives 

The focus of most method development for the characterization of antibodies has 

centered around IgG1 (Scheme 1.1). While this is logical, considering that it is the most 
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common template for therapeutic antibodies, the rapid growth in the field has led to the 

development of a broader variety of therapeutic antibodies. IgG2 and IgG4 are two 

additional human IgG subclasses of interest for therapeutic antibodies. While IgG1 only 

has one possible disulfide bridging pattern, IgG2 and IgG4 can both undergo multiple 

disulfide bond rearrangements.26 Disulfide rearrangements result in conformational 

changes at the Fab portion of IgG2.26 Disulfide rearrangements in IgG4 can allow for 

half-molecule exchange and the generation of bivalent antibodies.26 Beyond the 77 IgG1-

based therapeutics that have been approved, there are currently 13 IgG2- and 18 IgG4-

based therapeutic antibodies on the market.12 In addition to the increasing variety of IgG 

types, additional antibody derivatives are gaining popularity. Examples include 

antibodies combining two epitopes (bivalent antibodies), and therapeutic antibodies 

retaining only the Fab region or single-chain variable fragment (nanobodies).27,28 The 

broadening of the field highlights the importance of continuing to validate and improve 

upon mass spectrometry methodology. Chapter 5 focuses on the characterization of 

synthetic selenoproteins, an additional frontier for biotherapeutics. 

1.4 LEVELS OF ANTIBODY CHARACTERIZATION  

There are several different proteomic approaches developed for the 

characterization of antibodies. These approaches are selected based on the type of 

information needed and are often combined to gain a complete understanding of the 

antibody structure. The main sample processing methods to achieve different levels of 

characterization are overviewed in Scheme 1.3 and described in additional detail in the 

following sections. 
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Scheme 1.3: MS strategies used of antibody characterization, including common 
sample preparation techniques for each method. Intact and middle-up 
techniques involve simple measurement of the intact mass of antibody, 
or subunits, while top-down, middle-down, and bottom-up techniques 
utilize tandem mass spectrometry. 
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1.4.1 Intact and Top-Down Methods 

Intact or top-down methods require the least sample preparation and enable the 

direct analysis of an entire antibody or ADC. Intact methods involve the measurement of 

the protein molecular weight without any fragmentation. Intact methods are useful to 

determine highly accurate molecular weights, which can help to confirm the protein 

sequence, and allow the assessment of heterogeneity imposed by PTMs.29 For ADCs, 

intact mass measurements are critical for the assessment of average DAR.3 Native mass 

spectrometry strives to retain native (folded, conformationally active) structural features 

of proteins, enabling assessment of the higher order structures of proteins and other 

biomolecules.30 An appealing route for antibodies, native mass spectrometry allows the 

characterization of antibody stoichiometry, topology, stability, binding properties, and 

structure.29 

Mass spectrometry methods that analyze intact proteins are largely used in the 

characterization of DARs for ADCs. The development of chromatography methods 

coupled with mass spectrometry have proven integral to the characterization of DARs. 

This is particularly true for cysteine-linked ADCs, where the partial reduction of disulfide 

bonds necessitates native chromatography conditions.31–34 Hydrophobic interaction 

chromatography (HIC) and size exclusion chromatography have both been implemented 

to that end.31–34 HIC allows the separation of ADCs based on DAR, making it possible to 

perform an average DAR calculation with either mass spectrometry or UV-VIS results.31–

33 Size exclusion chromatography (SEC) does not separate species based DAR, but has 

been shown to be equally valid for assessing average DAR at a higher throughput.34 The 

integration of ion mobility and high resolution mass spectrometry has also proven to aid 

in the characterization of DAR and PTM measurements without using 

chromatography.35–37 
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Top-down analysis also entails the ionization and analysis of intact proteins but is 

coupled with tandem mass spectrometry to achieve further characterization.  Several 

recent strides have been made to generate informative sequence information through top-

down characterization of antibodies. For a long time the goal was to develop advanced 

methods to increase sequence coverage, but results were limited to 30-60% sequence 

coverage.38–42 More recently, the focus has shifted from total sequence coverage to how 

informative the fragment ions generated are. For example, it has been demonstrated that 

the primary fragment ions generated with electron capture dissociation of IgG complexes 

are N-terminal fragments from the variable region. Therefore, informative sequence 

information could be gained at a the top-down level without cleavage of disulfide 

bonds.43,44 While top-down mass spectrometry of ADCs has been largely limited, a few 

studies have demonstrated the release of the light chain through tandem mass 

spectrometry, enabling assessment of subunit-level payload distribution without digestion 

or reduction, as required for middle-up analysis.45,46  

1.4.2 Middle-Up and Middle-Down Methods 

Middle-down characterization of proteins broadly involves the digestion into 

large 3-20 kDa or larger peptides. In the case of antibodies, middle-down analysis usually 

refers to specific digestion at the hinge region of the antibody with enzymes such as IdeS, 

IdeZ, and Kgp, and/or reduction of disulfide bonds, resulting in 25-50 kDa subunits. The 

term “middle-up analysis” refers to measurement of the intact mass of such subunits 

without tandem mass spectrometry. Such methodology can be helpful for the same 

reasons described for characterization of intact proteins, while the simplification into 

subunits facilitates measurements of proteins without the use of ultra high-performance 

mass spectrometers (ones with high resolution, high mass accuracy, and high mass 
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range). Middle-up analysis is often used to assess the drug-load on different subunits for 

ADCs.47–52 Middle-down characterization represents a similar analog to the top-down 

method, meaning the emphasis is on using MS/MS techniques to obtain more detailed 

information rather than just measuring masses of the subunits. Middle-down analysis 

aims to gain more information than what can be achieved with bottom-up techniques, 

while generating peptides of more manageable sizes than an intact antibody. Middle-

down characterization of antibody subunits has been of significant interest with sequence 

coverages of 50-90% reported.53–57 Subunit characterization has also been extended to 

ADCs for which sequence coverages of 20-70% have been reported, along with modest 

characterization of payload location, depending on the level of heterogeneity.58–60 In 

addition to the antibody specific subunit digestion, middle-down analysis can also refer to 

digestion with a less specific protease, aided by restricted digestion to generate larger 

peptides (~3-10 kDa) than achieved with traditional bottom-up (1-3 kDa peptides) 

methods.61–63 The increased complexity of the subunits and peptides generated with 

middle-down techniques often results in the necessity for advanced tandem mass-

spectrometry methods, which will be described in detail in section 1.5. 

1.4.3 Bottom-up Methods 

The simplest method in terms of mass spectrometry requirements, bottom-up 

analysis involves the complete reduction of disulfide bonds and digestion of protein 

sequences into small (<3 kDa) peptides. While top-down mass spectrometry is often 

preferred because the integrity of the entire intact mAb or ADC is retained, bottom-up 

methods offer improved abilities to identify low-level amino acid misincorporations, 

generate disulfide bridge assignments, and characterize N-glycans.64 Bottom-up digestion 

without reduction has been shown to allow the characterization of disulfide bridges 
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without scrambling by maintaining a low pH.65 Aspartic acid can isomerize, transferring 

a methylene group to the peptide backbone through a succinimide intermediate, resulting 

in iso-aspartic acid. The formation of iso-aspartic acid can result in structural changes and 

has been shown to lead to inactivity in therapeutic antibodies.66 Given the difficulty 

associated with differentiating isomers, iso-aspartic acid is typically identified with 

bottom-up methods.66,67 Bottom-up techniques are also those most often applied to 

determine the payload binding sites for ADCs. Bottom-up mass spectrometry methods 

have been used to identify 38-82 conjugated sites for lysine-linked ADCs.68–71 Multi-

dimensional mass spectrometry methods, often combining hinge digestion and bottom-up 

digestion, have also been shown to improve characterization of payload sites and 

additional PTMs for ADCs.72–75 

1.5 TANDEM MASS SPECTROMETRY METHODOLOGY 

The development of improved tandem mass spectrometry methods have been 

critical to broaden the capabilities of tandem mass spectrometry beyond the 

characterization of small peptides. This has been invaluable for antibody and ADC 

applications. The main tandem mass spectrometry techniques utilized in antibody 

characterization are described in detail below. 

1.5.1 Collisional Dissociation 

Collision-based dissociation methods represent the most common, and the “gold 

standard” of tandem mass spectrometry techniques.2 The fragmentation of peptides and 

proteins through collisionally activated dissociation (CAD) occurs through a series of 

collisions, each converting kinetic energy of the ion into internal energy and ultimately 

allowing biomolecules to overcome the barrier for fragmentation at the peptide 
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backbone.76 Given the stepwise nature of this process, CAD leads to the generation of 

products with a low energy barrier for activation, typically cleavage of the amide 

backbone bond or cleavage of labile PTMs.76 The limitations of CAD become more 

significant as the size and complexity of the peptide or protein increases, leading to 

insufficient energy deposition.77 Additionally, CAD has limitations in the 

characterization of peptides and proteins with highly labile PTMs as the modifications 

will tend to cleave before the peptide backbone, resulting in loss of PTM site 

informatoin.77 This limitation can be problematic for ADCs, where the drug conjugation 

is a highly labile modification.   

Despite these limitations, CAD has successfully been implemented with 

significant success in the characterization of antibodies and ADCs. Because the 

limitations in characterization only arise for larger peptides, CAD remains the most 

popular method for bottom-up characterization of antibodies.78 CAD methods have also 

been implemented for the differentiation of aspartic and iso-aspartic acid, as discussed 

previously.66,67 For ADCs, CAD has also been successfully employed for the 

identification of payload conjugation sites through bottom-up workflows.68–71 Most 

middle-down studies do not utilize CAD, but a few have included CAD in comparison to 

or in conjunction with other fragmentation techniques with moderate success in 

characterizing antibodies and ADCs.16,56,59 CAD for top-down workflows has been 

demonstrated to result in the release of the payload-conjugated light chain for cysteine 

linked ADCs, wherein the payload replaces a disulfide bond.45,46 Beyond the success 

described here, CAD is frequently combined with electron transfer dissociation for 

powerful hybrid techniques, as discussed in detail in section 1.5.3. 
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1.5.2 Ultraviolet Photodissociation 

Ultraviolet photodissociation (UVPD) is a newer tandem mass spectrometry 

methodology wherein fragmentation is enabled by the coupling of an ultraviolet laser to a 

mass spectrometer.79 The absorption of one or more photons leads to excitation of the ion 

to an excited electronic state, enabling higher energy fragmentation as well as more 

diverse fragmentation pathways than can be achieved with CAD.76 In the case of peptides 

and proteins, 157, 193, and 213 nm photons have all been used successfully to enable 

UVPD.80 The fragment ions generated with UVPD include a, b, c, x, y, and z fragments 

through cleavage of different backbone positions, as illustrated in Scheme 1.4. This 

contrasts to collisional methods, which typically only yield a, b, and y fragments. Side-

chain loss associated d and w ions are also generated with UVPD, which can lead to the 

differentiation of isomeric leucine and isoleucine residues.81,82 UVPD has also been 

shown to cleave disulfide bonds.17,83–86 Additionally, labile PTMs have been shown to be 

maintained with UVPD, including phosphorylation and glycosylation, thus allowing their 

localization based on monitoring the mass shifts of fragment ions that correspond to the 

presence of PTMs.87–90 The potential to characterize isomeric residues, maintain labile 

modifications, and cleave disulfide bridges makes UVPD a promising technique for the 

characterization of antibodies and ADCs.  
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Scheme 1.4: Polypeptide fragmentation nomenclature, illustrated on a three amino 
acid long peptide. a/x, b/y, and c/z labels indicate the cleavage location 
along the peptide backbone, while the number subscript denotes the 
number of amino acids retained. 

While UVPD is a powerful method in the characterization of peptides and 

proteins, UVPD spectra also tend to be highly complex due to the large number of 

possible product ions, which can lead to difficulty in assigning charge states and 

identifying fragment ions.80 Several techniques have been developed to increase the 

signal to noise or reduce the spectral complexity of UVPD fragment ions, namely 

selective precursor ejection and proton transfer charge reduction (PTCR). Selective 

precursor ejection aims to increase fragment ion signal by eliminating the precursor and 

reducing excessive space charge related to the large population of non-dissociated 

precursor ions.91 Proton transfer charge reduction reaction utilizes an ion-ion reaction to 

decrease the charge states of multi-charged ions and shift them to less dense (higher m/z) 

regions of the spectrum, facilitating deconvolution and identification of fragment ions.92 

The combination of PTCR and 193 nm UVPD has been demonstrated to enhance the 

characterization of ADCs.92 When specialized techniques to boost the signal to noise of 

fragment ions are not used, determining accurate filters (based on S/N, mass accuracy or 

confirming isotopic fits) for fragment ion identification becomes particularly important 
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for UVPD data. As such, ensuring the quality of UVPD data will be a common theme in 

the remaining chapters. 

UVPD has been implemented in the middle-down and top-down characterization 

of antibodies, however it is typically combined or compared to electron based 

dissociation. As such, specific results are detailed in the following section. 

1.5.3 Electron Transfer and Electron Capture Dissociation 

Additional advanced tandem mass spectrometry techniques include electron 

capture and electron transfer dissociation (ECD/ETD or ExD).93 ECD results in a radical-

driven fragmentation through the interaction of a positively-charged analyte with low 

energy electrons.93 ETD is enabled by an ion-ion reaction in which a singly charged 

radical anion transfers an electron to the multiply charged cationic analyte.94 ExD 

fragmentation occurs as a result of radical-driven cleavage at the amide bond, resulting in 

c and radical z ions.95  While ExD has been responsible for dramatically improved 

characterization of peptides and proteins, some limitations do exist. For one, ExD is 

highly charge dependent, which significantly limits the characterization of peptides and 

proteins in low charge states.96 Additionally, non-covalent interactions often prevent 

protein fragment ions from separating from each other and being detected. This 

phenomenon, nondissociative electron transfer dissociation (ETnoD), results in 

production of highly abundant and non-informative charge-reduced precursors in ETD  

spectra.96 In order to overcome ETnoD and improve the characterization of low charge 

precursors, ETD is commonly combined in hybrid fragmentation methods by addition of 

supplemental activation  to disrupt the non-covalent interactions and release fragment 

ions.96 Common forms of supplemental activation include including CAD, as in electron-

transfer/higher-energy collision dissociation (EThcD), and infrared photoactivation, as in 
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activated ion ETD (AI-ETD).96 ETD and EThcD have been shown to retain labile PTMs 

that would be lost with collision based activation.97  EThcD alone and ETD coupled with 

HCD event have both also been successfully applied to the differentiation of leucine and 

isoleucine through the generation of side-chain loss associated w ions.98–100 ETD and 

EThcD have both been shown to lead to the cleavage of disulfide bonds.101–103 While 

CAD is generally sufficient for the bottom-characterization of antibodies, ETD based 

methods have been among the most popular for middle-down and top-down.6 

Middle-down characterization of antibodies with ETD alone has been shown to 

result in approximately 50% sequence coverage alone, and as high as 90% sequence 

coverage when combined with additional data from EThcD and 213 nm UVPD.40,53 

When applied to a site-specific ADC, middle-down ETD has still been able to achieve 

~45% sequence coverage alone, with improved results arising from the addition of 213 

nm UVPD and HCD.59  ETD of heterogeneous cystine- and lysine-linked ADCs has 

shown further potential to localize the conjugation sites at the middle-down level.58,104 

Combining ETD with EThcD and 193 nm UVPD offers additional characterization of 

cystine-linked ADCs.60 Electron-based dissociation methods have also been applied 

extensively to characterize antibodies at the top-down level. While overall sequence 

coverages of 30% and 40% have been reported with ETD alone and when combined with 

213 nm UVPD, respectively, the highest overall antibody sequence coverage of over 60% 

was achieved using AI-ETD.39,40,42 More recently, the focus in developing tandem mass 

spectrometry methods for top-down antibody characterization has shifted from generating 

superior sequence coverage to the producing the most informative characterization. High 

quality assessment of antibody chain pairing has been demonstrated with both of 157 nm 

UVPD and ECD.17 Complete characterization of CDR regions from intact antibodies and 

Fab subunits has been implemented with ECD.43,44 Overall, the exploration and 
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development of advanced tandem mass spectrometry techniques, including electron- and 

photon-based methods, have resulted in an extensive array of techniques to probe 

antibody drug conjugates. 

1.6 OVERVIEW OF CHAPTERS 

Antibody drug conjugates are one area of research that will benefit from the 

improved adaptation of advanced tandem mass spectrometry methods, including UVPD. 

As such, the development of UVPD-based methods for ADCs will be a major focus of 

this work. Several other active research areas and fields that could also benefit from 

broader applications of UVPD will also be explored.  

In Chapter 3 a cystine-linked ADC is characterized with subunit-level middle-

down characterization enabled by IdeZ digestion. Tandem mass spectrometry with 193 

nm UVPD, ETD, and EThcD were all explored, and proved to provide complementary 

fragmentation. Because additional information was gained with each method, the 

combination of all three proved to allow for the most complete characterization of the 

antibody subunits with 0-2 payloads conjugated, and the differentiation of conjugation 

locations for the subunits with multiple positional isomers present.  

The identification of payload binding sites for a more complex, lysine-linked 

ADC is examined in Chapter 4.  To further simplify the characterization while retaining 

as much information as possible, a limited proteolysis-based middle-down approach is 

employed resulting in ~3-13 kDa peptides. This approach allowed for the generation of 

complex peptides, including those with multiple payloads bound. The characterization of 

complex peptides was further enabled by HCD-triggered UVPD and EThcD methods, 

which allowed for high resolution data acquisition without restriction of the duty cycle. 
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Chapter 5 explores the characterization of synthetic selenoproteins, an emerging 

technology for biotherapeutics. A combination of top-down, and bottom-up mass 

spectrometry was examined, and complete characterization was enabled by their 

combination, as well as complementary results obtained with EThcD and 213 nm UVPD. 

The method also led to the identification of previously unreported selenoprotein dimers, 

which shed insight on a potential cause of incorrect diselenide bridge formation. 

As examined in Chapter 6, immunopeptides represent an important biological 

target that have been extensively explored with collisional and electron-based mass 

spectrometry methods but had yet to be explored with UVPD. The results in Chapter 6 

indicated that the integration of 193 nm UVPD into an immunopeptidomic workflow 

resulted in improved characterization of the peptide sequences, including enhanced 

differentiation of isomeric leucine and isoleucine residues. 
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Chapter 2:  Experimental Methods 

2.1 OVERVIEW 

The methods described here are intended to extend the applications of advanced 

tandem mass spectrometry (MS/MS) techniques, especially ultraviolet photodissociation 

(UVPD). To that end, antibody drug conjugates, synthetic selenoproteins, and 

immunopeptides are examined. In addition to UVPD, electron transfer dissociation 

(ETD), and collisional dissociation are explored, both to benchmark the capabilities of 

these methods, and to obtain complimentary information by combining information from 

multiple sources. General descriptions of the mass spectrometry, ion activation, 

chromatography, and data interpretation are described here with additional details 

included for each project in the remaining chapters.  

2.2 MASS SPECTROMETRY INSTRUMENTATION 

2.2.1 Orbitrap Mass Analyzer 

The development of orbitrap mass analyzers revolutionized proteomics by 

increasing the accessibility of high-resolution Fourier transform mass spectrometry 

(FTMS).1 The increased resolving power enables the characterization of intact proteins, 

where highly adjacent mass-to-charge rations (m/z) would otherwise be indistinguishable 

without the use of specialized Fourier transform ion cyclotron resonance (FT-ICR) 

analyzers.2 The high mass accuracy offered by FTMS and orbitrap mass analyzers is also 

critical to establishing the identity of fragment ions in the dense spectra generated via 

UVPD.3 The work described here was enabled by Thermo Scientific Orbitrap Fusion 

Lumos Mass Spectrometers. 
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2.2.2 Electrospray Ionization 

The combination of the orbitrap mass analyzer with electrospray ionization (ESI) 

was also integral for the analysis of peptides and proteins. ESI is an electrostatic 

nebulization process that allows the desolvation and ionization of liquid samples, with no 

limit on the molecular weight of the analyte, greatly expanding the repertoire of 

biomolecules that can be characterized by mass spectrometry.4 ESI is readily adaptable to 

liquid chromatography (LC), and gentle enough to ionize noncovalent protein 

complexes.4 Nano-ESI has expanded the use of ESI, allowing for flow rates as low as 20 

nL/min and generating increased sensitivity and desolvation.5,6 The nano-ESI setup used 

for direct infusion here employs house-made pulled fused silica capillaries which have 

been coated with Au/Pd. Approximately 10 µL of sample are loaded into the pulled 

capillaries and approximately 0.8 to 1.2 kV is applied allowing for static infusion with a 

Thermo Scientific Nanospray Flex ion source. Nano-ESI can also be coupled with 

chromatography, as described in section 2.4. 

2.2.3 Ion Activation 

Enhancing the applications of UVPD is the focus of this work. UVPD entails the 

absorption of ultraviolet photons by the analyte ion, resulting in energization of the ion, 

excitation to an excited electronic state, and direct fragmentation from the excited state or 

internal conversion to the ground electronic state and intramolecular vibrational energy 

redistribution prior to dissociation. For 193 nm UVPD, a Thermo Scientific Orbitrap 

Fusion Lumos Mass Spectrometer was modified to preform UVPD in the high-pressure 

linear ion trap by coupling a 193 nm Coherent Existar excimer laser (500 Hz, 5 nsec 

pulse, 1-3 mJ/pulse) to the back end of the instrument, as previously described.7 In some 

cases, a commercial version of UVPD, utilizing a 213 nm solid-state Nd:YAG laser 
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(2500 Hz, 1 nsec pulse, ~3 uJ/pulse), was also explored in an aim to increase the 

transferability of the methods.  

Collisional dissociation-based methods, including higher-energy collision 

dissociation (HCD) represents the most popular methods for ion activation of peptides 

and proteins. As such, HCD was included in each application as a benchmark. For the 

process of collisional activated dissociation, ions are accelerated to higher kinetic 

energies prior to collisions with an inert target gas, resulting in conversion of kinetic 

energy of the ion into internal energy that results in fragmentation. ETD and electron-

transfer/higher-energy collision dissociation (EThcD) are also promising advanced 

fragmentation techniques which are included to compare the information achievable with 

alternative methods, and to help develop combined strategies where complementary 

information can be gleaned. ETD is accomplished through an ion-ion reaction between a 

reagent anion and a positively charged analyte, resulting in exothermic transfer of an 

electron from the reagent anion to the analyte cation. EThcD is a hybrid activation 

method in which all ETD products are subjected to collisional activation prior to mass 

analysis. 

2.3 LIQUID CHROMATOGRAPHY 

Liquid chromatography experiments were enabled by a Dionex Ultimate nano LC 

system. Trap and elute configurations were used to allow for sample concentration and 

desalting on a trap column at a flow rate of 5 uL/min followed by a valve switch placing 

the trap column in-line with the analytical column. Typical loading conditions used 2% 

acetonitrile and 0.1% formic acid in water. Chromatographic separation occurred at a 

flow rate of 300 nL/min, with solvents consisting of water (A) and acetonitrile (B) with 

0.1% formic acid. Gradient elution was optimized for each method. Reversed-phase 
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PLRP media was used to separate larger middle-down sized peptides and reversed-phase 

C18 media was used for bottom-up and immunopeptidomics workflows.  Voltages of 

approximately 1.8 to 2.2 kV were applied for nanoESI. 

2.4 DATA INTERPRETATION 

For each study a combination of software and some form of manual validation 

was utilized. Key mass spectrometry data processing suites and their applications in 

relation to the work described in this dissertation are detailed here. 

2.4.1 Byonic 

Byonic (Protein Metrics Inc.) was utilized to process all bottom-up and 

immunopeptidomics data. Byonic matches peptides from a database to MS/MS through a 

combination of intact mass and sequence ions.8 While several similar platforms are 

available, Byonic has been extensively developed for UVPD, making it ideal for the 

applications presented here.9 

2.4.2 ProSight  

ProSight Lite enables the identification and visualization of fragment ions 

generated in top-down mass spectrometry data by matching deconvoluted peak lists to a 

list of theoretical masses.10 To generate deconvoluted peak lists, MS/MS data were 

deconvoluted and deisotoped with Xtract deconvolution in Thermo Scientific FreeStyle. 

Signal-to-noise ratios and deconvolution fit factors were established for each application 

to ensure only high-quality fragment ions were retained in deconvoluted peaks list. 

Predicted isotope patterns for exemplative fragment ions with both high and low signal to 

noise ratios and fit factors were typically visualized in TD Validator demonstrate the 

quality of the data.  
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ProSightPD for Proteome Discoverer enables the search of top-down proteomic 

data against a database of proteoforms. Each spectrum in a LC-MS/MS data file is 

deconvoluted with Xtract, and then matched to the proteoform database based on intact 

mass and fragmentation data. The use of deconvolution decongests and simplifies 

MS/MS data. As a result, ProSightPD is better suited to top-down and middle-down 

applications than Byonic because larger peptides and proteins yield more complex 

MS/MS spectra.  

2.4.3 TDValidator 

TDValidator also identifies top-down fragment ions, but directly uses raw 

MS/MS data and matches observed and predicted isotope patterns.11 Because 

TDValidator directly interprets raw data based on a predicted sequence, it is often able to 

identify fragments missed by deconvolution algorithms.11 This increased identification of 

fragment ions, means that TDValidator is best applied in cases where the protein 

sequence is already well established or as a follow-up to deconvolution-based 

identification.11 In Chapter 3 TDValidator was used to facilitate the complete 

identification of fragment ions for ADC subunits, in which case each payload containing 

fragment ion was manually examined and excluded as necessary. TDValidator was also 

utilized in other chapters to compliment to ProSight data. 
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Chapter 3:  Comprehensive Middle-Down Mass Spectrometry 
Characterization of an Antibody-Drug Conjugate by Combined Ion 

Activation Methods1 

3.1 ABSTRACT 

Antibody-drug conjugates (ADCs) are an increasingly prevalent drug class 

utilized as chemotherapeutic agents.  The complexity of ADCs, including their large size, 

array of drug conjugation sites, and heterogeneous compositions containing from zero to 

several payloads, demand the use of advanced analytical characterization methods.  

Tandem mass spectrometry (MS/MS) strategies, including a variety of bottom-up, 

middle-down, and even top-down approaches, frequently applied for analysis of 

antibodies are increasingly being adapted for antibody-drug conjugates. Middle-down 

tandem mass spectrometry, often focusing on analysis of ~25 kDa protein subunits, offers 

the potential for complete sequence confirmation as well as the identification of multiple 

conjugation states. While middle-down studies have been extensively developed for 

monoclonal antibodies, middle-down characterization of ADCs has been limited by the 

high complexity of the drug molecules.  This study seeks to bridge the gap by utilizing a 

combination of 193 nm ultraviolet photodissociation (UVPD), electron-transfer 

dissociation (ETD), and electron-transfer/higher-energy collision dissociation (EThcD).  

The compilation of these MS/MS methods leads to high sequence coverages of 60-80% 

for each subunit of the ADC. Moreover, the combined fragmentation patterns provide 

sufficient information to allow confirmation of both the sequence of the 

complementarity-determining regions as well as the payload conjugation sites.  

 
1Watts, E.; Williams, J. D.; Miesbauer, L. J.; Bruncko, M.; Brodbelt, J. S. Comprehensive Middle-Down 
Mass Spectrometry Characterization of an Antibody–Drug Conjugate by Combined Ion Activation 
Methods. Anal. Chem. 2020, 92, 9790–9798. 
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3.2 INTRODUCTION  

Antibody-drug conjugates (ADCs) have emerged as a highly promising drug class 

to address therapeutic challenges, particularly for the treatment of cancer.1–4 ADCs 

promise to improve patient outcomes by combining a drug, often a cytotoxic payload 

used for chemotherapy, with an antibody.1–3,5 Ideally, the antibody affords enhanced 

recognition of diseased cells and fewer off-target effects. Traditional ADCs are very 

heterogeneous with the payload bound at multiple sites, varying from molecule to 

molecule. This heterogeneity leads to special hurdles in characterization of ADCs and 

highlights the need to establish reliable analytical techniques that can resolve a variety of 

structural details.  

ADCs comprise three parts: the antibody, the payload and the linker which 

bridges the payload to the antibody (typically via lysine sidechains or cysteine thiols). 

Design of the linker is critical to ensure that the payload remains attached to the antibody 

as it circulates the body but is released upon entering the diseased cell.6,7 Over the years 

many linker-strategies have been developed.4,8 One common strategy targets primary 

amines which results in the payload binding to a large array of locations (e.g., multiple 

lysines and the N-termini) of the antibody.4,8 Alternatively, in cysteine-bound ADCs, one 

or more of the disulfide bonds that bridge the antibody subunits are reduced, and 

payloads are conjugated to one or more cysteines. This process leads to the incorporation 

of zero to eight payloads bound per antibody. While the selective conjugation to cysteine 

limits the maximum number and locations of payloads per antibody, cysteine conjugation 

remains one of the most efficient and well-understood processes.9,10 More selective 

strategies have also been developed, often involving incorporation of modified amino 

acids such as engineered heavy chain cysteines that allow exact drug-to-antibody ratios of 

two or four.4,8 These highly ordered ADCs are commonly referred to as “next-generation 
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ADCs.”8 As the performance metrics of ADCs become better characterized, they are 

being designed to facilitate the delivery and release of more acutely toxic drugs.8 In these 

cases the stability of the ADC in and out of plasma becomes increasingly important, and 

the ability to monitor the payload localization and decomposition of ADCs is even more 

critical.10–15 Seven ADCs, brentuximab vedotin (Seattle Genetics), polatuzumab vedotin 

(Roche), enfortumab vedotin (Seattle genetics), Trastuzumab deruxtecan (AstraZeneca), 

trastuzumab emtansine (Roche), gemtuzumab ozogamicin (Pfizer) and inotuzumab 

ozogamicin (Pfizer), have been developed and approved for use in patients for various 

cancer-related applications. While the latter three ADCs have lysine-linked payloads, the 

other four contain cysteine-bound payloads.8,16 

Mass spectrometry is employed for ADC analysis at all stages throughout 

development. A key goal of ADC characterization is the determination of drug-to-

antibody ratio (DAR). The DAR is often established by separating the antibodies with 

different numbers of payloads, normally via chromatography, quantifying each species, 

and averaging the results.17,18 In the case of cysteine-linked antibodies, non-denaturing 

separations, such as hydrophobic interaction chromatography, or capillary 

electrophoresis, are frequently employed to prevent disassembly of ADCs that are 

destabilized owing to the cleavage of the original cysteine bridges linking the subunits 

and replacement with payloads.19–21 In some cases DAR may be estimated by high 

resolution mass-spectrometry without chromatography.22,23 Estimation of DARs may be 

alternatively accomplished at the subunit level either by reducing interchain disulfide 

bonds to produce separate heavy and light chain subunits or by using enzymes like 

Fabricator or IdeZ to cleave the heavy chain of the antibody in half, generating 25 kDa 

subunits.24–29 For this strategy, the antibody is denatured and can be separated by 

conventional reversed phase chromatography. Examination of the molecular weights of 
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the individual subunits provides information about the distribution of drug on the 

antibody. 

Additional key goals of ADC characterization are the confirmation of the 

sequence of the antibody and localization of the payloads.13 Sequence confirmation is 

particularly important in the variable region of the antibody, especially the highly 

variable complementarity-determining region (CDR). Confirming the sequence of the 

CDR is necessary to ensure that the antibody targets the correct cells. Because of the 

inherent complexity of ADCs, sequencing and confirmation of the payload sites are 

traditionally accomplished via bottom-up MS/MS methods which rely on proteolysis to 

cleave the antibody into small peptides prior to analysis.13,17,24 While the bottom-up 

strategy is robust and well-established, the ability to determine combinatorial payload 

locations is lost.  

Alternatives to bottom-up methods that have gained attention are top-down and 

middle-down approaches which utilize no or selective proteolysis, respectively.  In 

general, the sequence coverage obtained from analysis of intact molecules (i.e. top-down) 

is limited because of the large molecular size and significant disulfide bond composition 

of antibodies;14,23,25,30,31 these analytical restraints have accelerated the exploration and 

adoption of middle-down approaches. Digestion of ADCs using IdeZ or Fabricator 

proteases, as mentioned above, generates large sub-units that retain nearly the same 

information as intact antibodies but present sizes that are better suited for analysis by 

current MS/MS methods. In the case of cysteine-bound ADCs, this type of selective 

proteolysis creates subunits containing 1-3 payloads, in theory permitting simultaneous 

examination of all possible payload sites on each heavy chain. Integrating top-down and 

middle-down analysis techniques offers the opportunity to achieve even more 

comprehensive characterization of ADCs. 
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Characterization of antibody subunits by tandem mass spectrometry (MS/MS), 

typically coupled with reversed phase liquid chromatography, has been extensively 

explored.14,30,32–38 Multiple MS/MS methods, including combinations of 213 and 193 nm 

ultraviolet photodissociation (UVPD), electron transfer dissociation (ETD), collisionally 

activated dissociation (CAD), higher-energy collisional dissociation (HCD), electron 

capture dissociation (ECD) and hybrid ETD/HCD (EThcD), have been used to enhance 

characterization, with coverages of 50-80% typically reported.30,33,35,39 Fraction collection 

of subunits followed by MALDI-insource decay has also been utilized to obtain sequence 

coverages as high as 90% for each subunit.34,40 While many MS1-based top-down and 

middle-level characterization methods for ADCs have been developed,27,41–44 MS/MS 

analysis of ADCs is still in the early stages of development. Two recent studies have 

demonstrated the initial application of middle-down MS/MS strategies for analysis of 

ADC subunits. 45-46 One expansive study reported the use of ETD to effectively identify 

payload locations on heterogeneous antibodies by focusing on specific diagnostic 

fragment ions, even attaining localization of conjugation sites of positional isomers as 

well as oxidation sites.45 Another investigation compared ETD, 213 nm UVPD and HCD 

for analysis of a next-generation ADC.46 For the antibody in this aforementioned study, 

the payload is fixed on C213 for the Fc/2 subunit and C163 for the Fd’ subunit via 

modified amino acids.46  While next-generation ADCs represent a growing class of 

ADCs, the analysis is simpler than that of more conventional cysteine-bound ADCs 

owing to site-specific payload conjugation. HCD proved to be the least informative 

owing to internal fragmentation of the payload (thus confounding interpretation), whereas 

213 nm UVPD generated more payload-containing fragment ions than ETD.46 These 

studies have laid important groundwork for ADC analysis by using tandem mass 
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spectrometry, motivating further optimization and assessment to promote wider adoption 

by the ADC community.  

The heterogeneity of the number and locations of payloads complicates the 

analysis of ADCs.  Here we describe a middle-down MS/MS strategy that combines 

nano-scale liquid chromatography, IdeZ digestion, and ETD, EThcD and UVPD as three 

MS/MS methods for characterization of ADCs. This multi-pronged approach is 

demonstrated for analysis of a surrogate cysteine-bound ADC in which the linker is 

bound to a propranolol payload. This surrogate ADC is used to demonstrate the wide-

reaching method presented in this study which should be generally applicable to many 

other types of complex ADCs.    

3.3 METHODS 

The surrogate antibody-drug conjugate was provided by AbbVie. The sequence of 

the antibody is based on human IgG1. The Mc-Val-Cit-PABC-PNP linker for linker 

fragmentation experiment was obtained from MedChemExpress. HPLC solvents were 

obtained from EMD Millipore (Temecula, CA), and buffer components were obtained 

from Sigma-Aldrich (St. Louis, MO). Proteomics-grade trypsin was obtained from 

Promega (Madison, WI). IdeZ protease was obtained from New England Biolabs inc. 

(Ipswich, MA). All other reagents and solvents were obtained from Thermo Fisher 

Scientific (Fairlawn, NJ). The CDR of the ADC was calculated through the Paratome 

online tool.47,48 

3.3.1 Trypsin Digestion Protocol 

ADC stock solution diluted to 200 µg/mL was reduced and alkylated in 50 mM 

ammonium acetate buffer. Dithiothreitol (DTT) was added at 250 mM, and the solution 
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was incubated at 55°C for 30 min. The solution was allowed to cool for 10 min prior to 

addition of iodoacetamide at 500 mM. The mixture was allowed to react for 30 min in the 

dark. The reaction was quenched by adding a second aliquot of DTT for a final 

concentration of 500 mM. After alkylation trypsin was added in a 1:20 protease-protein 

ratio. The digestion was performed at 37°C for 15 hours. After digestion, the reaction was 

quenched with 1% formic acid and cleaned using a spin cartridge loaded with C18 resin 

(Pierce Biotechnology) prior to LC−MS analysis. 

3.3.2 Bottom-up LC-MS/MS analysis 

Reversed phase liquid chromatography (LC) was performed with a Dionex 

Ultimate nano LC system interfaced to a Thermo Scientific Orbitrap Elite mass 

spectrometer. Columns were packed in-house using 3.5 μm XBridge BEH C18 media. 

Mobile phases were water with 0.1% formic acid (A) and acetonitrile with 0.1% formic 

acid (B). Elution was achieved via a gradient starting at 2% B and going to 35% B over 

two hours. MS/MS events were performed in a data-dependent manner with HCD NCE 

30-35. Data analysis was performed using Byonic with a score cut-off of 400. The data 

was searched against the UniProt human proteome coupled with the sequence of the 

ADC. The mass of the payload was included as a rare modification to cysteine with a 

maximum of two rare modifications per peptide.  

3.3.3 MS/MS analysis of Linker 

The linker was dissolved in DMSO at a concentration of 10 mM. This stock 

solution was diluted to 10 µM in 49.5/49.5/1 water/acetonitrile/formic acid. Samples 

were loaded into Au/Pd coated pulled tip emitters for nano-electrospray infusion and 

analyzed using a Thermo Scientific Orbitrap Elite mass spectrometer equipped with a 500 
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Hz 193 nm Coherent ExciStar XS excimer laser (Santa Clara, CA) for UVPD as 

described previously.49 UVPD data was collected using one laser pulse at 1.0 mJ and 

HCD data was collected using a collision energy setting of 10 NCE.  MS/MS spectra 

were collected with 60,000 resolution and 5 microscans. Twenty scans were averaged to 

produce the final MS/MS spectra. 

3.3.4 IdeZ Digestion Protocol 

Middle-down digestion was performed by directly diluting the ADC in water and 

adding an appropriate amount of IdeZ and concentrated Glycobuffer (New England 

Biolabs) per manufacturer instructions. The digest was incubated at 37°C for 1 hour. 

After the digestion, reduction was performed for 35 min on a shaker at room temperature 

with 3.4 M urea and 40 mM tris-(2-carboxyethyl)phosphine (TCEP). Following 

reduction, 1% formic acid was added to prevent disulfide bond reformation. The sample 

was cleaned up with Zeba spin desalting columns (Thermo Fisher Scientific) and buffer 

exchanged into 0.1% formic acid for LC-MS analysis. 

3.3.5 Middle-down LC-MS/MS analysis 

PLRP columns were packed in-house using 1000 Å, 50 µm bulk media from 

Agilent. Mobile phases were water with 0.1% formic acid (A) and acetonitrile with 0.1% 

formic acid (B) applied in a rapid initial gradient of 2 to 30% B over three minutes 

followed by a shallow gradient up to 40% B over 22 minutes at a flow rate of 300 

nL/min. Mass spectrometry was performed on a Thermo Orbitrap Fusion Lumos mass 

spectrometer equipped with a 500 Hz 193 nm Coherent ExciStar XS excimer laser as 

previously described for UVPD.50 The following activation parameters were optimized: 

activation time for ETD and EThcD, laser energy and number of laser pulses for UVPD. 
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In addition, the width of the precursor isolation window and the impact of the selected 

precursor charge state were evaluated. A detailed description of the results of these 

experiments is included in section 3.4.2. Unless otherwise specified, optimized 

parameters were used: 193 nm UVPD was performed using a pulse energy of 1 mJ and 

one laser pulse. The activation period for ETD was 15 ms. EThcD was performed using a 

10 ms activation period with 10 NCE supplemental activation. An isolation window of 5 

m/z was used across all methods centered on the 27+, 23+ and 25+ charge states for Fc/2, 

Lc, and Fd’,  respectively. Tandem mass spectra were collected in full profile mode.  

Data analysis was completed using TDValidator 1.0 by Proteinaceous. In order to 

ensure validity of matching fragment assignments, strict data cutoffs were employed, 

including 5 ppm for the maximum error in fragment ions, 10 for the minimum signal-to-

noise ratio, and 0.75, on a scale from 0 to 1 (with 1 representing a perfect match between 

predicted and observed isotope patterns), for the minimum score. Fragment ions were 

then further refined by manual validation, a process that entailed examining the isotopic 

profiles of each identified fragment ion to eliminate overlapping and uncertain 

assignments. Examples of cases in which fragment ions with poorly fitting isotopic 

profiles were eliminated include those where upon manual examination most of the 

isotope peaks were very low abundance and did follow an expected distribution or where 

it was clear that the identification was made based on a wrong charge state assignment, 

i.e. if a 14+ distribution was identified as a 7+ ion. For overlapping ions, the best 

matching ion was only included if there was an improvement in both the score (at least 

0.5 better) or ppm error (at least 2 fold lower), otherwise both ions were eliminated from 

consideration. For UVPD there were many instances where both “a” and “a + 1”, “x” and 

“x + 1”, and “y” and “y - 1” ions were identified for the same ion distribution. While it is 
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likely that these distributions are comprised of a combination of multiple ion types, for 

simplicity the match with the highest score was considered in these cases. 

An excel spreadsheet listing all fragment ions identified and manually confirmed 

using TDValidator for each subunit, including ppm errors, and signal to noise ratios, and 

scores for each fragment ion is available as a supporting information file at 

https://doi.org/10.1021/acs.analchem.0c01232.  

3.4 RESULTS AND DISCUSSION  

3.4.1 Bottom-Up Analysis 

To provide benchmark results using a traditional bottom-up workflow, the ADC 

was subjected to trypsin digestion and conventional LC-MS/MS using HCD. While 

sequence coverage of the protein was impressive (97% for both the heavy chain and light 

chain), few peptides containing the payload were identified. Only three MS/MS spectra 

(out of 388 matched spectra for the heavy chain) were matched to peptides containing the 

payload, representing two peptides from the heavy chain. One of these matches was 

identified as a peptide containing Cys233, a cysteine normally involved in an inter-chain 

disulfide bond. However, as displayed in Figure 3.1, none of the fragment ions contained 

the payload. The identification is believed to be a correct match as payload conjugation 

favors these cysteine residues;24,41 however, it is difficult to confirm this based on the 

fragmentation pattern.  The payload was also localized to Cys265 based on another 

peptide identified in the LC-MS/MS run, an unexpected finding owing to the prevalent 

involvement of this cysteine in an intra-chain disulfide bond which makes it an unlikely 

candidate for modification. The MS/MS spectrum for this peptide is displayed in Figure 

3.2. There are, once again, no payload-containing fragments and additionally there are 

many unmatched fragment ions, making this a probable incorrect match. This second 
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payload binding site was not corroborated by the middle-down results (discussed later) 

and was thus classified as a false identification.    

 

 

Figure 3.1: (A) MS1 and (B) MS/MS spectra (HCD NCE 30, 4+ charge state) of one 
payload-containing peptide identified from the Byonic database search of 
the bottom-up dataset.  The spectra are shown for a peptide which is 
believed to be a correct match. (C) The resulting fragmentation map; no 
payload-containing product ions were identified. The cysteine highlighted in 
gold is presumed to contain the payload conjugation 
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Figure 3.2: (A) MS1 and (B) MS/MS spectra (HCD NCE 30, 3+ charge state) of one 
payload-containing peptide identified from the Byonic database search of 
the bottom-up dataset.  The spectra are shown for a peptide which is 
believed to be a false match. (C) The resulting fragmentation map; no 
payload-containing product ions were identified. The cysteine highlighted in 
gold is presumed to contain the payload conjugation 

Two of the inter-chain cysteines (Cys230 and Cys233) of the heavy chain that are 

likely candidates for modification were characterized based on the bottom-up LC-MS/MS 

strategy, and one of them was identified as being conjugated to a payload. The other 
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inter-chain cysteine (Cys224) was not identified, likely owing to the presence of adjacent 

lysines leading to the production of peptides too small for successful MS/MS 

confirmation. Similarly, no peptides containing the inter-chain cysteine (Cys214) of the 

light chain were identified, thus preventing the successful characterization of the C-

terminal section of the light chain and prohibiting confirmation of payload conjugation at 

that site. The tryptic peptide that should contain this cysteine (sequence GEC) would be 

3-mer which is significantly smaller than the peptides that were identified. Further 

bottom-up studies, utilizing alternative enzymes or limited digestions, could improve the 

characterization of the ADC. However, given the current shortcoming of bottom-up 

methods in the context of ADCs, advancing the methods for subunit level middle-down 

characterization is desirable. Based on these results, the bottom-up approach proved 

ineffective for characterization of payload sites, reinforcing the need for alternative 

MS/MS strategies. 

3.4.2 Linker Fragmentation 

Another challenge associated with the MS/MS characterization of ADCs is the 

occurrence of additional fragmentation pathways originating from cleavages of the drug 

and/or the linker. These pathways are expected to contribute to the complexity of 

fragmentation patterns generated for peptides (bottom-up methods), subunits (middle-

down) and intact ADCs (top-down).  The fragmentation of the linker used in the present 

study was explored using HCD and UVPD. The resulting MS/MS spectra are displayed 

in Figure 3.3. Three major cleavage sites of the linker are mapped onto its structure in 

Figure 3.3C, and all are anticipated to be active during activation and MS/MS analysis of 

the ADC. The fragmentation of the linker as a result of ETD and EThcD could not be 

examined because the linker only produces singly charged ions upon ESI; however, 
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fragmentation of the linker is expected to occur upon ETD or EThcD of the multi-

charged ADCs.  Specific searches for fragment ions containing a partially cleaved linker 

yielded only a handful of additional fragment ions. While fragmentation of the linker 

certainly occurs for the ADC subunits, only fragments containing the entire payload were 

considered in the searches in the present study to minimize the impact on the false 

discovery rate arising from inclusion of multiple cleavage locations of the linker moiety.  

 

Figure 3.3: MS/MS spectra of the linker (1+ charge state).  (A) UVPD (1 pulse, 1 mJ), 
(B) HCD (10 NCE).  (C) The structure of the linker is illustrated with 
proposed color-coded cleavages that lead to the observed fragment ions 
along with the corresponding neutral losses indicated in black. (D) The same 
cleavages are mapped onto the linker-with-payload structure to indicate 
several predicted fragmentation pathways and expected neutral losses that 
might contribute to fragment ions in the MS/MS spectra of ADCs. 

3.4.3 Optimization of Middle-Down Activation Parameters 

Characterization of payload-containing subunits present additional challenges, 

thus requiring careful optimization of activation conditions to maximize coverage and 

bracket modified sites.  Owing to gaps in sequence coverage by any single MS/MS 

method, it was anticipated that the results from multiple activation methods could be 
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combined to afford a higher level of characterization (a strategy also commonly 

employed for the analysis of antibodies). The experimental parameters of greatest impact 

include the laser energy and number of laser pulses for UVPD, the ETD activation time, 

the HCD collision energy, and the width of the mass isolation of the precursor ion.  The 

influence of the charge state of the precursor ion was also evaluated.  Each of the 

activation methods was performed throughout separate LC runs, during which the masses 

of the payload-conjugated subunits and unmodified subunits were targeted for isolation 

and activation at prescribed times based on the elution profile displayed in Figures 3.4-

3.6. All figures display a representative standard deviation for one set of conditions in 

order to give an idea of the variability. 
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Figure 3.4: Optimization of activation conditions for (A) UVPD (1 pulse): variation of 
laser energy, (B) ETD: variation of activation time, and (C) EThcD (HCD 
energy 10 NCE): variation of activation time. For this set of comparisons, 
the 25+ charge state was selected with an isolation window of 10 m/z. 
Results are displayed with the payload (PL) located at C224 for Fd’ + 1 PL 
and C230 and C233 for Fd’ + 2 PL.  The typical level of standard deviation 
is shown for one set of conditions for each activation mode. Error bars 
represent a 95% confidence interval based on four replicates. 

While the data for the final study was collected in full profile mode and analyzed 

in TDValidator, optimization data was collected in reduced profile and a streamlined data 

analysis method was employed in order to allow efficient data analysis using Biopharma 

Finder. For Biopharma Finder data analysis, a signal-to-noise ratio of 3 and a maximum 
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ppm error of 5 were employed. These standards are typical for reduced profile data which 

results in lower levels of noise (and less spectral detail) than full profile data.  

Figure 3.4A displays the impact of laser energy on the sequence coverage. There 

is not a dramatic change in the outcome of UVPD using one laser pulse versus two pulses 

in Figure 3.4A.  Using a single pulse resulted in a slightly lower dependency on the 

specific laser energy, especially between 0.25-1.5 mJ. The rationale for this is that when 

multiple pulses are applied the effects of any variation in laser energy are compounded. 

In addition, while 0.25 mJ seemed to provide the highest sequence coverage using two 

laser pulses, slightly higher laser energy (0.50-1.0 mJ) offered better results when using a 

single laser pulse. Owing to these comparisons, for the remainder of the study a single 

pulse was used for UVPD because of the higher degree of reproducibility found in the 

optimization data and the general trend towards higher sequence coverages observed for 

each subunit. UVPD using 0.25-1.0 mJ yielded similar degrees of sequence coverage; 

however, increasing the energy per laser pulse beyond 1.0 mJ caused a loss of sequence 

coverage. This net decrease in sequence coverage is attributed to the prevalence of 

secondary dissociation and/or excessive energy deposition that contributes to formation 

of smaller and internal fragment ions, often ones that are redundant or unassignable.  

Based on the trends in Figure 3.4A, a laser energy of 1.0 mJ was selected. Following a 

similar strategy, the ETD activation time was optimized for ETD and EThcD. Variation 

of the ETD activation time resulted in relatively modest gains or losses of sequence 

coverage (+5% relative to the mean coverage) as shown in Figure 3.4B,C.  In order to 

balance the potential to generate more fragments by using longer activation times with 

the need for collecting as many spectra as possible to allow averaging for the full profile 

data analysis, an ETD time of 15 ms and an EThcD time of 10 ms were selected. 
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Figures 3.5 and 3.6 illustrate the optimization of precursor charge state and 

isolation window. There are a few minor differences between the parameters used to 

initially optimize precursor charge state and isolation window compared to the finalized 

parameters. First, based on initial examination of Figure 3.4 a laser energy of 0.5 mJ per 

pulse was selected in order to maximize sequence coverage for UVPD spectra acquired 

using either one or two pulses. After selection of one laser pulse, a final laser energy of 

1.0 mJ was chosen owing to most consistent performance. Similarly, initially an ETD 

activation time of 30 ms was utilized for optimization of the size of the isolation window 

and precursor charge state in order to enhance the production of complementary fragment 

ions for ETD and EThcD (10 ms, 10 NCE). After extensive comparisons, it was 

determined that  using an activation time that yielded the highest sequence coverage for 

ETD offered the best comparison to the  complementary EThcD data. Because the results 

for charge state and isolation window were generally consistent across activation 

methods, further re-evaluation of these parameters was not undertaken. 
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Figure 3.5: Optimization of precursor isolation window. The reaction time was set to 30 
ms for ETD and 10 ms for EThcD (NCE 10). For UVPD one 0.5 mJ pulse 
was applied. The 25+ charge state was selected for this set of comparisons. 
Results are displayed with the payload (PL) located at C224 for Fd’ + 1 PL 
and C230 and C233 for Fd’ + 2 PL. The typical level of standard deviation 
is shown for one set of conditions for each activation mode. Error bars 
represent a 95% confidence interval based on four replicates. 

The precursor isolation width was also optimized as displayed in Figure 3.5 for 

UVPD (1 pulse, 0.5 mJ), ETD (30 ms) and EThcD (10 ms, NCE 10) for the three targeted 

Fd’ species. While other studies have demonstrated improved sequence coverage for 

ETD and UVPD of antibody subunits using broad isolation windows,30,32 decreased 

sequence coverage was observed when broad isolation windows (300 m/z or 600 m/z) 

were applied for the ADC subunits in the present study. The loss of sequence coverage is 

rationalized by considering the features of the MS/MS methods. UVPD produces a large 

variety of product ions. The fragmentation patterns become overly dense upon activation 

of multiple co-isolated charge states, resulting in overlapping isotopic envelopes of the 

ions and impeding ion assignments.  For ETD and EThcD, co-isolation and reaction of 

multiple charge states results in rapid depletion of the ETD reagent ions and generation of 
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product ions in numerous charge states, resulting in lower S/N and loss of sequence 

coverage. Based on these results, individual charge states were isolated and activated for 

the remainder of the study.  

 

Figure 3.6: Optimization of charge state. The reaction time was set to 30 ms for ETD 
and 10 ms for EThcD (NCE 10). For UVPD one 0.5 mJ pulse was applied. 
For this comparison, the isolation window was set to 10 m/z.  Results are 
displayed with the payload (PL) located at C224 for Fd’ + 1 PL and C230 
and C233 for Fd’ + 2 PL. The typical level of standard deviation is shown 
for one set of conditions for each activation mode. Error bars represent a 
95% confidence interval based on four replicates.  

Previous reports have established that the performance of UVPD is not 

particularly charge state dependent,49,52 and the same result is echoed in the present study 

as illustrated in Figure 3.6. For this assessment, the sequence coverage obtained for 

UVPD, ETD and EThcD was measured for three prominent charge states.  For all three 

Fd’ species in Figure 3.6, slightly higher sequence coverage was obtained for the 25+ 

charge state, a result attributed to the greater abundance of this charge state which 
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translates to somewhat better S/N of the MS/MS spectra.  The efficacy of ETD is known 

to be charge state dependent, favoring precursors in higher charge states (higher charge 

density) owing to the greater exothermicity of the electron transfer reactions and 

reduction of stabilizing non-covalent interactions of the precursor.53,54 However, as 

reported in Figure 3.6, a significant charge state dependence on sequence coverage was 

not observed for ETD nor EThcD. Instead, the sequence coverage was generally found to 

be slightly greater for ETD and EThcD of the 25+ (mid-range) charge state for all three 

targeted Fd’ species. This outcome which seems to contradict conventional findings 

about the charge state dependence of ETD is rationalized by the impact of precursor ion 

abundance. For MS/MS analysis of ADC subunits, a factor that is more important than 

charge state in modulating sequence coverage is the abundance of the precursor ion. 

Based on these findings, the charge state of greatest abundance was selected for ETD and 

EThcD throughout the remainder of the study. Moreover, to obtain maximum coverage, 

the final method adopted in this study combined the results of three targeted LC runs, 

each utilizing a different optimized complementary MS/MS strategy (ETD (15 ms), 

EThcD (10 ms and NCE 10), UVPD (one pulse, 1 mJ)  

 

3.4.4 Seven ADC Subunits  

After IdeZ digestion and reduction of the ADC, the various unmodified and 

payload-conjugated subunits were successfully separated using nano-flow (300 nL/min) 

reversed phase chromatography. The use of the low flow system allowed a far smaller 

injection quantity (50 ng) per run compared to the more conventional microbore-scale LC 

systems operating at flow rates of 250 uL/min and requiring injection quantities of 10 ug 

or more for complex ADC samples. The low sample consumption afforded by using 
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nanoLC facilitated repeated injections, allowing extensive optimization of MS/MS 

parameters and better aligning with future analysis of biological samples. The 

chromatography was optimized for a shallow gradient to allow baseline resolution of 

seven products, including both unmodified and payload-conjugated subunits (Lc, Fc/2, 

Fd’) as shown in Figure 3.7. The MS1 spectra obtained for each of the chromatographic 

peaks are displayed in Figure 3.8. Digestion and reduction led to the production of the 

Fc/2 portion of the heavy chain with no payload, the light chain (Lc) with either zero or 

one conjugated payloads, and the Fd’ portion of the heavy chain carrying zero to three 

payloads.  As displayed in the MS1 spectra in Figure 3.8, the charge state envelope of 

each subunit appears in a similar m/z range with the 27+, 23+ and 25+ charge states being 

the most abundant for the Fc/2, Lc and Fd’ subunits, respectively. The conjugation of one 

or two payloads does not cause a significant change in the charge state distributions. 

As observed in Figure 3.7, the relative abundances of the individual 

chromatographic peaks associated with various Fd’ species (Fd’ with zero to three 

payloads) were as much as 10 times lower than the Fc/2 subunit, even though the 

summed peak areas were comparable.  The lower peak areas were also reflected in the 

lower sequence coverages obtained for the various Fd’ species owing to the lower ion 

current (and concomitant reduction in S/N of the MS/MS spectra which limited fragment 

ion assignments).  Extensive optimization of MS/MS parameters were needed to 

maximize sequence coverage and to ensure confident bracketing of payload sites.  

Combining results from multiple LC runs using different activation methods in each run 

was also found to be advantageous for enhancing the production of unique fragment ions 

essential for payload localization. 
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Figure 3.7: (A) Base peak chromatogram of the ADC-IdeZ digest, and (B) the extracted 
ion chromatograms representing each of the seven key subunit species based 
on the most abundant charge state observed in the MS1 spectra. The peak at 
28.55 min in part A, which does not appear in part B, corresponds to IdeZ 
protease. 
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Figure 3.8: MS1 spectra for each of the seven corresponding LC peaks labeled in Figure 
3.7. Subunits were identified from the deconvoluted mass, shown to the left 
of each spectrum. The subunits shown are: (A) Fc/2 (B) Lc, (C) Lc with one 
payload, (D) Fd’, (E) Fd’ with one payload, (F) Fd’ with two payloads, and 
(G) Fd’ with three payloads. For each MS1 spectrum, the ADC scheme to 
the right highlights the segment of the antibody in green and display the 
number of payloads as pink circles. 
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3.4.5 Characterization of Key Regions 

Figure 3.9 displays product ion arrays obtained from the optimized ETD, EThcD 

and UVPD methods for the Lc subunit with zero or one payloads.  The arrays provide a 

graphical depiction of the sequence coverage based on the identified N-terminal-

containing fragment ions (a,b,c) and C-terminal-containing fragment ions (x,y,z). 

Although likely prevalent, internal ions (those which contain neither the N-terminus or C-

terminus anchors) are difficult to assign with confidence and are thus not considered. 

While each MS/MS method provides extensive coverage towards the N-terminus (i.e. 

residues 10-100), all afford fragmentation that is sparser near the C-terminal region, thus 

reinforcing the beneficial gains of combining activation methods.  If the analytical goal 

was solely focused on characterization of the CDR region, combining methods would not 

be essential. The payloads, however, are typically conjugated to cysteines initially 

involved in intermolecular disulfide bonds predominantly situated in the second (C-

terminal) half of the Lc and Fd’ sequences, amplifying the importance of comprehensive 

characterization of the C-terminal regions. Comparison of Figure 3.9A and 3.9B reveals 

a dramatic reduction in C-terminal ions for the payload-conjugated Lc subunit, an 

outcome that is particularly notable given that in the light chain the payload is conjugated 

to the cysteine residue (Cys214) at the C-terminus. This means that all fragment ions 

containing the payload are C-terminal ions, and the presence of the payload clearly 

affects the fragmentation of the antibody. The reason for the loss or disappearance of C-

terminal ions is attributed to fragmentation of the payload itself (as discussed earlier), 

leading to production of unassigned truncated payload-containing Lc fragments.  
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Figure 3.9: Product ion arrays showing sites of backbone cleavages for (A) Lc and (B) 
Lc with one payload at C214 based on the optimized MS/MS conditions 
including ETD (15 ms), EThcD (10 ms with 10 NCE), and UVPD (1 pulse 
at 1 mJ). The 23+ charge state was activated. 

Despite the dramatic loss of C-terminal ions for the payload-conjugated Lc 

subunit for any single MS/MS method, combining the information from four MS/MS 

methods largely fills in the gaps in coverage.  The last entries of Figure 3.9A and 3.9B 
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show the combined product ion arrays, highlighting the net gain in coverage of the C-

terminus regions. The N-terminal product ion arrays are similar for the Lc subunit in 

Figure 3.9A and 3.9B, confirming the absence of payload in this region. Figures 3.10 

and 3.11 display additional product ion array maps for the Fd’ (with and without 

payloads). As observed when comparing the Fd’ subunit with zero or one conjugations in 

Figure 3.10 to the Fd’ subunit with two or three conjugations in Figure 3.11, 

incorporation of more than one payload leads to even greater depletion of C-terminal 

fragment ions. However, when the coverages from all methods are combined, as 

illustrated in the final rows of each set of product ion arrays, the collective sequence 

coverages are substantially improved. In each case, there are ample sequence ions near 

the C-terminus region that retain the payload, thus bracketing the payload location. By 

combining the three Lc runs, sufficient sequence detail is obtained to identify the area of 

the payload locations. 
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Figure 3.10: Product ion arrays showing sites of backbone cleavages for (A) Fd’ and (B) 
Fd’ with one payload on C224 based on the optimized activation conditions 
including ETD (15 ms), EThcD (10 ms with 10 NCE), and UVPD (1 pulse 
at 1 mJ). The 25+ charge state was activated. 
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Figure 3.11: Product ion arrays showing sites of backbone cleavages for (A) Fd’ with 
two payloads on C230 and C233 and (B) Fd’ with three payload on C224, 
C230 and C233 based on the optimized activation conditions including ETD 
(15 ms), EThcD (10 ms with 10 NCE), and UVPD (1 pulses at 1 mJ). The 
25+ charge state was activated. 

3.4.6 Payload Conjugation Sites on the Light Chain (Lc) 

Combining the sequence maps from the four optimized fragmentation methods 

makes payload localization possible. Figure 3.12 illustrates the payload characterization 

results for the light chain Lc conjugated to a single payload. The Venn diagrams in 
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Figure 3.12A display the fragment ions unique to each of the three activation methods 

(ETD, EThcD, UVPD) categorized as those which contain a payload and those that do 

not contain a payload.  In total across all activation methods, 99 fragment ions that do not 

contain a payload and 105 fragment ions that retain a payload were identified. The 

distribution of unique fragment ions identified by each activation method is similar 

between the two Venn diagrams. While EThcD identifies the greatest number of 

fragment ions overall, UVPD contributes the most unique fragment ions, making it a 

valuable complementary method. This outcome will become even more important for the 

more complex Fd’ subunits, as described in the next section. The sequence coverage map 

displayed in Figure 3.12B further illustrates the power of combining activation methods. 

The nearly complete fragmentation map of the light chain, including numerous ions that 

originate from backbone cleavages between C194 and C214, offers both unambiguous 

localization of the payload and extensive characterization of the CDRs.  
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Figure 3.12: (A) Venn diagrams displaying the number of fragment ions originating from 
unique cleavage locations for MS/MS of the Lc subunit bound to one 
payload for UVPD (1 pulse, 1 mJ), ETD (15 ms) and EThcD (10 ms, 10 
NCE) of the 23+ charge state, categorized into the fragment ions containing 
the payload (left) and those that do not (right). (B) Sequence coverage map 
for the combined sequence overage from UVPD, ETD and EThcD. The 
payload is positioned on C214, highlighted in gold. 
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3.4.7 Identification of Heavy Chain (Fd’) Conjugation Sites 

There are three inter-chain disulfide bonds where conjugation of the payload is 

probable on the heavy chain (C224, C230, C233). This collection of conjugation sites 

affords the possibility of heterogeneity in the resulting Fd’ products for those that contain 

one or two payloads. For example, the pairs of modification sites of Fd’ containing two 

payloads are C224/C230, C224/C233, and C230/C233.  Chromatographic separation did 

not completely resolve the conjugation states of the Fd’ subunit containing one or two 

payloads (Figure 3.7). For the Fd’ containing either one or two payloads, in each case 

there appeared to be two chromatographic peaks with one being a shoulder peak of low 

abundance. Previously, such shoulder peaks have been identified as different conjugation 

states for similar cysteine-bound ADCs.41 In the present study, the shoulder peaks also 

corresponded to payload-modified Fd’ ions. However, these low abundance Fd’ ions 

generated subpar MS/MS spectra, preventing confirmation of specific conjugation sites. 

The detailed results for characterization of the Fd’ subunit with 1-3 payloads 

obtained by each activation method are displayed in Figures 3.13-3.19. The analysis of 

the Fd’ subunit with 1 or 2 payloads focuses on the species corresponding to the most 

abundant peak in the chromatographic trace (Figure 3.7), not the smaller shoulder peaks 

because no unique information was obtained from the latter. The payload was placed at 

C224 for the Fd’ subunit with a single payload location for all analysis because 

diagnostic fragment ions were identified using ETD to support that location, and no 

fragment ions were identified to support an alternative interchain cysteine conjugation 

site. Figure 3.13 displays the results for UVPD of the Fd’ subunit containing one payload 

(25+). While no fragment ions were identified to help determine which interchain 

disulfide bond was responsible for payload conjugation, a number of fragment ions were 

identified that helped confirm payload location on the interchain disulfide bonds (rather 
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than the intrachain disulfide bonds). Individual mass regions around key fragment ions of 

interest are expanded in order to highlight the quality of identification. In each case the 

predicted isotopic profiles of the fragment ions match the predicted assignments. Two of 

the ions showcased in Figure 3.13B,C are y31
5+ and y20

3+, both of which are short 

payload-containing fragments that unambiguously localize the payload to the last three 

cysteines. Similarly, several large payload-free fragment ions, including b189
20+ (Figure 

3.13D), help to eliminate cysteines C22-C204 from consideration as payload-conjugation 

sites. 
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Figure 3.13: Fragmentation data for UVPD (1 pulse 1 mJ) of the 25+ charge state of 
subunit Fd’ with one payload. (A) Sequence coverage map with the payload 
positioned at C224. (B) Expansion of payload-containing y31

5+  (with one 
hydrogen loss). The a57

7+

  

fragment ion is also included in the expansion, 
marked in green. (C) Expansion of payload-containing y20

3+ (with one 
hydrogen loss). (D) Expansion of payload-free b189

20+. The backbone 
cleavage sites that lead to the fragment ions that were selected for expansion 
are circled in purple on the sequence coverage map. CDRs are shaded in 
blue on the sequence coverage maps, and the payload conjugation site is 
highlighted in gold. 
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Figure 3.14: Fragmentation data for ETD (15 ms) of the 25+ charge state of subunit Fd’ 
with one payload. (A) Sequence coverage map with the payload positioned 
at C224. (B) Expansion of payload-free z15

2+ which localizes the payload to 
C224. (C) Expansion of payload-free z16

2+ which localizes the payload to 
C224. (D) Expansion of payload-containing z27

3+. The backbone cleavage 
sites that lead to the fragment ions that were selected for expansion are 
circled in purple on the sequence coverage map. CDRs are shaded in blue on 
the sequence coverage maps, and the payload conjugation site is highlighted 
in gold. 
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Figure 3.15: MS/MS data for EThcD (10 ms 10 NCE) of the 25+ charge state of Fd’ with 
one payload. (A) Sequence coverage map with the payload positioned at 
C224. (B) Expansion of payload-free y10

+ which localizes the payload to 
C224 or C230. (C) Expansion of bis-payload-containing ion z27

3+. (D) 
Expansion of payload-free ion c213

21+. The backbone cleavage sites that lead 
to the fragment ions that were selected for expansion are circled in purple on 
the sequence coverage map. CDRs are shaded in blue on the sequence 
coverage maps, and the payload conjugation site is highlighted in gold. 
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Figure 3.16: MS/MS data for UVPD (1 pulse 1 mJ) of the 25+ charge state of Fd’ with 
two payloads. (A) Sequence coverage map with the payloads positioned at 
C230 and C233. (B) Expansion of bis-payload-containing y20

3+ (with one 
hydrogen loss). (C) Expansion of payload-free a174

18+ (with one additional 
hydrogen). (D) Expansion of payload-free a220

22+ (with one additional 
hydrogen). The backbone cleavage sites that lead to the fragment ions that 
were selected for expansion are circled in purple on the sequence coverage 
map. CDRs are shaded in blue on the sequence coverage maps, and the 
payload conjugation site is highlighted in gold. 
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Figure 3.17: Sequence coverage map for ETD (15 ms) of the 25+ charge state of Fd’ with 
two payloads positioned at C230 and C233. CDRs are shaded in blue on the 
sequence coverage maps, and the payload conjugation site is highlighted in 
gold. 

 

Figure 3.18: MS/MS data for EThcD (10 ms 10 NCE) of the 25+ charge state of Fd’ with 
two payloads. (A) Sequence coverage map with the payloads positioned at 
C230 and C233. (B) Expansion of bis-payload-containing z13

2+ which 
localizes the payloads to C230 and C233. (C) Expansion of bis-payload-
containing z27

3+. The backbone cleavage sites that lead to the fragment ions 
that were selected for expansion are circled in purple on the sequence 
coverage map. CDRs are shaded in blue on the sequence coverage maps, 
and the payload conjugation site is highlighted in gold. 
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Figure 3.19: (A) Histogram displaying the number of backbone cleavage locations for 
Fd’ with three payloads from UVPD (1 pulse, 1 mJ), ETD (15ms), and 
EThcD (10 ms, 10 NCE) of the 25+ charge state, segregated into fragment 
ions that contain the payload (orange bars) and those that do not (blue bars). 
Sequence coverage maps are displayed for (B) UVPD, (C) ETD and (D) 
EThcD. CDRs are shaded in blue on the sequence coverage maps, and the 
payload conjugation sites (C224,C230, C233) are highlighted in gold. 

Fragment ion assignments identified from ETD of the Fd’ subunit containing one 

payload are summarized in Figure 3.14. Of note are two short payload-free C-terminal 

ions, z15
2+ and z16

2+, which indicate that the payload is located at C224. Similarly, several 

payload-containing C-terminal ions, such as z27
3+ highlighted in Figure 3.14D, bracket 

the payload and isolate it to C224. The results here are consistent with a previous ETD-

focused study which examined a similar cysteine-bound antibody and also localized the 

payload of one eluting species to the interchain disulfide bond associated with the bridge 

between the heavy and light chains.45 The results for EThcD of this Fd’ subunit 



 114 

containing one payload are displayed in Figure 3.15. A payload-free fragment ion, y10
+, 

is highlighted in Figure 3.15B because it originates from a backbone cleavage that occurs 

between C230 and C231, indicating that the payload is not situated among the final ten 

residues of the Fd’ subunit. This reinforces the assignment of C224 as the payload 

conjugation site by eliminating C233 as a possibility.  

In a similar manner, Figures 3.16, 3.17 and 3.18 display the results for UVPD, 

ETD and EThcD, respectively, obtained for the species corresponding to the most 

abundant chromatographic peak for the Fd’ subunit with two payloads. UVPD and 

EThcD produce several fragment ions that help to confirm that both payloads are located 

on the hinge cysteines, as also found for the Fd’ with one payload.  UVPD and ETD do 

not produce ions that localize the payload to a specific hinge cysteine. EThcD, however, 

generated a z13
2+ fragment ion that helped to map the payload to the two interchain 

cysteines that connect the heavy chains, C230 and C233. The mass profile of the z13
2+ ion 

is shown in Figure 3.18B. While the low signal-to-noise of this fragment ion somewhat 

obscures the isotope pattern in this congested region of the mass spectrum, the high 

resolution and mass accuracy of the Orbitrap mass spectrometer allows preliminary 

identification of this low abundance fragment ion. The low abundance fragment ion can 

reasonably be considered a possible match because its isotope pattern aligns with the 

isotope pattern predicted for an ion of the same molecular composition, as illustrated in 

Figure 3.18B. The conjugation sites identified for the more prominent peak of Fd’ with 

one payload are consistent with the results from a previous study of brentuximab 

vedotin.41 Even so, this fragment ion could still arguably be removed in the process of 

manual validation, so it by itself is insufficient to identify the location of the payload. The 

combination of UVPD, ETD, and EThcD do not allow confident characterization of the 

specific locations of the two payloads on the Fd’ subunit.   



 115 

Figure 3.19 shows the results obtained for MS/MS analysis of the Fd’ subunit 

containing three payloads. This figure conveys a dramatic difference between the number 

of payload-containing and payload-lacking fragment ions produced. The histogram in 

Figure 3.19A shows that there are less than half as many payload-containing fragment 

ions. This difference is more pronounced for the Fd’ with three payloads than it is for any 

other subunit. The rationale for this outcome is that the effects of linker fragmentation are 

compounded given the enhanced number of payloads on the more complex Fd’ subunit. 

Even given this limitation, by combining the three fragmentation methods sufficient 

information is obtained to isolate the three payloads to the three hinge cysteines. 
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Figure 3.20: Percent contributions for different peaks of (A) Lc and (B) Fd’ based on 
areas of the extracted ion chromatograms. For (A) Lc (26+, 25+, 24+, 23+, 
and 22+ charge states are all included) and for (B) Fd’ (28+, 27+, 26+, 25+, 
24+, and 23+ charge states are all included). The Fd’ + 1 payload and Fd’ + 
2 payload species are each split into two peaks (labelled (a) and (b)). The 
dotted blue lines indicate the boundaries of the areas utilized for each 
contribution. (C) Summary of the possible ways to add together the peaks in 
part B to estimate the percentage of C224 containing a payload. (D) The 
final extracted ion chromatogram displays the expected conjugation sites for 
each peak associated with the Fd’ subunit. 
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As a supplement to the tandem mass spectrometry data, some details can be 

gleaned from the MS1 spectra to help validate the assignment of payload locations for 

Fd’ with two payloads. Figure 3.20 displays the percent distribution of the different 

chromatographic peaks of Lc and Fd’ based on the comparative areas of the peaks in the 

extracted ion chromatograms. The percentages are only relative but can help decipher the 

distribution of conjugation sites. Figure 3.20A indicates that 45% of the Lc subunit has 

one conjugated payload. Based on the even number of conjugated payloads consistently 

observed for cysteine-conjugated ADCs, this information can be extrapolated to indicate 

that 45% of the heavy chain cysteines involved in heavy chain to light chain inter-chain 

bonds will contain a payload conjugation. In other words, 45% of C224 on Fd’ will be 

conjugated. The tandem mass spectrometry data definitively reveals that the larger peak 

for Fd’ with one payload indicates conjugation at C224, as does Fd’ with three payloads. 

If the percentage of Fd + one payload (25%) and the percentage Fd + three payloads 

(15%) in Figure 3.20A are summed and subtracted from the 45% of C224 conjugation of 

Fd’, the remainder is 5% for Fd’ with 2 payloads.  

Owing to the very close positions of C230 and C233, this difference will not 

result in dramatically different retention times, and therefore the two peaks observed for 

Fd’ with one and two payloads correspond to conjugation or lack of conjugation of C224. 

The smaller peak, representing 7% of Fd’, is much closer to the 5% remaining than the 

larger peak. This also supports the, albeit less confident, results from tandem mass 

spectrometry discussed earlier. The final conjugation state assignments for each LC peak 

based on all of this information are displayed in Figure 3.20D.  

The most prominent conjugation site for Fd’ with one payload is not the most 

prominent for Fd’ with two payloads. A possible explanation for this discrepancy could 
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be that while the light chain to heavy chain inter-chain bond is most readily conjugated 

on its own, once one of the heavy chain to heavy chain interchain bonds is conjugated a 

structural change occurs that facilitates conjugation of the second. The difference also 

helps to explain why the larger peak is the first to elute for Fd’ with one payload, and the 

second to elute for Fd’ with two payloads. In both cases the conjugation to C224 resulted 

in an earlier elution time.  

A summary of the results for the payload-containing Fd’ subunits is displayed in 

Figure 3.21, including integrated sequence coverage maps for the species corresponding 

to each of the three mass-shifted Fd’ chromatographic peaks in Figure 3.7 with the 

payloads conjugated to representative inter-chain cysteine residues. The Venn diagrams 

associated with each sequence coverage map in Figure 3.21 display the sequence 

coverage and number of backbone cleavages yielding payload-containing fragment ions 

afforded by each of the MS/MS methods. As a benchmark comparison, the overall 

sequence coverage obtained for the Fd’ subunit with no payload was 65%. This value 

was comparable to the overall sequence coverages obtained for the Fd’ subunit with one, 

two or three payloads, which were 68%, 60% and 65%, respectively. While the total 

sequence coverage reveals the overall characterization of the protein, the payload-

containing fragment ions are the most critical ones for payload localization. In order to 

summarize the contributions of each activation method, the cleavage locations resulting 

in payload-containing fragment ions are displayed in the Venn diagrams. UVPD provided 

the greatest number of unique fragment ions, but ETD and EThcD offered numerous 

complementary fragments, thus making it possible to localize the payloads even for 

heterogeneous compositions of the subunits (e.g., ones where the specific payload 

locations vary). The Venn diagrams in Figure 3.21 highlight the benefit of combining the 

results from three activation methods. As a culmination of the research presented here, 
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the payloads on the most abundant chromatographic peaks corresponding to Fd’ with one 

payload and Fd’ with two payloads were localized to cysteines consistent with previous 

studies of cysteine-conjugated ADCs.41,45  

 

Figure 3.21: Sequence coverage maps for the heavy chain fragment Fd’: (A) Fd’ + 1 
payload, (B) Fd’ + 2 payloads and (C) Fd’ + 3 payloads. Corresponding 
Venn diagrams display the number of unique cleavage locations leading to 
payload-containing fragment ions and the total sequence coverage for each 
fragmentation method. Data represents a combination of three LC runs using 
each of the optimized activation methods previously discussed. One 
representative conjugation state is displayed for each map. DRs are shaded 
in blue on the sequence coverage maps, and the payload conjugation sites 
are highlighted in gold. The 25+ charge state was activated for each subunit.  
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3.5 CONCLUSIONS 

A middle-down method that integrates three activation methods (UVPD, ETD, 

and EThcD) provides extensive characterization of antibody-drug conjugates. 

Optimization of the MS/MS parameters was essential for maximizing sequence coverage. 

Given the location of the payloads, C-terminal ions containing the payload proved to be 

key in confirming the payload location, but the abundances of these ions were depleted as 

payloads were added to the subunits of interest, presumably owing to truncation of the 

payload moiety during MS/MS that resulted in unassignable product ions.  However, by 

combining multiple complementary activation methods, sufficiently diverse arrays of C-

terminal ions were generated to allow payload sites to be pinpointed in addition to 

confirmation of the important CDR regions.  High sequence coverages were observed for 

each of the subunits: 80% and 75% for Lc with zero or one payloads, respectively, and 

65%, 68%, 60%, and 65% for Fd’ with zero, one, two or three payloads, respectively.  

Consideration of relative abundance contributions of Lc and Fd’ related peaks helped to 

strengthen payload localization claims.  This integrated MS/MS strategy should be 

readily adapted for characterization of therapeutic antibodies; other antibody-drug 

conjugates, including ones with different conjugation sites or more elaborate payloads; 

and even for biological samples in drug metabolism studies. Coupling the methods 

presented here with innovative approaches to increase the number of diagnostic ions 

confidently assigned in the complicated MS/MS spectra of ADCs, such as using 

advanced spectral averaging and multiplexing36  or proton transfer reactions,51 is 

expected to further improve the comprehensive characterization of ADCs. Additionally, 

pairing this middle-down approach with bottom-up or top-down methods, as recently 

presented for antibody analysis,30 offers the potential for an even more powerful 

analytical strategy.   
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Chapter 4:  Enhanced Characterization of Lysine-Linked Antibody 
Drug Conjugates Enabled by Middle-Down Mass Spectrometry and 

HCD-Triggered EThcD and UVPD2 

4.1 ABSTRACT  

As the development of new biotherapeutics advances, increasingly sophisticated 

tandem mass spectrometry methods are needed to characterize the most complex 

molecules, including antibody drug conjugates (ADCs). Lysine-linked ADCs, such as 

trastuzumab-emtansine (T-DM1), are among the most heterogeneous biotherapeutics. 

Here we implement a workflow that combines limited proteolysis  with HCD-triggered 

EThcD and UVPD mass spectrometry for characterization of the resulting large middle-

down sized peptides of T-DM1. A total of 48 payload-containing peptides were 

identified, ranging in mass from 1.8 to 14.7 kDa, and leading to the unambiguous 

identification of 44 out of 92 possible conjugation sites. In addition, two peptides were 

identified containing multiple payloads. The characterization of these types of 

heterogeneous peptides represents an important step in unravelling the combinatorial 

nature of lysine-conjugated ADCs. 

4.2 INTRODUCTION 

Antibody-drug conjugates (ADCs) represent a promising class of therapeutic 

treatments. The combination of a selective antibody and cytotoxic payload in the form of 

an ADC has been hailed as a “magic bullet” given their promise to dramatically improve 

treatments.1,2 While a variety of different modalities, including site-specific ADCs, are 

under development and in clinical trials, all ADCs that have received FDA approval fall 

 
2Watts, E.; Crittenden, C.M.; Brodbelt, J. S. Enhanced Characterization of Lysine-Linked Antibody Drug 
Conjugates Enabled by Middle-Down Mass Spectrometry and HCD-Triggered EThcD and UVPD . Anal. 
Chem. 2023, In Review. 
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into the categories of either cysteine or lysine linked ADCs.3 The use of either  reduced 

cysteines or solvent accessible lysine residues adds heterogeneity to the antibodies, 

increasing the challenges of characterization. Recent advances in mass spectrometry 

techniques have resulted in enhanced structural characterization of ADCs as well as 

improved differentiation of positional isomers with middle-down techniques.4,5 However, 

the translation of these methods to lysine-linked ADCs has been limited.  

The complexity of an ADC and the difficulty associated with its characterization 

arises largely from the modality of the payload-to-antibody linkage. The least complex 

case is site-specific, or next-generation ADCs, which utilize modified amino acid 

residues, typically on the fragment crystallizable (Fc) domain of the heavy chain (HC), to 

link the payload to two or four specific amino acids.6 Cysteine-linked ADCs typically 

contain an average of four payloads attached to interchain disulfide bonds, resulting in 

eight possible conjugation sites per ADC.6 Finally, lysine-linked ADCs are derived from 

linker conjugation to random lysine residues along the entire amino-acid sequence of the 

antibody.6 The large number of lysine residues on antibodies, typically around 90 in total, 

increases the challenge of characterizing lysine-linked ADCs.  

Despite the challenges in characterization, significant strides have been made to 

improve the characterization of ADCs. Until recently, drug-to-antibody ratios (DAR) 

were typically measured through liquid chromatography coupled to UV-visible 

spectroscopy, and bottom-up proteomic methods were the only feasible means to identify 

the locations of payload binding sites.7,8 Enhanced native mass spectrometry, 

chromatographic methods, and the increased availability of high resolution mass 

spectrometry instrumentation have facilitated more advanced characterization of intact 

ADCs through intact mass spectrometry, making it the new gold standard for DAR 

assessment.9–19 Moreover, recent developments in ion-mobility and hydrogen-deuterium 
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exchange mass spectrometry have further elevated the capabilities of mass spectrometry 

for structural characterization of ADCs.20–27  Finally, the growing prevalence of subunit-

based middle-down strategies have eliminated the notion that drug conjugation site 

identification can only be achieved with bottom-up proteomics.4,5,28,29 Despite the prolific 

achievements described thus far, very few studies have translated the successes of intact 

and structural characterization or middle-down mass spectrometry to lysine-linked ADCs. 

Given the complexity associated with lysine-linked ADCs, bottom-up mass 

spectrometry remains the primary method to identify payload locations. Varying numbers 

of payloads have been identified for lysine linked ADCs.30 Most studies report close to 

40 out of 92 possible sites identified, while one reported 82 conjugation site.31–34 These 

studies typically rely on digestion with trypsin, resulting in peptides containing only one 

possible lysine conjugation site per peptide which greatly simplifies the localization of 

the payloads but eliminates all chances of identifying combinatorial modifications. Most 

bottom-up ADC studies use collisionally activated dissociation (CAD) for 

characterization of the peptides which, in addition to generating sequence ions, may 

result in fragmentation of the labile payload or its cleavage from the ADC.31–34 The 

generation of highly abundant payload-related fragment ions has been reported for CAD 

of ADCs containing emtansine (DM1), the payload commonly used in lysine-linked 

ADCs.31–34 The presence of these fragment ions has been exploited to unambiguously 

detect the presence of payload-containing peptides.31–34 This feature becomes a 

significant attribute in the development of CAD-based methods that aim to screen digests 

for the presence of payload-containing peptides, as utilized in the present study. 

While bottom-up proteomics methods have proven successful for identifying 

payload locations, they are frequently unable to capture the full heterogeneity of ADCs 

nor unravel the context of multiple co-existing payload locations. Employing a middle-
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down approach in which larger peptides are generated and analyzed is a promising option 

for improved characterization of complex biomolecules.36–42 Several studies have now 

reported characterization of site-specific, cysteine-linked and even lysine-linked ADCs 

using middle-down strategies enabled by IdeS or IdeZ proteases which cleave ADCs into 

large subunits.29,4,5 Despite the achievements of these studies, the characterization of the 

lysine-linked ADCs at the subunit level was hampered by the increased complexity 

compared to the cysteine-linked counterparts.5 The limitations of subunit-level 

characterization can be subverted by employing alternative proteases or conditions to 

modulate the peptide sizes, generating ones larger than tryptic peptides but smaller than 

intact subunits. Limited proteolysis has resulted in improved characterization of proteins, 

including monoclonal antibodies.36,42,43 This approach could augment the characterization 

of lysine-linked ADCs by allowing the generation of longer peptides representative of 

proteoforms containing multiple drug linkages and is adopted in the present study.  

Collision-based dissociation methods are the most well established for the 

identification of peptide sequences. Recently, alternative MS/MS methods, including 

electron-transfer/higher-energy collision dissociation (EThcD) and ultraviolet 

photodissociation (UVPD) have gained popularity. EThcD is a hybrid method combining 

electron transfer dissociation (ETD) and CAD to enhance the conversion of charge-

reduced peptides into diagnostic b/y and c/z fragment ions along with retention of labile 

modifications.44 UVPD is a higher energy activation method that causes extensive 

fragmentation of peptides and proteins and also allows retention of labile PTMs.45 The 

application of these MS/MS methods to lysine-linked ADCs proved vital for the present 

investigation.  

In this study, we focus on advancing the characterization of lysine-linked ADCs, 

as exemplified by trastuzumab-emtansine (T-DM1, brand name Kadcyla), via a middle-
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down strategy that utilizes limited proteolysis with Lysyl-endopeptidase (Lys-C). To 

increase the throughput of the liquid chromatography-MS/MS workflow and the 

confidence in identification of payload-containing peptides, a higher energy collisional 

dissociation (HCD) triggered method is employed, using payload-related reporter ions 

which have already been reported for DM1 to trigger a second high resolution MS2 event 

utilizing either UVPD or EThcD. The performance of the two auxiliary MS/MS methods 

is compared in the context of localizing multiple payloads.  

4.3 EXPERIMENTAL 

4.3.1 Sample Preparation 

Lyophilized lysine-linked antibody-drug conjugate (T-DM1) was provided by 

Genentech. The T-DM1 sample was reconstituted in water to a concentration of 

approximately 2.5 mg/mL then desalted with Micro Bio-Spin 6 (Bio-Rad) prior to 

digestion. After cleanup, samples were diluted to 1 mg/mL in 50 mM sodium phosphate 

pH 7.5 (New England Biolabs).  Limited proteolysis was achieved by adding Lys-C 

(Santa Cruz Biotechnology) in a 1:75 enzyme to protein ratio and digesting for 4 hours at 

37°C. Reduction was completed after digestion with 50 mM tris(2-

carboxyethyl)phosphine and 2 M urea. Samples were diluted in water prior to analysis to 

allow 0.5 µg injections. All reagents were purchased from Thermo-Fisher Scientific 

unless otherwise noted. 

4.3.2 Liquid Chromatography-Mass Spectrometry  

Liquid chromatography-mass spectrometry was performed using a Dionex 

Ultimate nano liquid chromatography system coupled to a Thermo Scientific Instruments 

Orbitrap Fusion Lumos mass spectrometer equipped with 193 nm UVPD as previously 
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described.46 Chromatographic separation was achieved with trap and elute using columns 

house-packed with Agilent polymeric reversed-phase (PLRP-S) bulk media. Trap (100 

µm ID/ 360 µm OD) and analytical columns (75 µm ID/ 360 µm OD) were packed with 5 

μm bulk PLRP media (1000 Å pore size) from Agilent to a length of 3 and 20 cm, 

respectively. Samples were injected under starting conditions of 2% acetonitrile and 0.1% 

formic acid in water at 5 μL/min. After 5 min of loading, a valve switch placed the trap 

column in-line with the analytical column. Analytical mobile phases comprising water 

with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) were applied at a 

rapid initial gradient of 2 to 20% B over 2 min followed by a slower gradient up to 40% 

B over 33 min at a flow rate of 300 nL/min.  

Following chromatographic separation, the eluate was introduced to the mass 

spectrometer by electrospray ionization with an applied voltage of 2 kV. MS1 spectra 

were collected with a resolution of 60,000 at m/z 200, an AGC target of 4e5, and a 50 ms 

maximum ion injection time. Data dependent properties were set to allow 10 scans with 

exclusion after two repeats within 7 s and a 30 s exclusion duration. All runs included a 

preliminary HCD MS2 event with 30% normalized collisional energy, a resolution of 

30,000 at m/z 200, an AGC target of 5e5, and a 54 ms maximum ion injection time. 

Targeted inclusion triggered a second MS2 event on the same precursor if a fragment ion 

of m/z 547.22 was detected in the HCD scan. The secondary MS2 event utilized either 

193 nm UVPD with two pulses (applied during a 5 ms activation period) with 2 mJ per 

pulse, or EThcD with calibrated charge-dependent activation period ranging from 3 to 

150 ms and 15% normalized collisional energy supplemental activation. Secondary MS2 

scans utilized a resolution of 240,000 at m/z 200, an AGC target of 5e5, and a 502 ms 

maximum ion injection time. Five technical replicates were collected for both UVPD and 

EThcD. 
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4.3.3 Data Analysis  

Data analysis was performed with ProSight PD 4.2 within Proteome Discover 3.0. 

To implement middle-down data processing, a custom middle-down database was 

generated using Protein Digestion Simulator (Pacific Northwest National Labs) to create 

a list of peptides produced from any number of missed cleavages at lysine. This list was 

input into Proteome Discoverer as a FASTA file. The addition of a 956.364 Da payload 

was included as a custom variable modification for each lysine residue and for the N-

terminus of the heavy and light chains. Spectra were processed with ProSight PD 

High/High cRAWler and matched with ProSight PD 4.2 Annotated Proteoform search. In 

the cRAWler module a fit factor of 0.80, a remainder of 0.25, and a S/N threshold of 3 

was used for deconvolution of fragmentation spectra with the Xtract algorithm. For the 

annotated proteoforms search precursor mass tolerance was set to 2.2 Da and fragment 

mass tolerance was set to 10 ppm. The “UVPD 9” setting was used to allow inclusion of 

a, a+1, b, c, x, x+1, y, y-1, and z ions in UVPD search. Matches were filtered to only 

include those identified with “Medium Confidence” or higher. Payload-containing hits 

were only considered if they were matched in secondary MS2 scans (i.e. EThcD or 

UVPD) in at least three out of the five replicates and matches were individually 

validated. Details of the manual validation process are explained in the discussion. In 

some cases, particularly for the doubly conjugated species, manual analysis involved 

examination of spectra in runs where the peptide was not matched using ProSight PD. In 

this case Xtract deconvolution was achieved in FreeStyle (Thermo) and fragment ions 

were matched with ProSight Lite using the same parameters listed above for Proteome 

Discoverer.  

All raw data files and an excel table displaying mass errors of identified fragment 

ions of the peptides listed in Table 4.1 and Table 4.2 are available in massive database 
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(massive.ucsd.edu) with accession number MSV000090758. For reviewer access use 

username: MSV000090758_reviewer and password: ECWNov22. 

4.4 RESULTS AND DISCUSSION  

4.4.1 Development of Middle-Down Method for Payload Containing Peptides 

While specific enzymatic digestion at the hinge region of an antibody is a popular 

approach for middle-down characterization, it has significant limitations in localizing 

payloads to specific lysine residues due to the large sizes (25-100 kDa) of the resulting 

subunits (i.e., Fc, Fc/2, F(ab’)2, Fd’) and the substantial number of lysines per subunit (13 

to 52).  The generation of middle-down peptides in the 3-10 kDa range has shown 

promise for antibodies, histones, and other proteins containing complex post-translational 

modifications.36,41,43 In these prior studies, limited proteolysis was achieved using Lys-C 

with a high antibody-to-protease ratio and shorter digestion time than would be used for 

conventional bottom-up proteolysis. Because this method was successful for generation 

of large peptides for the characterization of antibodies in the past,36 this strategy seemed 

promising for analysis of T-DM1.  

While CAD (including beam-type HCD implemented on Thermo mass 

spectrometers) has been highly successful for characterization of small peptides, such as 

those generated by tryptic digestion, alternative higher energy ion activation methods like 

EThcD and UVPD are often better suited for characterization of larger peptides. For 

EThcD and UVPD, the longer signal averaging required to adequately resolve the denser 

fragmentation patterns generated relative to CAD reduces throughput. Methods that 

capitalize on the high throughput of CAD and the enhanced peptide characterization of 

ETD or UVPD have been developed and are generally known as “triggered” methods, as 

demonstrated for analysis of phosphopeptides and glycopeptides.47,48 In essence, the 
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slower ETD or UVPD scans are only acquired if an initial CAD scan generates a reporter 

ion characteristic of a particular type or class of peptide.  The second stage of MS/MS is 

undertaken on the same precursor ion to enable more detailed structural characterization.  

By only collecting a higher resolution EThcD or UVPD scan if payload-specific fragment 

ions are detected by HCD, the number of high-resolution scans is reduced, improving the 

duty cycle and maximizing the time spent analyzing the peptides of interest. Activation of 

peptides containing the DM1 payload of T-DM1 with CAD has previously been reported 

to generate unique fragment ions which have even been exploited to aid in data 

processing.31–34 The presumed structures of these fragment ions, with m/z values of 

453.19, 485.22, and 547.22 are displayed in Scheme 4.1. These same ions were adopted 

as potential reporter ions in the present study.  

 

Scheme 4.1: Structure of DM1 payload conjugated to trastuzumab and possible 
fragment ion structures that correspond to m/z 547.22, 485.22, and 
453.19 Da payload reporter ions observed in the HCD spectra.   
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The chromatogram in Figure 4.1 illustrates the separation of the peptides 

generated by limited proteolysis of T-DM1, along with the extracted ion chromatograms 

corresponding to the contribution of the payload-specific fragment ions. The total ion 

chromatogram in Figure 4.1A includes all peptides, regardless of whether they are key 

payload-containing peptides or not. Figure 4.1B displays only those peptides which 

produced DM1-payload specific fragments upon HCD of the eluting peptides. Closer 

examination of the individual HCD spectra revealed that the fragment ion of m/z 547.22 

was consistently the highest abundance and most prevalent of the three reporter ions, as 

exemplified in Figures 4.2A and 4.3A. Thus, for the HCD-triggered UVPD and EThcD 

methods in our strategy, the m/z 547.22 reporter ion was utilized.  

 

Figure 4.1: (A) Total ion MS1 chromatogram and (B) HCD MS2 extracted ion 
chromatogram for reporter ions of m/z 547.22, 485.22, and 453.19 from T-
DM1 digest. 
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As expected, HCD resulted in adequate characterization for smaller peptides 

without multiple payload sites, as shown in the example in Figure 4.2A. Interestingly, 

even for this relatively small 4.5 kDa peptide containing 30 residues, the level of 

characterization by HCD is limited in that no payload-containing fragment ions are 

generated, indicating that the DM1 payload is labile and readily cleaved by HCD. In 

contrast, EThcD and UVPD (Figure 4.2B-C) generated many payload-containing 

products in addition to providing more extensive sequence coverage.  

 

Figure 4.2: MS/MS spectra of a 4.5 kDa peptide (6+) using: (A) HCD (30% NCE), (B) 
EThcD (charge calibrated activation and 15% NCE supplemental 
activation), and (C) 193 nm (UVPD 2 pulses, 2 mJ per pulse). Sequence 
coverage maps along with sequence coverages are included for each 
spectrum. K5 of the peptide sequence shown here corresponds to K417 of 
the antibody HC. 
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For the larger 8.9 kDa peptide shown in Figure 4.3, the enhanced fragmentation 

offered by EThcD and UVPD is even more beneficial. In this example the HCD spectrum 

(Figure 4.3A) displays the abundant payload reporter ions in the low m/z range but only 

one fragment ion (b32) occurs between any of the three lysine residues. The EThcD 

spectrum in Figure 4.3B offers higher sequence coverage (72%), including 25 payload-

containing fragments that localize the conjugation site to HC-K417. UVPD yields an 

even higher sequence coverage (78%) and 46 payload-containing fragment ions (Figure 

4.3C). While EThcD resulted in more backbone cleavages between HC-K412 and HC-

K417, UVPD yielded greatly increased coverage between HC-K392 and HC-K412, 

highlighting the complementarity of the two activation methods that amplifies confidence 

in site localization.  

In the present strategy, acquisition of the HCD spectrum is the primary step used 

for the HCD-triggered methods, and thus this screening MS/MS spectrum was collected 

at a lower resolution and with a lower maximum ion injection time than the subsequent 

triggered EThcD and UVPD spectra. Characterization of the peptide by HCD is improved 

by increasing the resolution of the HCD scan, as shown in Figure 4.4 for the same 8.9 

kDa peptide analyzed in Figure 4.3. The gain in sequence coverage is minimal (going 

from 31% to 38%) and still fails to localize the payload site. The limitations of HCD in 

characterizing very large peptides have already been well established,36,42 and thus the 

optimal strategy utilizes the high speed and sensitivity of HCD (at lower spectral 

resolution) to generate reporter ions to trigger the subsequent slower but more 

informative EThcD or UVPD spectra (at higher spectral resolution).  One additional 

benefit of the HCD screening step is the confidence gained by identifying the highly 

specific payload reporter ions which uniquely differentiate conjugated peptides from non-

conjugated ones.  
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Figure 4.3: MS/MS spectra of an 8.9 kDa peptide by: (A) HCD (30% NCE), (B) EThcD 
(charge calibrated activation and 15% NCE supplemental activation), and 
(C) 193 nm (UVPD 2 pulses, 2 mJ per pulse). The 6+ charge state is 
displayed for HCD and the 7+ for UVPD and EThcD in order to achieve the 
best characterization for each method. Sequence coverage maps along with 
sequence coverages are included for each spectrum. K44 of the peptide 
sequence shown here corresponds to K417 of the antibody HC. 
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Figure 4.4: Sequence Coverage plots of an 8.9 kDa peptide (6+) for HCD with (A) 
30,000 and (B) 240,000 resolution at m/z 200. K44 of the peptide sequence 
shown here corresponds to K417 of the antibody HC. 

Complexity of the spectra increases with peptide size, necessitating the careful 

inspection of peptide spectral matches, particularly in cases where multiple lysine 

residues are present. For example, in the spectra shown in Figure 4.3B,C, a number of 

site-localizing fragment ions (ones which originate from backbone cleavages in regions 

of the sequence between lysine residues) were scrutinized to ensure that their isotope 

profiles matched the theoretical composition of the assigned ions. Examples of isotopic 

fits for fragment ions bracketing potential modified lysine sites of the peptide are shown 

in Figure 4.5. The isotopic fits shown in Figures 4.5B and 4.5C include examples of 

signal-to-noise and fit factors near the cutoff applied to all identified fragment ions. The 

validity of these threshold fragment ions demonstrates the quality of the data. Given the 

large number of peptides examined in this study, it is not feasible to manually validate all 

isotopic fits for all fragment ions for every peptide, as is often done in top-down studies 

that focus on localization of PTMs or in subunit-level middle-down studies of ADCs in 

which far fewer spectra are collected and curated.4,5 As an additional criterion, a payload 
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site was not considered unambiguous unless multiple (at least two) fragment ions 

bracketed and thus differentiated the lysine residues in multiple replicates. In some cases, 

multiple positional isomers were present, in which case both positional isomers were 

considered unambiguously identified if at least four fragment ions specific to each 

position were present in at least three out of five replicates. 

 

Figure 4.5: Expanded regions of the UVPD mass spectrum shown in Figure 4.3C 
illustrating examples of fragment ion isotope patterns with (A) high fit 
factors and signal to noise, (B) low signal to noise, and (C) low fit factors. 
Also included is (D) a sequence map which highlights the fragment ions 
identified. A variety of fragment ions were identified with and without the 
payload, including C-terminal payload containing fragments (A) [y34-1]4+, 
(A) [x34+1]4+, (B) [x30+1]3+, and (B) [y44-1]4+, and N-terminal fragments 
without the payload (A) [a22+1]2+, (C) [a28-+]2+, and (C) [a42+1]3+. Fit 
factors are calculated in Thermo Xtract and signal to noise values and the 
theoretical isotopic distributions are generated with TDValidator. 
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For peptides containing multiple lysine residues, peptides with different 

conjugation sites sometimes had different elution times (see Figure 4.6) which facilitated 

differentiation of conjugation sites. Other peptides were only observed as single 

chromatographic peaks which may or may not be composed of multiple conjugated 

isomers (Figures 4.7-4.8). Examination of the EThcD and UVPD fragmentation patterns 

in tandem was used to confirm the conjugation states.  For each conjugated peptide, the 

sequence maps obtained by re-positioning the payload at each lysine were assessed for 

diagnostic lysine-bracketing fragment ions. For example, in Figure 4.7 if the payload is 

positioned at HC-K124 then the sequence coverage is slightly lower than if the payload is 

positioned at HC-K136; however, there are many additional fragment ions generated by 

both EThcD and UVPD that support localization of the payload to HC-K124. Therefore, 

it can be concluded that both conjugation states are likely present, and the peptides are 

not chromatographically resolved. A similar conclusion was reached for the peptides in 

Figure 4.8:  both K65 and K76 conjugation sites likely contribute to this HC peptide.  

The sequence maps for the example in Figure 4.6 have sufficient payload-localizing 

fragment ions to confidently pinpoint the conjugated lysine positions (HC-K30 and HC-

K43).  



 143 

 

Figure 4.6: Extracted ion chromatogram revealing two HC peptides (8 kDa, 6+), each 
containing 65 residues (E1 through K65) and a single payload. Sequence 
coverage maps obtained by EThcD and UVPD localize the payload to K43 
(peptide at 34.93 min) or K30 (peptide at 36.35 min).   

 

Figure 4.7: Extracted ion chromatogram of a HC peptide (9.9 kDa, 7+) containing G66 
through K150 and a single payload. Sequence coverage maps are included 
for EThcD and UVPD which localize the payload to both K124 and K136, 
although they are not chromatically resolved and are therefore co-isolated. 
K59 and K71 of the sequence correspond to K124 and K136 of the HC.  
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Figure 4.8: Extracted ion chromatogram of a HC peptide (11 kDa, 8+) containing G44 
through K136 and a single payload. Sequence coverage maps are included 
for EThcD and UVPD which localize the payload to both K65 and K76, 
although they are not chromatically resolved and are therefore co-isolated. 
K22 and K33 of the sequence correspond to K65 and K76 of the HC.  
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4.4.2 Characterization of Heterogeneous Species with Multiple Conjugation Sites 

While the peptides identified using ProSight PD, as listed in Table 4.1 and S2, 

only included peptides with single payload conjugations, the production of peptides 

containing multiple modified sites was also considered. Based on the typical average 

DAR of around 3.5 for T-DM1,32 and the fact that the payloads may be located across 

four subunits (two HCs and two LCs) the probability that two payloads will be 

conjugated in sufficiently close proximity to result in doubly-modified peptides is very 

low when the ADCs are subjected to conventional bottom-up proteolytic methods. 

However, the large sizes of the peptides generated by limited proteolysis have the 

potential to allow detection and characterization of multiply conjugated species, likely in 

low abundance.  For example, trastuzumab has three lysines at positions HC-213, HC-

216 and HC-217 which span only five residues. To increase the ability to identify the 

highly interesting but low abundance multiply-conjugated peptides, peptides with two 

payload conjugations were considered even if they were only identified in a single 

replicate. Four peptides containing two payloads were identified by ProSight PD in at 

least one replicate. Two could be confirmed by manual validation, as illustrated in Figure 

4.9 and Figure 4.10, and the more elaborate systematic strategy is described in the 

following section.    
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Table 4.1: List of payload-containing peptides identified with ProSight PD for UVPD replicates. For each peptide, the 
residue to which the payload was localized, the theoretical mass, as well as the sequence coverage and retention 
time for each replicate are listed. Some replicate entries are blank in the case that a peptide was not identified in 
all five technical replicates. Manually identified peptides from Figure 4.9 and Figure 4.10 are not included. 

Annotated Sequence 

Payload Localization 
(residue number on 
peptide sequence) 

Payload Localization 
(residue number on 
protein sequence) 

Theo. Mass 
[Da] 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 

SC RT SC RT SC RT SC RT SC RT 
ADYEKHK K5 Lc-K188 1845.79 83%27.41 83% 28.2 50%28.37 83%27.54100% 27.66
ADYEKHKVYACEVTHQGLSSPVTK K5 Lc-K188 3645.68 87%26.61 96%26.57 78%26.78 91%26.82100% 26.92

ADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 
Ambiguous between 
K5 and K7 

Ambiguous between 
Lc-K188 and Lc-
K190 4439 43%26.54 20%26.61 40%26.83     

AKGQPREPQVYTLPPSREEMTK K2 HC-K343 3497.66 81%28.36 86%27.41 86%27.54 86%27.49 81% 27.64
AKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEW 
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS 
CSVMHEALHNHYTQKSLSLSPG 

Ambiguous between 
K71 and K76 

Ambiguous between 
HC-K412 and K417 13129.29 50%35.09 51% 35.4 41%35.22 44%35.28 51% 35.12

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKA 
PK K42 Lc-K42 5775.77 73%30.64 66%30.79 73%30.98 80%30.85 77% 30.97
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKA 
PKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQ 
QHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLK K45 Lc-K45 14728.24   38%36.48 44%36.26 28%36.49 43% 36.32
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK K19 Lc-K188 5129.42 57%30.21 60%30.31 57%30.54 51%30.39 46% 30.6
DTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK K26 HC-K277 5512.56 26%37.22 41%37.53 49%37.52 41%37.64 41% 37.67

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS 
SLGTQTYICNVNHKPSNTKVDK 

Ambiguous between 
K58 and K63 

Ambiguous between 
HC-K208 and HC-
K213 7953.84 63%36.69 68%36.65 63% 37 63%37.24 71% 37.15

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS 
SLGTQTYICNVNHKPSNTKVDKKVEPK 

Ambiguous between 
K58, K63, and K66 

Ambiguous between 
HC-K208, HC-K213, 
and HC-K216 8535.19 46%35.17 46%35.34 49%35.28 54%35.46 39% 35.72

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK K30 HC-K30 5480.7 57%35.85 62% 36.2 43%35.71 52%36.36 57% 36.43
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK 
GLEWVARIYPTNGYTRYADSVK K30 HC-K30 8020.98 42%36.27 59%36.53 64%36.51 64%36.63 59% 36.61
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK 
GLEWVARIYPTNGYTRYADSVK K43 HC-K43 8020.98 61%34.89 63%34.87 63%34.95 70% 35.1 64% 35.02
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSK K22 HC-K395 5354.39 55%39.99 74%40.12 63%40.18 58%40.34 74% 40.36
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GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDK K22 HC-K395 5910.71 72%39.02 72%39.24 70%39.41 74%39.35 70% 39.45
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDK 
SRWQQGNVFSCSVMHEALHNHYTQK K44 HC-K417 8879.08 74%36.14 74%36.33 78%36.44 53%36.65 72% 36.57
GLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSL 
RAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPS 
VFPLAPSSK K22 HC-K65 11161.28 49%37.76 73%37.93 62%38.01 63%38.02 54% 38.17
GLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSL 
RAEDTAVYYCSRWGGDGFY 
AMDYWGQGTLVTVSSASTKGPSVFPLAPSSK K33 HC-K76 11161.28 63%37.71 57% 38 63%38.01 66%38.02 64% 38.08
GQPREPQVYTLPPSREEMTKNQVSLTCLVK K20 HC-K363 4384.12 69% 32.9 72%32.98 55%33.13 86%32.28 66% 32.53
GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESN
GQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSV 
MHEALHN 
HYTQKSLSLSPG K52 HC-K395 12930.16 52% 34.6 64%34.71 45%34.84 70%34.83 60% 34.96
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSK K11 HC-K76 8621 89%38.84 80%39.09 83%39.11 80%39.17 79% 38.77
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K71 HC-K136 9866.64 50%38.41 54%38.53 57%38.69 46%38.99 51% 38.75
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K59 HC-K124 9866.64 44%38.41 54%38.53 40%38.58 45%38.99 49% 38.72
HKVYACEVTHQGLSSPVTK K2 Lc-K190 3039.42 89%27.82 83% 27.8 89%28.02 94%27.96 94% 28.61
HKVYACEVTHQGLSSPVTKSFNRGEC K19 Lc-K207 3832.73 76%28.96 76%28.98 64%29.16 72%29.18 80% 29.35
LLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQH 
YTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLK K62 Lc-K107 9926.85 66%37.95 65%37.96 69%38.14 64%38.21 64% 38.37
LTVDKSRWQQGNVFSCSVMHEALHNHYTQK K5 HC-K417 4499.06 97%30.93 83%30.97 97%31.32 97%31.15 93% 31.31
NTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLV 
TVSSASTKGPSVFPLAPSSK K48 HC-K124 7457.41 39%40.46 34%40.62 46%41.06 27%40.82 32% 40.87
NTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLV 
TVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K60 HC-K136 8703.05 45%39.67 43%39.86 60%39.94     
SCDKTHTCPPCPAPELLGGPSVFLFPPK K4 HC-K225 3893.79 74%38.45 63%38.88 74%38.87 56%38.82 74% 38.95
SCDKTHTCPPCPAPELLGGPSVFLFPPKPK K4 HC-K225 4118.93 55% 36.3 59%36.79 41%36.79 59%36.76 55% 37.18
SGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDS 
KDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK K62 Lc-K188 9837.7 59%30.89 40%31.02 60%31.16 55%31.11 56% 31.19
SGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDS 
KDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNR K62 Lc-K188 10631.02   43%30.83 43%30.98 52%30.92 46% 30.95

Table 4.1 Continued 
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GEC 
THTCPPCPAPELLGGPSVFLFPPKPK K24 HC-K249 3685.77 76%39.52 76%39.75 76%39.96 68%39.97 80% 39.82
THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDV 
SHEDPEVKFNWYVDGVEVHNAK K52 HC-K277 8223.96 48%37.15 46% 37.4 23%37.59 46%37.54 35% 37.55
VQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYE 
KHK K43 Lc-K188 5987.79 80% 28.6 77%28.64 73%29.45 71%28.74 84% 28.81
VQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYE 
KHKVYACEVTHQGLSSPVTK K43 Lc-K188 7787.67 79%29.05 69%29.27 74%29.39 71%29.26 75% 29.38
VSNKALPAPIEK K4 HC-K329 2222.1 91%32.79 82%32.16100%32.38 91%32.41 82% 33.13
VYACEVTHQGLSSPVTKSFNRGEC K17 Lc-K207 3567.58     78%32.28 48%32.23 61% 32.41
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Table 4.2: List of payload-containing peptides identified with ProSight PD for EThcD replicates. For each peptide, the 
residue to which the payload was localized, the theoretical mass, as well as the sequence coverage and retention 
time for each replicate are listed. Some replicate entries are blank in the case that a peptide was not identified in 
all five technical replicates. Manually identified peptides from Figure 4.9 and Figure 4.10 are not included. 

Annotated Sequence 

Payload Localization 
(residue number on 
peptide sequence) 

Payload Localization 
(residue number on 
protein sequence) 

Theo. 
Mass 
[Da] 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 

SC RT SC RT SC RT SC RT SC RT 
ADYEKHK K5 Lc-K188 1845.79 100%28.03 100%27.99 100%28.17 83% 28.07100% 28.35
ADYEKHKVYACEVTHQGLSSPVTK K5 Lc-K188 3645.68 78%27.18 83%27.19 83%27.26 83% 27.26 83% 27.37
AKGQPREPQVYTLPPSREEMTK K2 HC-K343 3497.66 81%28.99 76%27.93 81%28.0981% 28.9776% 28.05
AKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEW 
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS 
CSVMHEALHNHYTQKSLSLSPG 

Ambiguous between K71 
and K76 

Ambiguous between 
HC-K412 and K417 13129.29 34%35.37 33%35.44 32% 35.4 35% 35.46 29% 35.5

AKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEW 
ESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS 
CSVMHEALHNHYTQKSLSLSPG K54 HC-K395 13129.29 28%34.78 42%34.28 26% 34.65  
ALPAPIEKTISK K8 HC-K337 2223.12 82%34.94 73%35.04 73%34.33 73% 35.06 82% 34.53
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKA
PK K42 Lc-K42 5775.77 77%31.26 68%31.37 61%31.64 71% 31.02 73% 31.42
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK K19 Lc-K188 5129.42 54%30.75 76% 30.9  57% 30.89
DTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK K26 HC-K277 5512.56 41%37.83 49%37.74 64%37.68 54% 37.82 51% 37.84

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS 
SLGTQTYICNVNHKPSNTKVDK 

Ambiguous between K58 
and K63 

Ambiguous between 
HC-K208 and HC-
K213 7953.84 31%37.43 52%37.27 62%37.34 43% 37.14 46% 37.26

DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSS 
SLGTQTYICNVNHKPSNTKVDKKVEPK 

Ambiguous between K58 
and K63 

Ambiguous between 
HC-K208 and HC-
K213 8535.19 69%35.67 51%35.46 61%35.61 66% 35.5 67% 35.56

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK K30 HC-K30 5480.7 60%36.55 83%36.42 86%36.43 74% 36.39 74% 36.6
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK 
GLEWVARIYPTNGYTRYADSVK K30 HC-K30 8020.98 59%36.78 66%36.68 64% 36.6 56% 36.74 69% 36.8
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGK 
GLEWVARIYPTNGYTRYADSVK K43 HC-K43 8020.98 61%35.43 58%35.28 67%35.24 58% 35.44 64% 35.38
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSK K22 HC-K395 5354.39 76%40.42 42% 40.5 76% 40.48 68% 40.53
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKK22 HC-K395 5910.71 47%39.57 42% 39.6 47%39.48 44% 39.93 47% 39.64
GFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDK
SRWQQGNVFSCSVMHEALHNHYTQK K44 HC-K417 8879.08 60%36.55 72%36.57 68%36.45 69% 36.54 69% 36.67
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GLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSL 
RAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPS 
VFPLAPSSK K22 HC-K65 11161.28 51%38.27 52%38.27 73%38.08 53% 38.34 61% 38.31
GLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSL 
RAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPS 
VFPLAPSSK K33 HC-K76 11161.28 59%38.33 72%38.25 71%38.17 61% 38.32 62% 38.41
GQPREPQVYTLPPSREEMTKNQVSLTCLVK K20 HC-K363 4384.12 66%33.03 59%32.93 62%32.75 66% 32.78 59% 32.86
GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWES 
NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCS 
VMHEALHNHYTQK K52 HC-K395 12288.82 42%34.76 47%34.83 47%34.76 53% 34.94 47% 34.91
GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWES 
NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCS 
VMHEALHNHYTQKSLSLSPG K52 HC-K395 12930.16 40%35.07 49%35.01 36%35.13 39% 35.1 54% 35.05
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSK K11 HC-K76 8621 76% 39.2 84% 39.3 86%38.97 86% 39.03 84% 39.27
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K59 HC-K124 9866.64 32%39.19 55%38.93 58% 38.8 44% 38.89 68% 38.92
GRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAM 
DYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K71 HC-K136 9866.64 70%38.87 56%38.93 70% 38.8 68% 38.82 77% 38.89
HKVYACEVTHQGLSSPVTK K2 Lc-K190 3039.42 100%28.58 89%28.49 100% 28.4 89% 28.43 94% 28.5
HKVYACEVTHQGLSSPVTKSFNRGEC K19 Lc-K207 3832.73 52%29.96 64%29.53 72% 29.46 32% 29.58
LLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQ 
HYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLK K62 Lc-K107 9926.85 59%38.24 64%38.19 76%38.05 68% 38.32 60% 38.65
LTVDKSRWQQGNVFSCSVMHEALHNHYTQK K5 HC-K417 4499.06 90%31.51 90%31.49 93%31.53 97% 31.69 83% 31.51
NTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLV 
TVSSASTKGPSVFPLAPSSK K48 HC-K124 7457.41 46%40.93 71%40.84 63%40.77 66% 40.88 59% 41.07
NTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLV 
TVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVK K60 HC-K136 8703.05 75%40.18 78%40.11 75%40.14 80% 40.15 22% 40.19
PKDTLMISRTPEVTCVVVDVSHEDPEVK K2 HC-K251 4078.93 37%33.63 48% 33.6 56%33.59 30% 33.75  
SCDKTHTCPPCPAPELLGGPSVFLFPPK K4 HC-K225 3893.79 59%39.26 59%38.94 74%38.83 74% 39.23 56% 39.05
SCDKTHTCPPCPAPELLGGPSVFLFPPKPK K4 HC-K225 4118.93 76%36.78 76%36.66 72%36.66 72% 36.65 83% 36.72
THTCPPCPAPELLGGPSVFLFPPKPK K24 HC-K249 3685.77 76% 39.9 76%39.96 88%39.87 76% 39.97 80% 39.91

THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS 
HEDPEVK 

Ambiguous between K24 
and K26 

Ambiguous between 
HC-K249 and HC-
K251 6565.18 45%37.62 37%37.63 28%37.76 49% 37.73 41% 37.72

THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS K52 HC-K277 8223.96 42% 37.6 49%37.49 45%37.41 51% 37.46  

Table 4.2 Continued 
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HEDPEVKFNWYVDGVEVHNAK 

THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVS 
HEDPEVKFNWYVDGVEVHNAK 

Ambiguous between K24 
and K26 

Ambiguous between 
HC-K249 and HC-
K251 8223.96 48%37.52 45% 37.5 42% 37.59  

VQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEK 
HK K43 Lc-K188 5987.79 91%29.18 89%29.24 93%29.14 84% 29.13 86% 29.24
VSNKALPAPIEK K4 HC-K329 2222.1 82%32.71 82%32.73 82%32.65 91% 32.71 91% 32.73
VYACEVTHQGLSSPVTKSFNRGEC K17 Lc-K207 3567.58 26%32.62 30%32.63 30%32.56   

 
 

Table 4.2 Continued 
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Figure 4.9: Extracted ion chromatograms (EICs) for a HC peptide (71 amino acids, 6+) 
containing D151 through K221 with zero (m/z 1264.82), one (m/z 1424.21) 
or two (m/z 1583.78) payloads. Sequence coverage plots are included for 
each chromatographic peak observed in the EIC. K58, K63, K66, and K67 
of these sequences correspond to K208, K213, K216, and K217 of the HC. 
Fragment ions discussed in the text are indicated with number labels. 

To identify and characterize peptides with multiple conjugated payloads, both the 

chromatographic data and the MS/MS spectra are examined. Figure 4.9 displays the 

extracted ion chromatogram for a peptide containing 71 amino acids with no payloads 

(blue trace), with one payload (orange traces), and with two payloads (green trace). The 

elution order of the three species offers one important feature. The payload is expected to 

increase the hydrophobicity of the peptide, resulting in a greater retention time as the 

number of payloads increases, as reflected in Figure 4.9. An HCD sequence coverage 

map is included for the peptide with no payloads. Given the high abundance and 

simplicity of this peptide, the HCD spectrum adequately characterizes it. Neither EThcD 

nor UVPD was triggered because the m/z 547.22 reporter ion was not generated by HCD. 

For the species with a single payload, two chromatographically resolved peaks were 

observed and attributed to two different conjugation states. Given the proximity of the 



 153 

four different lysine residues in this peptide (HC residues K208, K213, K216, and K217), 

it is challenging to distinguish the exact conjugation sites. The earlier eluting 

chromatographic peak (tr 33 min) is well characterized by both UVPD and EThcD, and in 

both cases there are fragment ions originating from backbone cleavages between HC-

K213 and HC-K216/HC-K217 indicating that the payload must be conjugated to HC-

K216 or HC-K217. The site localization is particularly compelling based on the UVPD 

sequence coverage map for which there are a several backbone cleavages between HC-

K213 and HC-K216/HC-K217. This earlier eluting peak was not consistently identified 

with Prosight PD, but manual examination of chromatographic data revealed it was 

present in every replicate. For the later eluting chromatographic peak (tr 34.5 min), there 

are only a handful of fragment ions originating from backbone cleavages spanning the 

four lysine residues. While a single fragment ion without a payload (y13) identified by 

UVPD seems to indicate that HC-K213 does not contain the payload, a few additional 

fragment ions without payloads (y6 and y8) generated by EThcD seem to localize the 

payload to either HC-K208 or HC-K213. While these few fragment ions, which only 

appear in some replicates, do not allow confident localization, the significant retention 

time shift in combination with the differences in sequence coverage maps between the 

two isomeric peptides (tr 33 min versus 34.5 min) implies that the payload is conjugated 

to a different site for the second peptide, which supports payload localization to HC-

K208 or HC-K213. 

Finally, the peptide with multiple payloads was examined. Based on the green 

chromatographic profile in Figure 4.9, the abundance of the peptide is low, diminishing 

the quality of the MS/MS spectra (and reducing the probability that the peptide would be 

targeted in any conventional data-dependent method). While the doubly conjugated 

peptide was only identified in two out of five replicates for both UVPD and EThcD based 
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on automated ProSight PD analysis, the same precursor was targeted for UVPD and 

EThcD in every replicate with the HCD-triggered workflow, and the resulting MS/MS 

spectra could be manually deconvoluted in FreeStyle and characterized with ProSight 

Lite. In the sequence maps of the double-conjugated peptide in Figure 4.9, the sequence 

coverage is sufficient to identify the peptide but is inadequate to localize the payloads. 

Even in the case of UVPD, which yielded a higher sequence coverage of 30% compared 

to 27% obtained with EThcD, the overall degree of characterization is low. UVPD did 

however, yield two informative fragment ions, y13 and x8, which contained single payload 

conjugations. By combining the MS/MS data from the peptide with two payloads and the 

peptide with one payload, it can be reasoned that one of the conjugation sites for the 

doubly modified species resides at HC-K208 or HC-K213 and the second is HC-K216 or 

HC-K217. Figure 4.9 also demonstrates the power of the HCD-triggered method to 

optimize data acquisition time for the most critical peptides. If only HCD spectra had 

been acquired to investigate the peptides, characterization of the sequence and payload 

sites would have been impeded. If only high resolution EThcD or UVPD data had been 

collected, this peptide might have been missed because of its low abundance. By utilizing 

the HCD-triggered method, even low abundance payload-containing peptides are targeted 

for characterization. 
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Figure 4.10: EICs for the 7+ charge state of a 69 amino acid long HC peptide containing 
G374 through K442 with zero (m/z 1132.59), one (m/z 1270.31) or two (m/z 
1406.93) payload conjugations. Sequence coverage plots are included for 
each chromatographic peak observed in the EIC. The payload localization 
sites are highlighted by a square when unambiguous and circled when 
ambiguous. K22, K39, and K44 on these maps correspond to K395, K412, 
and K417 on the HC.  

Figure 4.10 displays the results for the other peptide for which two conjugation 

states (one payload or two payloads) were identified. In this case, only one conjugation 

site for the peptide containing a single payload was identified. As displayed by the EIC 

and sequence coverage plots highlighted in orange in Figure 4.10, the payload was 

unambiguously localized to HC-K417 by UVPD. A secondary peak eluting earlier than 

the identified peptide is observed in the chromatogram; however the abundance was too 

low to trigger any MS2 scans. Additional peptides containing HC-K395 were also 

identified, as listed in Table 4.1 and Table 4.2, which resulted from LysC cleavage at 

HC-K412 and HC-K417 and lead to unambiguous identification of the payload at HC-

K395. It is likely that the presence of the payload on HC-K417 hindered the LysC 

digestion and aided in the generation of the larger peptide identified in Figure 4.10. The 
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fact that other peptides were identified with a payload conjugated to HC-K395 aids in the 

confidence that a multiply conjugated species could exist for this peptide. The 

chromatographic peak corresponding to the doubly-conjugated peptide is shaded in green 

in Figure 4.10 along with the sequence maps produced by EThcD (41% coverage) and 

UVPD (49% coverage). The first payload was unambiguously localized to HC-K395 with 

both UVPD and EThcD based on payload bracketing fragment ions. While there were no 

backbone cleavages between HC-K412 and HC-K417 for UVPD, one fragment ion (z27) 

containing a single payload originating from backbone cleavage between HC-K412 and 

HC-K417, was identified by EThcD. Through the combination of information about the 

peptides containing a single payload and the supplemental insight from the MS/MS 

spectra of the peptide containing two payloads, we can identify two conjugation sites of 

the bis-modified peptide in Figure 4.10 as HC-K395 and HC-K417. 

4.4.3 Complete Characterization of Payload Binding Sites 

In summary, high-quality identification of peptides across the entire antibody 

sequence was achieved via a middle-down HCD-triggered MS/MS strategy. Figure 4.11 

displays the comprehensive map of all the confirmed payload sites, including 6 

unambiguous LC sites, 16 unambiguous HC sites, and 5 ambiguous HC sites in which the 

payload could only be localized to a span of adjacent lysine residues. Figures 4.12 and 

4.13 display maps of the peptides identified, helping to visualize the redundancies present 

in the payload-containing peptides identified. While the total number of conjugation sites 

identified was lower than the number mapped in a recent bottom-up study,30 the results 

here represent a step towards unravelling the heterogeneity of lysine-conjugated ADCs. 

By examining the payload conjugation sites in the context of larger peptides, an improved 

understanding of the most prevalent conjugation sites and interplay among those sites is 
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obtained. The focus of this study has been the HC, given the inherent increased 

complexity imparted by its size, and the larger number of payload containing peptides 

identified relative to the LC. As displayed in Figure 4.11, six payload conjugation sites 

were identified along the LC. The peptides leading to these six site localizations on the 

LC are listed in Tables 4.1 and 4.2. While no multiply conjugated species were identified 

on the LC, the contribution of the LC towards the overall ADC heterogeneity should be 

considered. Figure 4.11 also highlights the regions in which the middle-down HCD-

triggered MS/MS method revealed that multiple payloads were conjugated to one HC 

peptide. By identifying and characterizing peptides containing multiple lysine 

conjugation sites, a better understanding of regions containing high levels of ADC 

conjugation that might cause changes to antibody structure and function is gained.  
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Figure 4.11: Sequence maps of the (A) HC and (B) LC of T-DM1 displaying the 
locations of the payloads, including those that were unambiguously 
localized (shaded in red) and those that remain ambiguous with adjacent or 
nearby lysine residues (shaded in blue). 
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Figure 4.12: Peptide map displaying the global sequence coverage for the heavy chain. 
The same legend used in Figure 4.11 was retained for the heavy chain 
sequence. Peptides displayed in orange contain a single payload conjugation 
and peptides displayed in green contain two payload conjugations. 
Unambiguously localized payload conjugations sites are shown in black on 
for each peptide, and payloads that could be localized two multiple sites are 
shown in gray. 
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Figure 4.13: Peptide map displaying the global sequence coverage for the light chain. 
The same legend used in Figure 4.11 was retained for the heavy chain 
sequence. Peptides displayed in orange contain a single payload 
conjugation. Unambiguously localized payload conjugations sites are shown 
in black on for each peptide, and payloads that could be localized two 
multiple sites are shown in gray. 

Typical bottom-up methods report the identification of 38-54 conjugation sites on 

lysine-linked ADCs out of 92 possible sites, with one study reporting the identification of 

82 sites.31–34For trastuzumab, there are 92 possible conjugation sites, including 31 and 13 

lysine residues on each HC and LC, respectively, plus an additional conjugation site at 

each N-terminal amine group (a total of 4). Out of those 92 conjugation sites, 44 were 

unambiguously identified based on the present middle-down approach, making these 

results comparable to most bottom-up studies. The ability to pinpoint locations where 

multiple payloads are conjugated in close proximity represents a level of information that 

has yet to be achieved by bottom-up or middle-down studies of ADCs. The information 

could be complemented by middle-up MS1 data generated from IdeS-digested ADCs,35,49 

which would reveal the number of payloads bound to each subunit but not the locations 

of those payloads. The methods presented here have the potential to be used for relative 

quantification between different samples. For example, different batches of ADCs could 

be evaluated to determine if the relative abundance of individual conjugation sites differs, 
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as recently demonstrated using bottom-up methods.33 While the limited digestion strategy 

demonstrated here represents one promising application of the HCD-triggered method for 

characterization of T-DM1, it could also be utilized to improve other middle-down, as 

well as bottom-up workflows for T-DM1 and other ADCs that also generate signature 

fragment ions upon collisional activation and could benefit from a more targeted 

approach. 

4.5 CONCLUSIONS 

The HCD-triggered MS/MS methods presented here represent a promising 

improvement in the characterization of highly heterogeneous lysine-linked ADCs. By 

applying the HCD-triggered methods to large peptides generated from a middle-down 

proteolysis method, high-quality data were generated for large payload-containing 

peptides. The combination of results from EThcD and UVPD was particularly helpful in 

the case of large peptides containing multiple potential payload sites; in some cases one 

MS/MS method outperformed the other and in other cases only the combination of 

EThcD and UVPD yielded sufficient confidence to localize payloads. A key finding was 

that higher sequence coverage for large peptides did not always translate to complete 

localization of payloads, as localization often hinged on key regions between adjacent 

lysine residues. The generation of payload-containing fragment ions, enabled by EThcD 

and UVPD, often proved critical to comprehensive characterization. Overall, 44 sites out 

of 92 were unambiguously identified through the characterization of 48 payload-

containing peptides of varying molecular weights.  Additionally, two peptides containing 

multiple conjugations were identified and their characterization was described in detail. 

The ability to identify multiply conjugated species, as enabled by these methods, proved 
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crucial for deciphering heterogeneous lysine-linked ADCs and offers a compelling 

approach for more detailed characterization of biotherapeutics. 
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Chapter 5: Integrated Top-down and Bottom-up Mass Spectrometry for 
Characterization of Diselenide Bridging Patterns of Synthetic 

Selenoproteins3 

5.1 ABSTRACT 

With the rapid acceleration in the design and development of new biotherapeutics, 

ensuring consistent quality and understanding degradation pathways remains paramount, 

requiring an array of analytical methods including mass spectrometry. The incorporation 

of non-canonical amino acids, such as for synthetic selenoproteins, creates additional 

challenges. A comprehensive strategy to characterize selenoproteins should serve dual 

purposes of providing sequence confirmation and allowing mapping of selenocysteine 

bridge locations and the identification of unanticipated side-products. In the present 

study, a combined approach exploiting the benefits of both top-down and bottom-up mass 

spectrometry was developed. Both electron-transfer/higher-energy collision dissociation 

(EThcD) and 213 nm ultraviolet photodissociation (UVPD) were utilized to provide 

highly complementary information, allowing high quality characterization, localization of 

diselenide bridges for complex proteins, and the identification of previously unreported 

selenoprotein dimers.  

5.2 INTRODUCTION 

Disulfide bridges, formed by the oxidation and linkage of two cysteine residues, 

contribute significantly to the stabilities and structures of proteins.1,2 The escalating 

interest in the assembly, degradation, and characterization of disulfide bridges is 

unsurprising given their ubiquitous presence in antibody-based biotherapeutics.3,4 

 
3Watts, E.; Thyer, R.; Ellington, A. D.; Brodbelt, J. S. Integrated Top-Down and Bottom-Up Mass 
Spectrometry for Characterization of Diselenide Bridging Patterns of Synthetic Selenoproteins. Anal. 
Chem. 2022, 94, 11175–11184. 
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Incorporation of selenocysteine instead of cysteine in proteins has recently been explored 

as an innovative strategy to advance the development of biotherapeutics.5,6 

Selenocysteine has a significantly lower pKa than cysteine, resulting in the facile 

deprotonation of selenocysteine at physiological pH.7 Moreover, selenocysteine has a 

much lower redox potential than cysteine, leading to favorable generation of diselenide 

bridges with increased stability relative to conventional disulfide bonds.8 As a result of 

this unique chemistry, the incorporation of selenocysteine in the place of cysteine has the 

potential to improve the production and stability of biotherapeutic proteins. However, the 

unusual biosynthetic pathway involving the enzymatic conversion of serine to 

selenocysteine on its tRNA, and constraints within the coding sequence of the target 

protein imposed by the native protein and RNA factors made this previously 

unachievable in recombinant protein systems.9,10 Breakthroughs in synthetic biology have 

led to the site-specific incorporation of selenocysteine and formation of diselenide 

bridges in recombinant proteins generated in E. coli.5,6  

Given the great potential for enhancing design and development of novel 

biotherapeutics via incorporation of selenocysteines and/or other non-canonical amino 

acids, it is critical to develop versatile analytical methods for their characterization.2,3 The 

characterization of proteins containing disulfide bridges and their diselenide analogs 

presents a challenge, and an array of approaches ranging from bottom-up to top-down 

tandem mass spectrometry (MS/MS) methods have been employed.2,11,12 For bottom-up 

methods, proteins are typically reduced prior to enzymatic digestion, thus facilitating 

characterization of the primary protein sequences without the hinderance of disulfide 

bridges. Structural analysis of disulfide bridges has also been achieved through strategic 

digestion without reduction.2 Identification of peptides resulting from enzymatic 

digestion is traditionally accomplished by utilizing collision induced dissociation (CID), 
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however, in the case of peptides containing disulfide bridges, little success is achieved 

with CID alone.2 As a means to reduce disulfide bonds and streamline the mapping of 

disulfide bridges, innovative ionization methods, including corona discharge13 and 

solvent assisted photoionization,14 as well as on-line electrochemical reduction,15 have 

been implemented. Improved characterization has also been reported for peptides 

containing intramolecular disulfide bonds by examining internal ions as well as their 

disulfide bridge-containing complements, or “external ions” produced by CID.16 Other 

MS/MS methods using alternative ion activation techniques have been used to augment 

the characterization of disulfide-bridged peptides.2 Both MALDI in-source decay17–20 and 

electron transfer dissociation (ETD)21–28 have been shown to yield fragment ions 

resulting from the cleavage of the disulfide bond. Hybrid ETD methods, including 

electron-transfer/CID and electron-transfer/higher energy collisional dissociation 

(EThcD), boost the generation of sequence-related fragment ions.23,25 The capabilities of 

ultraviolet photodissociation (UVPD) for analysis of disulfide-bridged peptides have 

been explored.29–31 266 nm UVPD results in site-specific cleavage of disulfide bonds, 

offering higher confidence in peptide pairing and better characterization when combined 

with electron capture dissociation (ECD).30,31 193 nm UVPD has also achieved complete 

characterization of peptides containing complex disulfide bridges by integrating 

informative fragment ions resulting from cleavage of disulfide bridges with fragment ions 

retaining disulfide linkages.29 The ability of 193 nm UVPD to achieve high quality 

characterization without requiring MS3 approaches represented a promising benchmark 

for analysis of disulfide- and diselenide-bridged peptides.   

While bottom-up mass spectrometry has been ideal for identifying individual 

disulfide bridges, top-down mass spectrometry offers the potential for greater confidence 

in protein characterization and allows the opportunity for comprehensive differentiation 
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of complex proteoforms.32,33 As also witnessed in bottom-up workflows, disulfide 

bridges and their analogs present a major challenge for top-down methods because the 

disulfide bonds often remain intact upon protein fragmentation, limiting the sequence 

coverage in sections spanned by the bridged regions. Electron transfer dissociation (ETD) 

and electron capture dissociation (ECD) of intact proteins results in limited cleavage of 

disulfide bridges, with most identified fragments resulting from backbone cleavage 

outside of constrained regions.11,34–37 While the lack of fragment ions over the disulfide-

bridged sections limits sequence coverage, it can help confirm the presence and location 

of disulfide bonds, and the reduced complexity of the resulting spectra can increase 

confidence in the fragment ion identifications.11,38 Hybrid electron-capture/higher energy 

collisional dissociation and 157 nm UVPD promote cleavage of disulfide-bridged 

subunits, as demonstrated for intact antibodies; however characterization remains limited 

owing to survival of some intrapeptide disulfide bonds.12 Another hybrid method, 

activated ion ETD (AI-ETD), has exhibited the greatest success in characterizing the 

constrained regions of disulfide bridged proteins, with enhanced cleavage of intrapeptide 

disulfide bonds resulting in sequence coverage comparable to that of reduced 

proteins.39,40 A recent study of insulin dimers demonstrated the ability of 213 nm UVPD 

to successfully analyze large peptides resulting from complex linkages.41 Although the 

insulin dimers examined in this seminal study were smaller than the proteins considered 

in most top-down studies, the results represented a promising adaptation of 213 nm 

UVPD for disulfide characterization.41 

While the characterization of therapeutic proteins containing disulfide bridges has 

been explored extensively with tandem mass spectrometry, there has been little emphasis 

on proteins containing diselenide linkages.42 A few bottom-up studies have successfully 

identified cysteine-selenocysteine linkages in naturally occurring selenoproteins by using 
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CID methods.43,44 Recent advances in development of custom recombinant 

selenoproteins have reinforced the need for improved analytical methods for 

characterization of diselenide bonds.5,6 Initial studies of synthetic selenoproteins utilized 

top-down mass spectrometry, facilitated by 193 nm UVPD.5,6 While the methodology 

was successful in confirming the mass of the proteins and localizing the diselenide 

linkages, the sequence coverage was constrained by the diselenide bridges, hindering 

complete characterization of the proteins.5,6 As described in the present study, 213 nm 

UVPD, EThcD, ETD, and higher energy collisional dissociation (HCD) are integrated in 

a combined top-down/bottom-up workflow to characterize synthetic selenoproteins with 

the aim of characterizing the entire sequence of the proteins as well as interrogating 

diselenide linkages.  

5.3 EXPERIMENTAL 

5.3.1 Samples and Reagents 

Recombinant selenoproteins samples were prepared as previously reported.5 All 

Millipore OmniSolv LC-MS grade solvents were obtained from VWR. Lysyl-

endopeptidase (Lys-C) was purchased from Santa Cruz Biotechnology.  All other 

reagents were purchased from Thermo-Fisher Scientific.  

5.3.2 Top-Down Mass Spectrometry 

Each protein sample was buffer exchanged into water with Micro Bio-Spin 6 

columns (BioRad) and then diluted to approximately 10 µM in 50:50 water/acetonitrile 

with 1% formic acid. Samples were then loaded into house-made borosilicate emitters 

coated in Au/Pd for nano-electrospray infusion with an applied voltage of 0.9-1.3 kV. All 

experiments were performed with an OrbitrapTM Fusion Lumos mass spectrometer 
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(Thermo Scientific) equipped with 213 nm UVPD. For all MS1 spectra 100 microscans 

were collected with a resolving power of 120,000 at m/z 200. MS2 experiments 

combined 500 microscans with a resolving power of 240,000 at m/z 200. Except when 

otherwise noted top-down activation parameters were as follows, 15% normalized 

collisional energy (NCE) for HCD, 5 ms activation time for ETD and EThcD with 15% 

NCE supplemental activation for EThcD, and 50 ms activation period for 213 nm UVPD 

equivalent to 125 pulses (approximately 3 µJ/pulse) at 2500 Hz. Top-down mass spectra 

were deconvoluted with the Xtract algorithm in Thermo Scientific Freestyle using a 

signal to noise (S/N) threshold of 3, fit factor of 80% and remainder threshold of 25%. 

Fragment ions were identified using ProSight Lite with a 10-ppm tolerance for fragment 

ions. TDValidator was used to generate the fragment ion distributions included in Figure 

5.1 to demonstrate the quality of the isotope patterns generated for representative 

fragment ions with high S/N and fit factors (Figure 5.1A) as well as lower S/N (Figure 

5.1B) and fit factors (Figure 5.1C) close to the cutoff values. The unusual isotope pattern 

of selenium resulted in deconvoluted masses shifted by approximately -1.0 Da. As a 

compensatory measure, 2.01 Da was subtracted from each selenocysteine resides to 

account for the isotope pattern and the loss of one hydrogen to form a diselenide bridge.  



 174 

 

Figure 5.1: Expanded m/z regions from top-down spectrum of HGH 16+ fragmented 
with 213 nm UVPD (50 ms activation period) demonstrate the isotopic 
distributions for fragment ions with (A) high S/N values and fit factors, (B) 
S/N close to the cutoff value, and (C) fit factor close to the cutoff value. The 
triangles overlayed on each spectra demonstrate the predicted isotope 
pattern generated with TDValidator. 

An excel spreadsheet listing all fragment ions identified for each protein, is 

available at: https://doi.org/10.1021/acs.analchem.2c01433. Each protein and 

fragmentation type is listed on a separate sheet. There is one line for every charge state of 
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each fragment ion. For each fragment ion matched, the ion name, theoretical mass, 

observed mass, the mass difference in both Daltons and ppm, the intensity, and the 

number of charge states matched is included. For each charge state the calculated m/z, 

most abundant m/z, the charge normalized intensity, and the fit factor (%) reported by 

FreeStyle are reported. 

5.3.3 Bottom-Up Liquid Chromatography-Mass Spectrometry 

For digestion, 50 µg of sample was prepared in Tris-HCL at pH 6.0. Lys-C was 

then added at a 1:25 enzyme to protein ratio and samples were incubated at 37°C for 18 

hours. Digests were buffer exchanged into water with Amicon Ultra 3 kDa molecular 

weight cut off centrifugal filters. Samples were stored at -80oC until analysis. Samples 

were diluted to 0.1-0.3 mg/mL for a 1 µl injection. 

Reversed phase liquid chromatography (LC) was performed using a Dionex 

Ultimate nano LC system configured to trap and elute. Trap and analytical columns were 

packed in-house to a length of 3 and 20 cm, respectively, using 1000 Å, 50 μm bulk 

PLRP media from Agilent. Samples were loaded onto the trap column with starting 

conditions of 2% acetonitrile and 0.1% formic acid in water at 5 µL/min. After 5 minutes 

of loading, a valve switch placed the trap column in-line with the analytical column. 

Analytical mobile phases comprised water (A) and acetonitrile (B) with 0.1% formic acid 

(A and B) were applied at an initial gradient of 2% to 6% B over 2 minutes followed by a 

gradient up to 35% B over 33 minutes at a flow rate of 300 nL/ min. Introduction into the 

OrbitrapTM Fusion Lumos mass spectrometer occurred with an applied voltage of 2-2.4 

kV. MS1 scans with a resolving power of 60,000 at m/z 200 and an AGC target of 4x105, 

using an m/z range of 400-2000. Top ten data dependent MS2 scans were selected with an 

intensity filter of 1x105. All MS2 scan were collected with an AGC target of 5x105, 
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within an m/z range of 300-2000. Except for where otherwise noted, 3 microscans were 

averaged for each MS2 spectrum with a resolving power of 120,000 at m/z 200. HCD 

scans were collected with 30% NCE. ETD and EThcD scans were acquired with 

calibrated charge-dependent ETD parameters and 15% NCE supplemental activation in 

the case of EThcD. 213 nm UVPD activation occurred over a 100 ms activation period, 

equivalent to 250 pulses (approximately 3 µJ/pulses) at 2500 Hz, unless otherwise 

indicated. 

Bottom-up data was analyzed with Byonic (Protein Metrics version 4.2.10) and 

searched against a single protein database with the appropriate protein sequence. 

Cleavage site was set to lysine, fully specific, with two missed cleavages allowed, and 

both precursor and fragment mass tolerances were set to 20 ppm. The conversion of 

selenocysteine to serine was set as a custom modification with a mass loss of 63.92 Da at 

selenocysteine. Diselenide, disulfide, and Se-S bonds were searched as a custom 

crosslink with the loss of two hydrogens. When calculating total protein sequence 

coverage, only peptides that were identified in two out of three replicates were included. 

All peptides identified containing selenocysteine, including those with serine 

incorporation in the place of selenocysteine, were manually verified by examining and 

deconvoluting the associated 213 nm UVPD mass spectra and identifying matching 

fragments with ProSight Lite. EThcD mass spectra were also manually verified for 

specific high abundance fragments related to cleavage across the diselenide bond to 

confirm the presence or absence of interpeptide diselenide bridges.  
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Scheme 5.1: Workflow diagram displaying key information obtained using a 
combination of top-down and bottom-up mass spectrometry and a 
combination of 213 nm UVPD and EThcD as illustrated for HGH 
(crystal structure PDB ID: 1HGU). 

5.4 DISCUSSION 

As illustrated in the workflow overview in Scheme 5.1, the combination of top-

down and bottom-up strategies provides complementary information that allows the most 

comprehensive characterization of selenoproteins. While top-down mass spectrometry 

affords high-level characterization of sequences and locations of diselenide bridges, 

bottom-up methods offer confident identification of incorrectly paired peptides that 

contribute to the protein heterogeneity. Additionally, while ETD and HCD were also 

explored to evaluate their attributes for mapping diselenide bridges, 213 nm UVPD and 

EThcD provided the most detailed information and were highly complementary in both 

top-down and bottom-up approaches. The benefits and limitations of each method, as 

well as the advantages in combining the workflows, are described in more detail in the 

following sections.  
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5.4.1 Top-Down Analysis 

High-resolution (120,000 at m/z 200) MS1 spectra acquired for each intact 

selenoprotein, as exemplified in Figure 5.2, allows the first level of assessment of the 

three selenoprotein constructs. The first construct examined is green fluorescent protein 

(GFP) which only contains one selenocysteine pair. The only notable masses in the 

deconvoluted spectrum of GFP (Figure 5.2A) correspond to the intact protein (28011 

Da) and the intact protein after methionine loss (27880 Da), a common truncation caused 

by the enzyme methionine aminopeptidase which cleaves methionine co-translationally.45 

The other two proteins, trastuzumab single chain variable fragment (scFv) and human 

growth hormone (HGH), both contained two pairs of selenocysteine residues. While 

methionine loss was not observed for either protein, another truncated product 

corresponding to a mass shift of 124.9 Da was noted for each protein in the deconvoluted 

mass spectra (Figure 5.2B-C). The net mass shift of 124.9 Da is explained by the 

incorporation of two serine residues in place of two selenocysteine residues. The 

incorporation of serine instead of selenocysteine is a known side reaction that occurs 

because serylated tRNASec is an intermediate in the generation of selenylated tRNASec.5 

Interestingly, the incorporation of serine in place of selenocysteine was only observed in 

pairs, a phenomenon that will be examined in greater detail in the last section of the 

discussion. 

After initial mass analysis of the intact proteins, MS/MS spectra were collected 

utilizing HCD, ETD, EThcD, and UVPD. The optimization of activation parameters (e.g, 

collision energy, activation time) for each activation method is demonstrated for two 

representative charge states (27+, 30+) of GFP in Figure 5.3, and examples of optimized 

MS/MS spectra for GFP (27+) are displayed in Figure 5.4. Little difference in sequence 

coverage was observed based on charge state, with the lower and more abundant charge 
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state (27+) typically resulting in slightly higher sequence coverage than the higher and 

less abundant charge state (30+). Considering these results, high abundance charge states 

were selected for each protein for MS/MS analysis. For trastuzumab the 20+ and 19+ 

charge states had similar abundances, and the 20+ charge state was selected to maximize 

fragmentation for charge-dependent methods, whereas for GFP the 16+ charge state was 

significantly more abundant than adjacent charge states and was therefore utilized to 

maximize fragment ion abundances. Based on the outcomes in Figure 5.3 for GFP and 

similar assessments for the other two proteins (data not shown), the optimal activation 

parameters were 15% NCE for HCD, 5 ms activation time for ETD and EThcD with 15% 

NCE supplemental activation for EThcD, and 50 ms activation period for 213 nm UVPD. 

A series of representative sequence maps and MS/MS spectra are shown in Figure 5.5 

and Figure 5.6, respectively, for trastuzumab scFv (20+). While the highest sequence 

coverage was obtained using EThcD (Figure 5.5C), a significant number of fragment 

ions resulted from cleavage of the diselenide bridges linking U24 to U89 and U129 to 

U233, creating ambiguity in bridge locations. Bracketing of the diselenide bonds was 

more cleanly accomplished by HCD and ETD (Figure 5.5A-B), as indicated by the large 

stretches of the sequence that reveal no or few backbone cleavages. However, HCD and 

ETD resulted in low sequence coverage, particularly in the N-terminal regions. 213 nm 

UVPD (Figure 5.5D) resulted in higher sequence coverage than HCD and ETD and 

better bracketing of diselenide bonds than EThcD. Similar results are illustrated for GFP 

in Figure 5.4. EThcD and 213 nm UVPD proved to be highly complementary methods 

and the utilization of both led to confident identification of diselenide bridge locations as 

well as characterization of the protein sequence. 
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Figure 5.2: Electrospray ionization (left) and deconvoluted (right) mass spectra for three 
modified selenocysteine-containing proteins including (A) GFP, (B) 
trastuzumab scFv, and (C) HGH. All spectra were collected with a 
resolution of 120,000 at m/z 200. Schematic depictions of the pairings of 
diselenides for each protein are shown below each spectrum. 



 181 

 

Figure 5.3: Sequence coverage (bar charts) and percent of fragment ions explained 
(dots) as a function of (A) HCD collisional energy, (B) ETD activation time, 
(C) EThcD supplemental collisional energy, (D) EThcD activation time, or 
(E) 213 nm UVPD activation period for GFP (23kDa) in both the 27+ and 
30+ charge states.   
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Figure 5.4: MS/MS spectra with labeled insets showing expansions of selected fragment 
ions and sequence coverage maps for trastuzumab scFv (20+) obtained 
using (A) HCD (15% NCE), (B) ETD (5 ms activation time), (C) EThcD (5 
ms activation time and 15% NCE supplemental activation), and (D) 213 nm 
UVPD (50 ms activation period). 
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Figure 5.5: Sequence coverage maps for trastuzumab scFv (20+) obtained using (A) 
HCD (15% NCE), (B) ETD (5 ms activation time), (C) EThcD (5 ms 
activation time and 15% NCE supplemental activation), and (D) 213 nm 
UVPD (50 ms activation period). 
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Figure 5.6: MS/MS spectra with sequence coverage maps for GFP (27+) produced by 
(A) HCD (15% NCE), (B) ETD (5 ms activation time), (C) EThcD (5 ms 
activation time and 15% NCE supplemental activation), and (D) 213 nm 
UVPD (50 ms activation period). 
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The final protein examined with top-down mass spectrometry was HGH, and 

examples of sequence maps and MS/MS spectra are displayed in Figure 5.7 and Figure 

5.8. The two diselenide bridges in HGH constrain most of the protein sequence, and three 

(U166, U183, and U190) of the selenocysteines are nearly adjacent, curbing sequence 

coverage and complicating the identification of diselenide bridges. This limitation of the 

top-down approach is most evident for HCD and ETD (Figure 5.7A-B) for which very 

low sequence coverage is achieved and the locations of the diselenide bridges are 

ambiguous. For EThcD (Figure 5.7C) the sequence coverage remains high due to 

significant cleavage of diselenide bridges, but the diselenide bridge locations cannot be 

identified. 213 nm UVPD (Figure 5.7D) offers the greatest success in bracketing the 

diselenide bridges of HGH, but given the proximity of U166, U183, and U190, as well as 

backbone cleavages between U54 and U166, the confidence in pinpointing the location of 

the diselenide bridge is low. An additional impediment observed in the series of MS/MS 

spectra for HGH is that although EThcD offered consistently high sequence coverage, 

patchy fragmentation between bridged selenocysteine residues restricted coverage. To 

adequately characterize complex patterns of diselenide bridges, such as those observed 

for HGH, and decipher entire protein sequences constrained by diselenide bridges, a 

bottom-up method is required to fill in the gaps. 
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Figure 5.7: Sequence coverage maps for HGH (16+) obtained using (A) HCD (15% 
NCE), (B) ETD (5 ms activation time), (C) EThcD (5 ms activation time 
and 15% NCE supplemental activation), and (D) 213 nm UVPD (50 ms 
activation period). 
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Figure 5.8: MS/MS spectra with labeled insets showing expansions of selected fragment 
ions and sequence coverage maps for HGH (16+) obtained using (A) HCD 
(15% NCE), (B) ETD (5 ms activation time), (C) EThcD (5 ms activation 
time and 15% NCE supplemental activation), and (D) 213 nm UVPD (50 ms 
activation period). 
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5.4.2 Bottom-up Characterization of Predicted Peptides 

Analysis of HGH using a bottom-up (LysC digestion) LC-MS/MS approach 

eliminated the shortcomings imposed by diselenide-constrained regions in the top-down 

strategies. High sequence coverages were observed for each MS/MS method, including 

98% for HCD, 76% for ETD, 98% for EThcD and 96% for 213 nm UVPD based on 

identification of 8, 6, 8, and 7 unique peptides, respectively, excluding replicate peptides 

that appeared with multiple modifications as listed in Table 5.1. A representative 

chromatogram is included in Figure 5.9. The peptides of primary interest for HGH are 

the two diselenide-bridged species, one containing two peptides with 29 and 10 residues 

each and the U54-U166 linkage and the other containing 28 residues and the U183-U190 

linkage, highlighted in Scheme 5.2. Both peptides were identified in the LC-MS data and 

were selected to evaluate MS/MS parameters. Standard parameters of 30% and 15% NCE 

were used for HCD and EThcD, respectively, and calibrated charge-dependent activation 

periods were employed for ETD and EThcD. For 213 nm UVPD, ideal parameters were 

selected based on mass resolution, number of microscans, and activation period (e.g., 

number of laser pulses) (Figure 5.10). 
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Table 5.1: All peptides identified in the bottom-up LysC digest of HGH. 

Sequence Modifications 
Paired Peptide  

(If interpeptide diselenide is present) 
Calculated 
Mass (Da) 

RT 
(min) 

NYGLLYUFRK U166 Ser  1259.67 29.60 
NYGLLYUFRK U166-U166 Interpeptide Diselenide NYGLLYUFRK 2645.16 32.98 
NYGLLYUFRKDMDKVETFLRIVQURSVE
GSUGFGSHHHHHH 

U166 Ser; U183-U190 Intrapeptide 
diselenide  4920.17 37.15 

NYGLLYUFRKDMDKVETFLRIVQURSVE
GSUGFGSHHHHHH 

U166-U54 Interpeptide Diselenide; 
U183-U190 Intrapeptide diselenide YSFLQNPQTSLUFSESIPTPSNREETQQK 8388.59 43.41 

QTYSKFDTNSHNDDALLKNYGLLYUFRK U166-U166 Interpeptide Diselenide NYGLLYUFRK 4723.13 36.82 
VETFLRIVQURSVEGSUGFGSHHHHHH U183 Ser; U190 Ser  3063.50 26.82 
VETFLRIVQURSVEGSUGFGSHHHHHH U183-U190 Intrapeptide diselenide  3189.32 27.73 

VETFLRIVQURSVEGSUGFGSHHHHHH 
U183 Ser; U190-U166 Interpeptide 
Diselenide NYGLLYUFRK 4448.99 31.62 

VETFLRIVQURSVEGSUGFGSHHHHHH 
U183-U166 Interpeptide Diselenide; 
U190 Ser NYGLLYUFRK 4448.99 32.51 

VETFLRIVQURSVEGSUGFGSHHHHHH 
U183-U54 Interpeptide Diselenide; 
U190 Ser YSFLQNPQTSLUFSESIPTPSNREETQQK 6531.92 33.29 

VETFLRIVQURSVEGSUGFGSHHHHHH 
U183 Ser; U190-U54 Interpeptide 
Diselenide YSFLQNPQTSLUFSESIPTPSNREETQQK 6531.92 33.92 

YSFLQNPQTSLUFSESIPTPSNREETQQK U54 Ser  3342.60 34.17 
YSFLQNPQTSLUFSESIPTPSNREETQQK U54-U166 Interpeptide Diselenide NYGLLYUFRK 4728.09 36.82 
YSFLQNPQTSLUFSESIPTPSNREETQQK U54-U54 Interpeptide Diselenide YSFLQNPQTSLUFSESIPTPSNREETQQK 6811.03 38.12 
MFPTIPLSRLFDNAMLRAHRLHQLAFDTY
QEFEEAYIPK   4708.37 36.99 
DLEEGIQTLMGRLEDGSPRTGQIFK   2789.4 29.47 
FDTNSHNDDALLK   1488.68 15.87 
SNLELLRISLLLIQSWLEPVQFLRSVFANSL
VYGASDSNVYDLLK   5122.77 47.54 
SNLELLRISLLLIQSWLEPVQFLRSVFANSL
VYGASDSNVYDLLKDLEEGIQTLMGRLE
DGSPRTGQIFK   7894.17 47.59 
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Figure 5.9: Base peak chromatogram of HGH digest 
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Scheme 5.2: Illustration of predicted diselenide-bridged tryptic peptides for HGH. 
Each predicted diselenide bridge is shown by a black line. The first pair 
of diselenide-bridged peptides is outlined in pink (4730.11 Da), and the 
second diselenide-bridged peptide is outlined in blue (3190.33 Da). Both 
selenocysteines for the latter peptide are contained within one peptide. 
Schematic depiction of the pairings of diselenides is also shown. 
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Figure 5.10: Optimization of (A) resolution, (B) number of  µscans, and (C) activation 
period based on 213 nm UVPD of the correctly bridged peptide pair and the 
diselenide-constrained peptide from the bottom-up digest of HGH. All 
results in A were acquired using 100 ms activation period and 3 µscans, all 
data in B was acquired using a 120k resolution and 100 ms activation period 
and all data in C was acquired using 3 µscans and 120k resolution. 
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For MS/MS analysis of diselenide-linked peptides produced after digestion of the 

proteins, there are a variety of possible fragment ions that can be used for sequencing. 

Each possibility is illustrated in Scheme 5.3. In theory, peptide fragment ions can be 

produced without cleavage of the diselenide bond (Scheme 5.3A) or with cleavage of the 

diselenide bridge (Scheme 5.3B). In the case of diselenide cleavage, the resulting 

products can either undergo additional backbone cleavage to result in a sequence ion 

(pink fragment in Scheme 5.3B) or release a partner peptide without backbone 

fragmentation (green fragment in Scheme 5.3B). When cleavage of the diselenide bridge 

occurs, it may entail cleavage of the Se-Se bond (homolytic) or may occur at either of the 

C-Se bonds in an asymmetric manner that results in products containing two selenium 

atoms or none.  Very few peptide fragment ions were identified that resulted from 

asymmetric cleavage, and it was therefore not considered further in the identification of 

sequence ions.  

As illustrated in the MS/MS spectra shown in Figure 5.11 and Figure 5.12, HCD, 

EThcD and 213 nm UVPD all resulted in high quality characterization of the U54-U166 

diselenide-bridged peptide pair from the HGH protein digest. While all activation 

methods have merits, significant differences were observed in the resulting MS/MS 

spectra. For HCD (Figure 5.11A) high quality characterization of the sequence was 

achieved; however, limited production of complementary bi-directional b/y ion pairs and 

the lack of cleavage across the diselenide bond resulted in lower confidence compared to 

the other methods. The performance of ETD for the same diselenide-bridged peptide was 

less impressive (Figure 5.11B).  ETD has been reported to result in peptide partners after 

cleavage across disulfide bonds, confirming the presence of the disulfide bridges between 

peptides.21,22,26,27 This unique cleavage was observed in low abundance upon ETD of the 
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selenocysteine-bridged peptide in the 5+ charge state (Figure 5.11B), and the production 

of other fragment ions was sparse. Cleavage of the diselenide bond was observed in much 

greater abundance for the same peptide in the higher 6+ charge state (Figure 5.13B), and 

a larger array of sequence ions was produced. While the charge dependence of ETD 

could be mitigated by analyzing multiple charge states of each peptide in a run, the same 

limitation was not observed for EThcD (Figures 5.11C and 5.13C) or 213 nm UVPD 

(Figures 5.12 and 5.13D). EThcD promoted homolytic cleavage of the diselenide bond, 

resulting in the two complementary peptide partner products as the highest abundance 

fragment ions, regardless of charge state of the precursor ion. EThcD also resulted in 

improved sequence coverage compared to ETD, although HCD still surpassed EThcD in 

total sequence coverage. Only 213 nm UVPD resulted in both the generation of the 

peptide partner products from homolytic diselenide bond cleavage and complete 

sequence coverage for both peptide partners (Figure 5.12). In addition to homolytic Se-

Se cleavage, some peptide products originated from alternative C-Se cleavage upon 213 

nm UVPD, resulting in fragment ions that contained two selenium atoms (or none). 

Although the observation of these C-Se cleavage products was interesting, they were only 

identified in the peptide partners, not the sequence ions, and therefore did not contribute 

to the peptide characterization. The high sequence coverage obtained by 213 nm UVPD 

was enabled by the generation of a significant number of high abundance fragment ions 

arising from cleavage of the diselenide bond (Figure 5.12). While the overall best 

characterization and sequence coverage was afforded by 213 nm UVPD, EThcD yielded 

the highest abundance fragment ions. The peptide partners from homolytic diselenide 

cleavage are critical indicators for unambiguous confirmation of the presence of 

diselenide bridges in tryptic peptides and are uniquely observed in high abundance with 
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EThcD. The combination of EThcD and 213 nm UVPD is thus ideal for the identification 

and characterization of these bridged peptides. 

 

 

Scheme 5.3: Illustration of possible fragments resulting from MS/MS of a pair of 
peptides (1 and 2) bridged by a diselenide bond. (A) One possibility is 
cleavage of a peptide bond without cleavage of the diselenide bonds, 
resulting in a terminal fragment ion from peptide 1 and not containing 
selenocysteine, outlined in orange, and a fragment retaining all of 
peptide 2 and part of peptide 1, outlined in blue. (B) Another possibility 
is cleavage across the diselenide bond, which can either occur in 
addition to cleavage of the peptide backbone, exemplified by the product 
outlined in pink, or without cleavage of the peptide backbone, resulting 
in the product outlined in green. 
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Figure 5.11: MS/MS spectra and sequence coverage maps for one selenocysteine-bridged 
peptide pair from HGH (5+) obtained using (A) HCD (30% NCE), (B) ETD 
(charge calibrated activation), and (C) EThcD (charge calibrated activation 
and 15% NCE supplemental activation), All spectra were collected with 
120k resolution and 3 µscans, and 7-11 spectra were averaged. Only the 
most abundant fragment ions in each region are labeled. Fragment ions 
relating to free peptides after cleavage of diselenide bonds are marked as 
Chain A (larger peptide) and Chain B (smaller peptide). Any fragment ion 
labelled with a star originated from Chain B. The fragment ion coloring is 
defined in Scheme 5.3.   
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Figure 5.12: MS/MS spectrum and sequence coverage map for one selenocysteine-
bridged peptide pair from HGH (5+) obtained using 213 nm UVPD (100 ms 
activation period). All spectra were collected with 120k resolution and 3 
µscans, and 8 spectra were averaged. Only the most abundant fragment ions 
in each region are labeled. Fragment ions relating to free peptides after 
cleavage of diselenide bonds are marked as Chain A (larger peptide) and 
Chain B (smaller peptide). Any fragment ion labelled with a star originated 
from Chain B. The fragment ion coloring is defined in Scheme 5.3.     
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Figure 5.13: MS/MS spectra and sequence coverage maps for selenocysteine-bridged 
peptide pair from HGH (6+) obtained using (A) HCD (30% NCE), (B) ETD 
(charge calibrated activation), (C) EThcD (charge calibrated activation and 
15% NCE supplemental activation), and (D) 213 nm UVPD (100 ms 
activation period). All spectra were collected with 120k resolution and 3 
uscans, and 7-10 spectra were averaged. Only the most abundant fragment 
ions in each region are labeled. Fragment ions relating to free peptides after 
cleavage of diselenide bonds are marked as Chain A (larger peptide) and 
Chain B (smaller peptide). Any fragment ion labelled with a star originated 
from Chain B. The fragment ion coloring is defined in Scheme 5.3. 
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Figure 5.14: MS/MS spectra and sequence coverage maps for peptide with intra-peptide 
selenocysteine bridge from HGH (5+) obtained using (A) HCD (30% NCE), 
(B) ETD (charge calibrated activation), (C) EThcD (charge calibrated 
activation and 15% NCE supplemental activation), and (D) 213 nm UVPD 
(100 ms activation period). All spectra were collected with 120k resolution 
and 3 uscans, and 7-9 spectra were averaged. Only the most abundant 
fragment ions in each region are labeled. The fragment ion coloring is 
defined in Scheme 5.3. 
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The second predicted diselenide-bridged peptide from HGH, with an intrapeptide 

U183-U190 diselenide bridge, was also analyzed in the 5+ charge state (Figure 5.14). 

For this type of species, fragment ions originating from backbone cleavages between the 

two selenocysteine residues are only observed if the constraining diselenide bond is also 

cleaved, allowing separation of the two peptide partners.  These homolytic cleavage 

fragment ions are crucial to obtaining complete characterization of the constrained 

peptide. Sequence ions resulting from concurrent homolytic cleavage and backbone 

cleavage were observed for ETD, EThcD, and 213 nm UVPD (but not HCD), and this 

second diselenide-bridged peptide is well-characterized as illustrated in the maps in 

Figure 5.14.  

5.4.3 Characterization of Diselenide Bridge Heterogeneity 

Assessing the best way to decipher diselenide-bridged peptides utilizing the 

predicted digestion products also allows more facile analysis of peptides containing 

unanticipated diselenide bridges. During the proteolytic digestion process used for 

bottom-up analysis, the possibility of diselenide scrambling must be considered because 

disulfide scrambling has been reported to occur during digestion.2,46 The replacement of 

sulfur with diselenide for cysteine bridges, however, has repeatedly been show to lead to 

improved stability.5,47,48 To mitigate diselenide scrambling, the digestion was performed 

at pH 6, which has previously been shown to limit disulfide scrambling.2,46 After 

establishing the conditions to limit scrambling, the identification of unanticipated 

diselenide bonds is possible.  

In addition to the successful characterization of the correctly linked peptides 

described in the previous section, a significant number of peptides containing serine in 

the place of selenocysteine and/or containing an incorrect diselenide bond were identified 
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in the HGH digest based on the database search.  To confirm the diselenide linkages, 

EThcD and 213 nm UVPD mass spectra were examined for each match. For a match to 

be validated for a pair of peptides with interpeptide diselenide bonds, the EThcD spectra 

must display high abundance peptide partner ions resulting from homolytic cleavage of 

diselenide bonds. For a peptide containing an intrapeptide diselenide bond, the highest 

abundance ions in the EThcD spectra were expected to be consistent with charge 

reduction products (no change in mass). Because 213 nm UVPD tended to result in the 

greatest number of fragment ions and the highest sequence coverage, 213 nm UVPD 

mass spectra were also examined for each peptide match to confirm sequence identities. 

All confirmed peptides from selenocysteine-containing HGH are listed in Table 5.1. 

Most of the incorrectly paired diselenide bridges are clearly the result of the mis-

incorporation of serine in the place of selenocysteine, as showcased in the extracted ion 

chromatograms (EIC) in Figure 5.15 generated for all HGH peptides containing U183 

and U190, which are expected to participate in an intrapeptide diselenide bridge. The 

highest abundance peptide, eluting at 27.73 min (highlighted in blue), corresponds to the 

predicted sequence and correct diselenide bridge. The next highest abundance peptide 

eluting at 26.82 min (highlighted in purple) originates from the incorporation of two 

serine resides in the place of each selenocysteine and thus has no diselenide bond. The 

presence of a peptide containing two serine residues is not surprising given the 

identification of a protein containing two serine replacements in the top-down MS1 

spectrum for HGH (Figure 5.2C). The remaining four peaks (highlighted in pink and 

orange) in the EIC trace in Figure 5.15 result from the replacement of either U183 or 

U190 with serine, allowing the other selenocysteine to pair with a different 

selenocysteine residue within the protein. No peptides were identified that indicated 

participation of U183 and U190 in an incorrect pairing unless either U183 or U190 was 
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replaced with serine. These results convey that incorrect selenocysteine pairing was due 

to the unintended incorporation of serine.  

 

 

Figure 5.15: Extracted ion chromatograms for all identified peptides containing U183 
and U190 with no missed cleavages from the HGH digest. The most 
abundant charge state from the MS1 spectrum acquired for each 
chromatographic peak is extracted for each peptide, and a sequence 
coverage map for each peptide is included based on the results from 213 nm 
UVPD. The peptides highlighted in pink and orange are pairs of isomers that 
elute separately and share extracted ion chromatograms. 

In addition to the diselenide bridges illustrated in Figure 5.15, which could easily 

be explained by the misincorporation of serine within the observed peptides, there were a 

few other peptides identified that were consistent with more surprising diselenide bridges. 

Namely, the peptides containing U166-U166 and U54-U54 diselenide bridges listed in 

Table 5.1 could only have resulted from the pairing of two separate HGH proteins. This 

was unexpected because an intact HGH dimer was not observed in the high-resolution 

top-down MS1 spectrum (Figure 5.2C). While one explanation is that these linkages 

resulted from diselenide scrambling during digestion, the low pH utilized during 
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digestion should have limited that possibility. An alternative explanation is that the dimer 

is present in the sample but was simply not detected in the high-resolution mass 

spectrum. In an Orbitrap analyzer, a higher mass ion, such as a dimer, may experience 

accelerated signal decay relative to a higher abundance monomer, a phenomenon 

resulting from more frequent gas collisions for the species with the larger size (i.e., 

greater collision cross-section).49,50 This accelerated signal decay of the higher mass 

dimer may result in an artificially low signal abundance. This signal decay discrepancy is 

substantiated by collection of MS1 spectra using lower resolution by curtailing the time 

that the transient is acquired and truncating the signal decay. The lower resolution (R 

15,000 at m/z 200) spectrum displayed in Figure 5.16A reveals the presence of an HGH 

dimer not observed in the higher resolution (R 120,000 at m/z 200) spectrum in Figure 

5.16B. While the low-resolution data could not be deconvoluted with traditional software, 

deconvolution with Unidec was applied to reveal additional information about the dimer 

(Figure 5.17). The monomer population in the low-resolution mass spectrum was 

deconvoluted as a single species corresponding to the complete incorporation of four 

selenocysteine residues (4xU). The dimer population, however, was comprised of several 

species consistent with the incorporation of either two serine residues (6xU 2xS, 

nominally 46,700 Da) or four serine residues (4xU 4xS, nominally 46,570 Da) in place of 

selenocysteine. The fact that no HGH dimers were identified containing complete 

incorporation of selenocysteine (8xU 0xS) supports the idea that dimer formation is 

uniquely caused by the incorporation of at least one serine residue per protein. HGH 

dimers can occur naturally as a consequence of a genetic mutation resulting in the 

incorporation of serine in the place of C54, leading to bridging of unpaired C166 residues 

of two HGH molecules.51 Given the greater electronegativity of selenium relative to 

sulfur,8 it is unsurprising that a similar phenomenon would be observed in the 
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selenocysteine system. It can be reasoned that the HGH dimer containing two serine 

residues resulted from a partnership of a pair of HGH monomers, each with one serine 

replacement, leaving one free selenocysteine of each protein to form a dimer. Similarly, 

the dimer with four serine misincorporations likely formed from interaction of a protein 

containing one serine incorporation with a protein containing three serine incorporations, 

resulting in one free selenocysteine on each HGH molecule. The production of dimers 

owing to free (unpaired) selenocysteines also explains a phenomenon first observed in the 

high-resolution mass spectra in Figure 5.2B,C. The monomers were always observed 

either with complete selenocysteine incorporation, as expected, or with the 

misincorporation of two serine residues (low abundance species), but never with an odd 

number of serine residues. The spontaneous generation of dimers whenever a free 

selenocysteine residue is present would eliminate any monomeric proteins containing 

uneven numbers of selenocysteine residues. 

 

Figure 5.16: Mass spectra for HGH with a resolution of (A) 15,000 or (B) 120,000 at m/z 
200. 
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Figure 5.17: Mass spectrum for HGH with a resolution of 15,000 at m/z 200 (A) 
processed and (B) deconvoluted with Unidec and (C) table listing the 
proteins identified. 



 206 

Given evidence of dimer formation for HGH, the MS1 spectra of trastuzumab 

scFv and GFP proteins were re-acquired at lower resolution. Unlike HGH, dimers were 

not observed in the lower resolution data for GFP or trastuzumab scFv Figure 5.18). To 

further explore the possible incorporation of serine residues, the LysC digest of GFP was 

examined in greater detail (Table 5.2 and Figure 5.19), revealing the presence of 

additional peptides consistent with the mis-incorporation of Ser (Figure 5.20). In 

addition to the correctly bridged pair of peptides, peptides resulting from the 

misincorporation of serine at both U134 and U176 were observed (retention times 23.88, 

17.22 and 24.41 min). Additionally, peptides resulting from the pairing of U134-U134 

and U176-U176, which could only be explained by the presence of a dimer, were 

identified (retention times 16.35 and 27.60 min). The fact that peptides originating from 

the GFP dimers were identified in the tryptic digest, but intact dimers could not be 

observed in the top-down MS1 spectra, suggests that detection of these low abundance 

intact mixed S/U proteins was suppressed in top-down analysis and supports the value of 

the bottom-up approach for identification of low abundance side-products. 
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Table 5.2: All peptides identified in bottom-up digest of GFP. 

Sequence Modifications 
Paired Peptide (If interpeptide 

diselenide is present) 
Calculated 
Mass (Da) 

RT 
(min) 

EDGUILGHK U134 Ser  954.48 17.22 

EDGUILGHK U134-U176 Interpeptide Diselenide 
IRHNIEDGSVULADHYQQNTPIGD
GPVLLPDNHYLSTQSK 5508.48 23.88 

EDGUILGHK U134-U134 Interpeptide Diselenide EDGUILGHK 2034.78 16.35 

GIDFKEDGUILGHK U134 Ser  1514.77 18.62 

GIDFKEDGUILGHK U134-U176 Interpeptide Diselenide 
IRHNIEDGSVULADHYQQNTPIGD
GPVLLPDNHYLSTQSK 6068.77 25.50 

GIDFKEDGUILGHK U134-U134 Interpeptide Diselenide EDGUILGHK 2595.07 19.33 

GIDFKEDGUILGHKLEYNYNSHNVYIMADK U134 Ser  3469.66 26.25 
IRHNIEDGSVULADHYQQNTPIGDGPVLLPD
NHYLSTQSK U176 Ser  4428.17 24.41 
IRHNIEDGSVULADHYQQNTPIGDGPVLLPD
NHYLSTQSK U176-U176 Interpeptide Diselenide 

IRHNIEDGSVULADHYQQNTPIGD
GPVLLPDNHYLSTQSK 8982.18 27.64 

IRHNIEDGSVULADHYQQNTPIGDGPVLLPD
NHYLSTQSK U176-C47 Interpeptide Se-S bond FICTTGK 5258.46 24.41 
IRHNIEDGSVULADHYQQNTPIGDGPVLLPD
NHYLSTQSKLSKDPNEK U176 Ser  5339.64 23.65 
NGIKVNFKIRHNIEDGSVULADHYQQNTPIG
DGPVLLPDNHYLSTQSK U176 Ser  5328.69 26.09 

FEGDTLVNRIVLK   1502.85 21.96 

FICTTGK   768.38 16.17 

FSVSGEGEGDATYGK   1502.65 17.02 

GEELFTGVVPILVELDGDVNGHK   2436.25 35.86 

LEYNYNSHNVYIMADK   1972.9 20.75 
LSKDPNEKRDHMVLLEFVTAAGITHDMDEL
YK   3714.84 33.26 

QHDFFK   820.39 16.4 
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QHDFFKSAMPEGYVQERTIFFEDDGYYK   3446.56 29.79 

QKNGIKVNFK   1174.68 15.83 

RDHMVLLEFVTAAGITHDMDELYK   2803.37 34.11 

SAMPEGYVQERTIFFEDDGYYK   2644.18 27.86 
SAMPEGYVQERTIFFEDDGYYKTRAEVKFEG
DTLVNRIVLK   4813.41 30.74 

TRAEVKFEGDTLVNRIVLK   2187.24 21.79 

SKGEELFTGVVPILVELDGDVNGHK   2651.38 34.06 

 

 

Table 5.2 Continued  
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Figure 5.18: Low resolution (15,000 at m/z 200) mass spectra of (A) GFP and (B) 
trastuzumab ScV 
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Figure 5.19: Base peak chromatogram of GFP digest 
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Figure 5.20: Extracted ion chromatograms for all identified peptides containing U134 
and U176 with no missed cleavages from GFP digest. The most abundant 
charge state from the MS1 spectrum is extracted for each peptide. The 
peptide outlined in orange contains the correct diselenide bridge between 
U134 and U176. Fragment ions indicated on sequence coverage maps are 
the result of ProSight matches for 213 nm UVPD spectra deconvoluted with 
Xtract, except for the 954 Da peptide eluting at 17.22 min, which displays 
the fragment ions matched in Byonic from the 213 nm UVPD mass spectra. 
The fragment ion coloring is defined in Scheme 5.3. 

5.5 CONCLUSION 

Given the substantial potential for selenoproteins to aid in the development of 

biotherapeutics, it is critical to establish adequate characterization techniques. The 

combination of top-down and bottom-up mass spectrometry, presented herein, led to the 

complete characterization of customized selenoprotein constructs. While the bottom-up 

approach is critical for the identification of peptide pairings not identified with top-down 

analysis, the context of combinatorial modifications is lost. Additionally, when correctly 

paired peptides are identified, it is not possible to confirm they did not originate from a 
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dimer owing to the contextual information lost in the digestion process. With the top-

down approach, it is possible to individually isolate the proteins with complete 

selenocysteine incorporation, allowing the corroboration of diselenide bridges in the 

proteins without serine misincorporation. The link between incorrect diselenide bridge 

formation and serine misincorporation suggests that improving the enzymatic 

incorporation of selenocysteine would eliminate the generation of incorrectly bridged 

proteins. In addition, it was gratifying to not observe any apparent mis-folded proteins 

with a full complement of selenocysteine residues. These results indicate that many 

complex selenoproteins can potentially be made by simple replacement of cysteine with 

selenocysteine. Furthermore, the presence of the dimeric species upon incorporation of a 

single serine residue presents the opportunity to purify selenoproteins with size-based 

separation techniques. 

The combination of EThcD and 213 nm UVPD proved beneficial for 

comprehensive top-down characterization. EThcD cleaved diselenide bonds and yielded 

the highest sequence coverage for diselenide-bridged proteins. In a complementary 

manner, 213 nm UVPD resulted in many sequence ions without cleavage of diselenide 

bonds, allowing localization of diselenide bridges. In the bottom-up strategy, a 

combination of 213 nm UVPD and EThcD also offered the highest quality 

characterization of diselenide-bridged peptides given the unique ions generated by 

EThcD and the high sequence coverage achieved with 213 nm UVPD. Using these 

methods, the identification of both monomers with incomplete diselenide incorporation 

and dimers resulting from unpaired selenocysteine residues also sheds light on factors 

mediating the production of synthetic selenoproteins that could have key implications on 
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protein function. The integrated approach presented here offers a compelling strategy to 

advance the development of selenoproteins for biotherapeutic applications. 
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Chapter 6:  Characterization of HLA-A*02:01 MHC Immunopeptide 
Antigens Enhanced by Ultraviolet Photodissociation Mass 

Spectrometry4 

6.1 ABSTRACT 

Identifying major histocompatibility complex (MHC) class I immunopeptide 

antigens represents a key step in the development of immune-based targeted therapeutics 

and vaccines. However, the complete characterization of these antigens by tandem mass 

spectrometry remains challenging due to their short sequence length, high degree of 

hydrophobicity, and/or lack of sufficiently basic amino acids. This study seeks to address 

the potential for 193 nm ultraviolet photodissociation (UVPD) to improve the analysis of 

MHC class I immunopeptides by offering enhanced characterization of these sequences 

in lower charge states and differentiation of prominent isomeric leucine and isoleucine 

residues in the HLA-A*02:01 motif. While electron transfer dissociation-higher energy 

collisional dissociation (EThcD) offered some success in the differentiation of leucine 

and isoleucine, 193 nm UVPD was able to confirm the identity of nearly 60% of leucine 

and isoleucine residues in a synthetic peptide mixture. Furthermore, 193 nm UVPD led to 

significantly more peptide identifications and higher scoring metrics than EThcD for 

peptides obtained from immunoprecipitation of MHC class I immunopeptides from in 

vitro cell culture. Additionally, 193 nm UVPD represented a promising complementary 

technique to HCD, in which 424 of the 2593 peptides identified by 193 nm UVPD were 

not identified by HCD in a HLA-A*02:01-specific immunoprecipitation and 804 of the 

3300 peptides identified by 193 nm UVPD were not identified by HCD for a broad HLA-

 
4Watts, E.; Potts, G. K.; Ready, D. B.; George Thompson, A. M.; Lee, J.; Escobar, E. E.; Patterson, M. J.; 
Brodbelt, J. S. Characterization of HLA-A*02:01 MHC Immunopeptide Antigens Enhanced by Ultraviolet 
Photodissociation Mass Spectrometry. Anal. Chem. 2021, 93, 13134–13142. 
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A, -B, and -C immunoprecipitation. These results highlight that 193 nm UVPD offers an 

option for the characterization of immunopeptides, including robust differentiation of 

leucine and isoleucine residues. 

6.2 INTRODUCTION 

Therapies that augment the immune system offer the potential for more 

specialized approaches for the treatment of cancer than chemotherapy and radiation.1,2 

Peptide vaccines or T-cell receptor (TCR) based therapies are developed to account for 

the complex processes constituting the immune response.  The major histocompatibility 

complex (MHC), also called the human leukocyte antigen (HLA),2 presents 

immunopeptides derived from the degradation of cytosolic proteins onto the cell surface 

to communicate the status of the cell to the immune system.  These peptides originate 

from the proteasomal degradation of intracellular proteins.3 Some of the resulting 

peptides, determined by the binding groove motif requirements within the HLA protein, 

are bound as a non-covalent complex and presented on the surface of the cell.2,4 The 

presentation of a foreign immunopeptide antigen can lead to recognition by CD8+ T cells, 

resulting in cell death.3 In cancerous cells, expression of tumor-specific antigens or 

overexpression of self-antigens can occur,1,5,6 offering opportunities to identify 

immunopeptides for targeted therapy.1,7 An immunopeptide-based approach has been 

previously demonstrated to facilitate the generation of vaccines by focusing on the 

epitope regions of an antigen.8 

While the development of such therapeutic approaches has been advanced by 

mass spectrometric identification of epitopes and MHC-binding peptides, 

characterization of immunopeptides remains challenging.9  MHC class I peptides are 
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typically short, ranging from 8 to 10 amino acids in length, owing to selective cleavage 

by endoplasmic reticulum aminopeptidase 1 after proteasome degradation.10,11 The short 

length of immunopeptides necessitates nearly complete sequence coverage for confident 

identification. The MHC class I serotype HLA-A*02:01 is commonly studied because it 

is one of the more prevalent alleles in the human population.12,13 This motif tends to 

contain many hydrophobic residues, particularly prevalent at positions 2 and 9.14  

Another key feature of HLA-A*02:01 peptides is the incorporation of multiple leucine 

and isoleucine residues, typically between two and five per peptide.14 These isomeric 

residues are not commonly characterized in routine MS/MS analysis, leading to an 

additional hurdle in the comprehensive analysis of immunopeptides.  

Owing to the broad importance of immunotherapies, mass spectrometry-based 

immunopeptidomics has been a growing field for the past 30 years.15 Peptides are 

commonly characterized using collisionally-activated dissociation (CAD) or higher-

energy collisional dissociation (HCD).2,16–20 Electron transfer dissociation (ETD) as well 

as the hybrid method electron-transfer/higher energy collisional dissociation (EThcD) 

have also been explored for analysis of immunopeptides.21–25 EThcD methods have been 

shown to increase the number of unique peptide matches when combined with CAD.21,22 

Moreover, EThcD has been shown to generate w ions which allow differentiation 

between leucine and isoleucine.26,27 ETD has also been applied to the characterization of 

immunopeptides containing post-translational modifications (PTMs) not successfully 

identified by HCD.24,25 While these methods have been promising, ETD and EThcD 

remain limited in their ability to characterize the broad spectrum of immunopeptides 

owing to the charge state dependence of these methods. ETD and EThcD exhibit their 
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best performance metrics for the identification of longer and more highly charged 

immunopeptides.22  

CAD has also been implemented to differentiate leucine and isoleucine, typically 

via an MS3 strategy in which the 86 Da immonium ion, specific to either leucine or 

isoleucine, is analyzed.28–31 This basic MS3 method is not successful in characterizing 

peptides for which multiple leucine or isoleucine residues are present, as is the case for 

many immunopeptides. Some methods have addressed this limitation; however, they 

require either more complex MSn staging or derivatization of the peptides.28,31  

Additionally, while d and w ions were first observed with high energy (keV) CAD,32 the 

production of d and/or w ions via UVPD or EThcD is more readily accomplished using 

modern high performance mass spectrometers. 

Ultraviolet photodissociation (UVPD) has garnered growing attention as an 

alternative fragmentation method for peptides and proteins.33–41 Two hallmarks of UVPD 

are the generation of a wide variety of fragment ions, including but not limited to a, b, c, 

d, x, y, z, and w ions, and the retention of post-translational modifications.41–44 The 

variety of fragment ions typically leads to an increased number of identified fragment 

ions, resulting in higher sequence coverage. Another feature of UVPD is the lack of 

significant charge state dependence compared to other fragmentation techniques.34,45 

UVPD has been shown to generate both d and w ions from side-chain losses, each 

affording diagnostic neutral losses, which facilitate differentiation of leucine and 

isoleucine.34,46 Moreover, the production of both d and w ions by UVPD offers the 

opportunity for bi-directional cleavages that can double the number of potential fragment 

ions, augmenting successful leucine and isoleucine differentiation. By capitalizing on 
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these features, UVPD has the potential to improve the number and quality of 

identifications from immunopeptide analysis. 

The present study examines the capabilities of 193 nm UVPD to increase the 

number of identifications of the HLA-A*02:01 specific peptides motif as well as the 

assessment of UVPD for analysis of the full HLA-A, -B, and -C allelic repertoire. The 

evaluation of synthetic peptide standards is conducted for method development as well as 

to benchmark comparisons between several fragmentation techniques. Finally, MHC 

peptides isolated from cells are examined to compare the number and quality of matches 

obtained by HCD, EThcD, and 193 nm UVPD.  

6.3 EXPERIMENTAL 

6.3.1 Synthetic Peptide Standards 

The synthetic peptide mixture matching the HLA-A*02:01 motif was designed 

and provided by AbbVie. Synthetic peptides of at least 85% purity were acquired from 

Genscript and reconstituted in dimethyl sulfoxide (DMSO) and pooled for the 157 

peptide mixture. Prior to LC-MS analysis, all peptide solutions were diluted to 6.4 nM in 

10% acetic acid (Fisher Scientific)/90% water (VWR). A total of 6.4 fmol of each 

synthetic peptide or peptide mixture was injected for LC-MS analysis. 

6.3.2 Immunoprecipitated HLA Samples 

Immunoprecipitated samples were prepared by Alayna George Thompson and 

Janice Lee (AbbVie). BV173 (HLA-A*02:01, -A*30:01, -B*18:01, -B*15:01, -

C*12:03*,-C*03:04) cells (DSMZ) were utilized. Immunoprecipitation was completed 

following procedures previously reported.47,48 Clarified cell lysates went through two 

rounds of immunoprecipitation, first using BB7.2 antibodies to select immunopeptides 
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matching the motif of HLA-A*02:01.49 Flow through from BB7.2 went through a second 

round of immunoprecipitation with W6/32 antibodies to isolate pan-HLA (HLA-A, -B, 

and -C) peptides.49 HLA peptide samples from each immunoprecipitation set were 

pooled, dried, and reconstituted in 10% acetic acid for LC-MS analysis.  

6.3.3 Liquid Chromatography 

Liquid chromatography (LC) was performed using a Dionex Ultimate nanoLC 

system. Trap and analytical columns were packed in-house to a length of 3.5 cm and 20 

cm, respectively, with UChrom C18 packing material. Five-micron packing material was 

used for the trap column. Three micron and 1.8 micron packing materials were used for 

the analytical columns employed for the synthetic peptide mixture and 

immunoprecipitation samples, respectively. All UChrom bulk C18 packing material 

(nanoLCMS solutions) had a 120 Å pore size. Forward trapping was employed for all 

samples. A five microliter/minute gradient was employed for the trapping column along 

with a 0.300 microliter/minute for the analytical. For all analyses, analytical mobile 

phases A and B were composed of water with 0.1% formic acid and acetonitrile (VWR) 

with 0.1% formic acid, respectively. The mobile phase applied to the trapping column 

was held at 98% A and 2% B 

For all LC methods, the solvent applied to the analytical column was initially held 

at 2% mobile phase B for a 5-minute equilibration period while the sample was loaded to 

the trapping column. The gradients began after a valve switch. Similarly, at the end of 

each method, the column was flushed for five minutes with 90% acetonitrile, followed by 

a ten-minute equilibration using the initial solvent conditions. Sawtooth washes were run 

between each injection of immunoprecipitated samples. A 2% to 40% mobile phase B 
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gradient was employed for both the 157-peptide mixture and the immunoprecipitated 

samples. The gradient was applied for two and three hours for the synthetic peptides and 

the immunoprecipitated samples, respectively. 

6.3.4 Mass Spectrometry 

All LC-MS experiments were performed using a Thermo OrbitrapTM Fusion 

Lumos Tribrid mass spectrometer equipped with a 193 nm excimer laser as previously 

described.50 193 nm UVPD was performed in the high-pressure linear ion trap. For MS1 

scans, a resolution of 60,000 at 200 m/z and automated gain control (AGC) target of 5e5 

were employed. Quadrupole isolation was utilized with a 1.2 m/z isolation window. 

Charge states from 1+ to 3+ were included for HCD and UVPD methods, and 2+ and 3+ 

were included for EThcD. M/z filters were applied for all charge states such that only ions 

between m/z 700-2000, m/z 350-1000, and m/z 200-500 Da were included for the 1+, 2+ 

and 3+ charge states, respectively. Dynamic exclusion was applied with a top speed three 

second cycle, with two repeats within seven seconds and a 30 second exclusion duration.  

Across all MS/MS scans the resolution was set to 60,000 at 200 m/z, the AGC target to 

5e5, and one microscan was collected. For HCD, 21% normalized collision energy 

(NCE) was applied. EThcD was applied for 40 ms with 15% NCE supplemental 

activation. 193 nm UVPD was performed using four pulses (in an 8 ms period) with 3 mJ 

pulse energy.  

6.3.5 Data Analysis 

Data was analyzed using Byonic (Protein Metrics version 3.11.3) and searched 

against the Uniprot Swiss-Prot human proteome (2021_02 release) with nonspecific 

cleavage. Oxidation of methionine and cysteinylation of cystine were set as variable 
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modifications. Precursor and fragment tolerance were both set to 10 ppm. The Byonic 

protein level FDR was set to “no cuts”, and a 1% false discovery rate (FDR) cutoff post-

processing was applied at a peptide-spectral match level after sorting the hits by PEP 1D, 

as recommended by the vendor. All datasets were further refined by collecting samples in 

triplicate and only including peptides identified in all three replicates. Byonic was also 

used to facilitate d and w ion identifications. Each matching fragment ion was limited to 

those within 10 ppm error of the mass of the theoretical fragment ion and with a signal to 

noise greater than 3. To further verify these results, d and w ions were only reported if 

they were identified in two of the three replicate runs. Hydrophobicity indexes of 

peptides identified in W6/32 were calculated using the Sequence Specific Retention 

Calculator (SSRCalc) version Q from the Manitoba Centre for Proteomics and Systems 

Biology.51 All spectra are archived and available at: https://repository.jpostdb.org/, and 

accession numbers are PXD027830 for ProteomeXchange and JPST001269 for jPOST.52 

6.4 DISCUSSION 

6.4.1 Optimization of MS/MS Activation Parameters 

A set of 157 HLA-A*02:01 immunopeptides selected from the immune epitope 

database53 (IEDB) was synthesized to use as standards for evaluation and optimization of 

the three MS/MS methods, HCD, EThcD, and 193 nm UVPD.  A list of the peptides 

selected for the mixture are included in the appendix. Key activation parameters were 

examined for 193 nm UVPD, HCD, and EThcD, as illustrated in Figures 6.1-6.3.Each 

ion activation method was optimized based on the Byonic scores for each peptide 

matched, the sequence coverage, and the fragment ion types generated, especially the 

number of d and w ions for UVPD and EThcD. The sequence coverages are calculated by 
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Byonic as a part peptide spectral matches (PSM) scoring. This information was retained 

by running Byonic with debug enabled and then compiled from multiple files into a 

single table using an R program written in-house.  Byonic includes a, b, and y ions when 

calculating sequence coverage for UVPD and HCD and a, b, c, y, and z ions for EThcD. 

After examining the Byonic scores and sequence coverages for all conditions considered, 

a handful of top conditions were selected, and the ion types identified in the Byonic 

output and examined. Only 18 peptides, ones consistently well-matched across all 

techniques and conditions, were included owing to the time-consuming nature of 

compiling the ion types (done manually). In the ion type tables, all d and w ions only 

represent those associated with diagnostic neutral losses leading to the specific 

identification of a leucine or isoleucine residue. The highest scoring PSM was used for 

the ion type figures.  

193 nm UVPD conditions were optimized for laser pulse energy and the number 

of pulses, HCD for the normalized collision energy (%NCE), and EThcD for the 

activation time. Figure 6.1 summarizes the results for the optimization of the laser pulse 

energy and the number of pulses for 193 nm UVPD. While there were no significant 

improvements in the sequence coverages above one pulse with a 2 mJ laser energy, the 

Byonic scores continued to increase as the number of pulses and laser energy increased. 

Ordinarily, the lack of increase in sequence coverage would be taken as an indicator that 

no additional informative fragment ions are being identified, and the continued increase 

in score is explained by an increase in the fragment ion abundances. In this case however, 

the d and w ions were of particular interest due to the goal of localizing leucine and 

isoleucine residues. By examining Figure 6.1C, it is observed that while the number of a, 

b, and y ion types that contribute to the Byonic calculation of sequence coverage did not 
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increase significantly as the laser energy and the number of pulses increased, the number 

of c, x, and z ions, as well as the diagnostic d and w ions, continued to increase. While 

these particular fragment ions do not contribute to the sequence coverage or to the Byonic 

score, they are produced from higher energy fragmentation pathways, and it follows that 

higher laser energies and pulse counts might be necessary to access them. For this reason, 

four pulses 3 mJ were selected for UVPD. While the identification of these additional d/w 

fragment ions was critical for the differentiation of leucine and isoleucine, it may not be 

sufficient reason to add these additional ion types to the Byonic scoring algorithm. 

Searches based on the a, b, and y types yielded the largest number of matches and 

therefore seem an appropriate choice when trying to generate an overall score for peptide 

correctness that balances identifying as many PSMs as possible without increasing the 

FDR by considering too many ion types of low frequency.  

For HCD, examination of the Byonic scores and sequence coverage led to the 

adoption of 21% NCE. As illustrated in Figure 6.2, a dramatic increase in sequence 

coverage was observed when NCE was increased from 18% to 21%, and both the Byonic 

scores and sequence coverages decreased with higher NCE. While 21% NCE is low 

compared to the NCE often used for immunopeptide analysis, the specific NCE value can 

vary significantly depending on the instrument used. Previous work done using a Thermo 

OrbitrapTM Fusion Lumos Tribrid mass spectrometer similar to the one utilized here 

reported that an NCE as low as 17% can be optimal when analyzing HLA-A*02:01 

immunopeptides.1  Figure 6.3 includes the optimization of ETD reaction time for 

EThcD, segregated based on peptides for which the highest-scoring PSM was either from 

the 2+ or 3+ charge state. This charge segregation was done because the high charge state 

dependence of EThcD is well established. Overall, for a range of activation times, 
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relatively modest changes were observed in both the Byonic scores and sequence 

coverages. There were no dramatic differences between the findings for the 2+ and 3+ 

charge states, and a small decrease in score was observed for both charge states when 

increasing the reaction time from 40 ms to 50 ms. When examining the fragment ions 

identified in Figure 6.3C, slightly more diagnostic w ions were identified using the 40 ms 

activation time. For this reason, the 40 ms activation time was selected for EThcD. 



 
 

229 

 

Figure 6.1: Optimization of laser energy and the number of pulses for 193 nm UVPD, 
including box plots of (A) the Byonic score and (B) the sequence coverage 
of the highest-scoring peptide-spectra match for each peptide in the 157-
synthetic peptide mixture. Median lines do not appear in part B because 
medians were the same as either lower or upper quartiles. (C) Also 
considered in the optimization was the total number of each ion type 
observed. Ion types were summed for 18 of the peptides from the 157-
peptide mixture.  
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Figure 6.2: Optimization of normalized collisional energy (% NCE) for HCD, including 
box plots of (A) the Byonic score and (B) the sequence coverage of the 
highest-scoring peptide-spectra match for each peptide in the 157-synthetic 
peptide mixture. Median lines do not appear in part B because medians were 
the same as either lower or upper quartiles. (C) Also considered in the 
optimization was the total number of each ion type observed. Ion types were 
summed for 18 of the peptides from the 157-peptide mixture. 



 
 

231 

 

Figure 6.3: Optimization of activation time for EThcD, broken down by charge state, 
including box plots of (A) the Byonic score and (B) the sequence coverage 
of the highest-scoring peptide-spectra match for each peptide in the 157-
synthetic peptide mixture. Supplemental activation of 15% NCE was 
applied with all activation times. Median lines do not appear in part B 
because medians were the same as either lower or upper quartiles. (C) Also 
considered in the optimization was the total number of each ion type 
observed. Ion types were summed for 18 of the peptides from the 157-
peptide mixture. 
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6.4.2 Analysis of a Mixture Containing 157 Synthetic Peptides  

Differentiation of leucine and isoleucine is an important facet for the 

characterization of immunopeptides, and thus the generation of diagnostic d and w side-

chain loss ions was examined. Scheme 6.1 illustrates the pathways for the formation of 

N-terminal d ions from radical a+1 ions and C-terminal w ions from radical z ions.54 

While EThcD is capable of yielding w ions and has been reported to differentiate leucine 

and isoleucine in tryptic peptides,26,54 157 nm and 193 nm UVPD have been shown to 

generate both d and w ions for tryptic peptides.34,46,55 193 UVPD could offer an 

opportunity to improve immunopeptide characterization. Producing diagnostic ions 

containing either the N- or C-terminus upon UVPD is beneficial for analyzing 

immunopeptides which often lack a basic residue at the C-terminus (a feature of tryptic 

peptides that facilitates the formation of C-terminal w ions with EThcD).  

Initial characterization of synthetic peptides by 193 nm UVPD was promising as several 

d and w ions were identified. Representative MS/MS spectra produced by 193 nm UVPD, 

EThcD, and HCD are displayed in Figure 6.4 for YLFERIKEL, a peptide containing 

three I/L residues. As highlighted in Figure 6.4A, w8 ions are identified in multiple 

charge states leading to the confirmation of L2, and both z4 and d6 ions are identified 

which confirm the identity of I6. The terminal L9 residue could not be identified owing to 

the low m/z of the potential z1 fragment falling below the examined range (100-1250 

m/z), and the m/z of the potential a9 fragment appearing close to the precursor where it 

was obscured by other less informative neutral loss products. Figure 6.4B displays the 

EThcD spectrum for the 3+ charge state, and the same two I/L diagnostic fragment ions 

are identified as with 193 nm UVPD. The ratios of the related z/w ion pairs are 

comparable for both MS/MS methods. Owing to EThcD charge-reduction, the 3+ charge 
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state was selected for this MS/MS method. This need for a higher charge state poses a 

constraint on the analysis of other immunopeptides containing fewer basic residues. The 

severity of this constraint can be quantified based on how frequently each charge state is 

matched. In the mixture of synthetic peptides, out of the 154 peptides identified with 

HCD, only 11 were observed in the 3+ charge state, whereas 142 peptides were identified 

in the 2+ charges state, and nine peptides were identified in the 1+ charge state. In 

general, a greater array of diagnostic side-chain loss ions was generated by 193 nm 

UVPD than by EThcD, offering an advantage for analysis of complicated mixtures 

containing uncharacterized peptides where I/L identities are unknown.  While d and w 

ions are not typically included in routine database searches owing to the inability of 

conventional MS/MS methods to generate these ions, the d/w ions are instrumental for 

confirmation of I/L assignments by 193 nm UVPD. The HCD spectrum is also included 

in Figure 6.4C, and while high sequence coverage was achieved, there was no generation 

of diagnostic d and w ions to differentiate leucine and isoleucine.  
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Scheme 6.1: Illustration of diagnostic neutral losses resulting in d and w ions that 
allow differentiation of leucine and isoleucine. The schema includes (A) 
a d ion resulting from the loss of C3H7 from a leucine-containing a+1 
ion, (B) a d ion resulting from the loss of C2H5 from an isoleucine-
containing a+1 ion, (C) a w ion resulting from the loss of C3H7 from a 
leucine-containing z ion, and (D) a w ion resulting from the loss of C2H5 
from a leucine-containing z ion. The pathways are adapted from Xiao et 
al.56 
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Figure 6.4: MS/MS spectra of the synthetic peptide, YLFERIKEL, subjected to (A) 193 
nm UVPD (4 pulses, 3 mJ per pulse), (B) EThcD (40 ms and 15% NCE), or 
(C) HCD (21% NCE). The 2+ charge state was selected for 193 nm UVPD 
and HCD, and the 3+ charge state was selected for EThcD. Key fragments 
related to several diagnostic d and w ions are highlighted for 193 nm UVPD 
and EThcD. 
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Assessment of the mixture containing 157 synthetic peptides resulted in 153 

peptides successfully identified by 193 nm UVPD, 154 peptides by HCD, and 150 

peptides by EThcD. The set included 144 leucine-containing peptides and 74 isoleucine-

containing peptides. Leucine and isoleucine identifications were examined systematically 

for the 157 synthetic peptides, as summarized in Table 6.1. Each leucine or isoleucine 

loss as annotated by Byonic was manually recorded for the peptides in the 157-peptide 

mixture, and only d and w ions that appeared in two of the three replicates were reported. 

Of the 242 leucine residues in the peptide mixture, 143 were confirmed by either a d or w 

ion, while 49 of the 92 isoleucine residues were confirmed with 193 nm UVPD. EThcD, 

limited to the generation of w ions, resulted in 75 leucine identifications and only ten 

isoleucine identifications. The significantly fewer identifications observed for EThcD can 

be explained by the tendency of EThcD to generate longer fragments, impeding the 

identification of sequences in which the leucine/isoleucine residues were located near the 

C-terminus of the peptides. This limitation is overcome by 193 nm UVPD, in which 

small fragment ions were effectively generated, and the ability to generate both d and w 

ions by 193 nm UVPD led to a greater chance of observing a productive ion. While not 

every leucine and isoleucine residue was confirmed with a d or w ion by 193 nm UVPD, 

the data displayed here is the result of consistent and reliable identifications, and it is 

expected that this strategy could be expanded to confirm the identity of individual 

peptides of interest via targeted analysis. The approach developed here represents a 

promising step towards improving immunopeptide identification and could be especially 

valuable if applied to spliced immunopeptide sequencing or de-novo sequencing, where 

the identifications of leucine and isoleucine residues are either ambiguous or rely on a 

post-analysis library search after the peptide sequences are characterized.57–59  
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Number of 

isomeric 
amino acids 

Number of 
isomeric 

amino acids 
confirmed 

Percent 
confirmed 

Number 
of w ions  
identified 

Number 
of d ions  
identified 

193 nm 
UVPD 

Leucine 242 143 59% 111 90 
Isoleucine 92 49 53% 40 18 

EThcD 
Leucine 241 75 31% 75 -- 

Isoleucine 89 10 11% 10 -- 

Table 6.1: Confirmation of I/L identities from a mixture of 157 synthetic peptides 
achieved using either 193 nm UVPD or EThcD. All d and w ions were 
identified by Byonic and were only included if they appeared in duplicate 
LC runs. The activation parameters used were: 193 nm UVPD (4 pulses 3 
mJ) and EThcD (40 ms and 15% NCE). 

Another prominent pathway observed upon 193 nm UVPD in Figure 6.4A, and 

highlighted in Figure 6.5B, is the loss of 107.05 Da from the [M+2H]2+ ion peak, which 

corresponds to the loss of a tyrosine side-chain. Tyrosine and other aromatic neutral 

losses have previously been reported for 193 nm, 213 nm, 220 nm, and 266 nm 

UVPD.41,60–62 The high abundance of this product makes it an attractive candidate to 

integrate into a search algorithm to further refine the accuracy of peptide matching. In 

addition to the highly abundant tyrosine neutral loss, we also observed similar neutral 

losses from tryptophan- and phenylalanine-containing peptides, as depicted in Figure 

6.5. The loss of 91.05 Da, characteristic of phenylalanine, is shown in the 193 nm UVPD 

mass spectrum of AMSSKFFLV (2+) in Figure 6.5C, and the loss of 130.06 Da, 

associated with tryptophan, is shown in the 193 nm UVPD mass spectrum of 

QLIDKVWQL (2+) in Figure 6.5D.  The prevalence of aromatic side-chain neutral 

losses observed across all peptides in the synthetic peptide mixture is compiled in Figure 

6.5A. The presence of tyrosine afforded the neutral loss of highest abundance, but side-

chain neutral losses were also observed for all phenylalanine- and tryptophan-containing 

peptides. Owing to the frequency and significant abundances of the aromatic neutral 
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losses, these fragment ions should be incorporated in future versions of UVPD search 

algorithms, allowing enhanced scoring and unambiguous identification of peptides 

containing aromatic residues.   

 

Figure 6.5: (A) Table displaying the frequency of side-chain losses from aromatic 
residues observed for the HLA-A*02:01 synthetic peptide mixture using 193 
nm UVPD (4 pulses, 3 mJ per pulse). For each peptide containing aromatic 
amino acids, the spectrum was manually examined to determine if the 
neutral loss occurred (Tyr 107.05 Da, Phe 91.05 Da, Trp 130.06 Da). 
Expansions of selected regions of the UVPD mass spectra are also included 
to demonstrate each type of neutral loss. The representative peptides are (B) 
tyrosine-containing peptide YLFERIKEL (2+), (C) phenylalanine-
containing peptide AMSSKFFLV (2+), and (D) tryptophan-containing 
peptide QLIDKVWQL (2+). 
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6.4.3 Immunoprecipitation samples 

To expand the examination of 193 UVPD for characterization of 

immunopeptides, samples were generated by immunoprecipitation of peptides from 

BV173 cells. Immunoprecipitation of cell lysates was first performed with the BB7.2 

antibody, which specifically isolates the peptides associated with the HLA-A*02:01 

allele. The flow-through was precipitated with the W6/32 antibody to isolate the 

complete MHC class I repertoire (HLA -A, -B, and -C). While the focus of this study is 

the HLA-A*02:01 allele due to its relatively high prevalence12,13 and the specific 

challenges involved in its characterization, the HLA-A, -B, and -C peptides were 

included to evaluate the applicability of UVPD to a broader range of motifs. 193 nm 

UVPD, EThcD, and HCD methods were utilized for benchmark comparisons.  

Examples of the 193 nm UVPD, EThcD, and HCD mass spectra obtained for one 

exemplative peptide in the BB7.2 immunoprecipitated sample are displayed in Figure 

6.6. This peptide (SLAQYLINV) was showcased because it was consistently identified in 

each run by every MS/MS method. As highlighted in Figure 6.6A, the identities of the 

isoleucine residue and one of the leucine residues in this peptide were confirmed by w 

ions in the 193 nm UVPD spectrum of the 2+ charge state. As a complement, the w8 ion 

resulting in the confirmation of the remaining leucine residue was identified in the 193 

nm UVPD spectrum of the 1+ charge state (Figure 6.6B) as well as the EThcD spectrum 

of the 2+ charge state (Figure 6.6C). While the abundances of the w ions in the UVPD 

spectra are low, these ions had high mass accuracies and could be differentiated from the 

other low abundance sequence and internal ions in the spectra, as highlighted in 

subsections of the spectra expanded in Figures 6.7-6.9. It was promising to see that in 

this case, complete confirmation of the leucine and isoleucine residues could be obtained 



 
 

240 

by combining information from the 2+ and 1+ charge states. This trend of the generation 

of longer d and w ions for the 1+ charge state was often observed with 193 nm UVPD, 

assisting in the confident identification of leucine and isoleucine residues near the 

termini. A similar pattern was observed for EThcD of 2+ charge state, whereas shorter 

fragment ions were more frequently generated upon EThcD of the 3+ charge state (as in 

Figure 6.4B). While ideally these patterns would result in complete sequence 

information from both UVPD and EThcD, most peptides only appeared in the 2+ charge 

state (see Figure 6.10). Therefore, it was reasoned that the greatest number of leucine 

and isoleucine confirmations could be achieved by combining the d and w ions identified 

from UVPD with the w ions identified from EThcD.  
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Figure 6.6: Mass spectra of the peptide identified as SLAQYLINV from BB7.2 
immunoprecipitation obtained using 193 nm UVPD (4 pulses, 3 mJ) of the 
(A) 1+ and (B) 2+ charge states, (C) EThcD (2+ charge state, 40 ms/15% 
NCE) and (D) HCD (2+ charge state, 21% NCE). The w ions leading to the 
confirmation of leucine and isoleucine residues are highlighted in the UVPD 
and EThcD mass spectra.  
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Figure 6.7: (A) Expansion of region around w3 fragment ion in the UVPD (4 pulses, 3 
mJ) mass spectrum acquired for the peptide SLAQYLINV (2+ charge state) 
from the BB7.2 immunoprecipitation. (B) Table listing the theoretical m/z, 
observed m/z, and ppm error for each identified ion in the spectrum. All 
theoretical m/z values were calculated using Protein Prospector. The mass of 
the w3 ion that confirms the identification of isoleucine was calculated by 
subtracting 29.0391 Da from the mass of the z3 ion, and the mass of the 
a3+1 ion was calculated by adding 1.0078 Da to the mass of the a3 ion.  
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Figure 6.8: Expansion of region around w4 ion in the UVPD (4 pulses, 3 mJ) mass 
spectrum acquired for the peptide SLAQYLINV (2+ charge state) from the 
BB7.2 immunoprecipitation. Both (A) the lower m/z region as well as (B) a 
smaller excerpt around the b4 ion are included because the high abundance 
of the b4 ion makes it challenging to observe the other ions when presented 
using the same abundance scale. (C/D) Tables of the identified ions in A and 
B display the theoretical m/z, observed m/z, and ppm error. The mass of the 
w4 ion that confirms the identification of leucine was calculated by 
subtracting 43.0548 Da from the mass of the z4 ion.  
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Figure 6.9: (A) Expansion of region around w8 ion in the UVPD (4 pulses, 3 mJ) mass 
spectrum acquired for the peptide SLAQYLINV (1+ charge state) from the 
BB7.2 immunoprecipitation. (B) Table of the identified ions displays the 
theoretical m/z, observed m/z, and ppm error for each identified ion in the 
spectrum. All theoretical m/z values were calculated using Protein 
Prospector. The mass of the w8 ion that confirms the identification of 
isoleucine was calculated by subtracting 43.0548 Da from the mass of the z8 
ion, and the mass of the a8+1 ion was calculated by adding 1.0078 Da to the 
mass of a3 ion.  
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Figure 6.10: The number of peptide-spectrum matches (PSMs) for the BB7.2 and W6/32 
immunoprecipitated samples categorized by charge state (1+, 2+, 3+) for 
UVPD, EThcD, and HCD mass spectra from Byonic output. 
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After manually examining a few individual peptides for production of d and w 

ions, a larger set of peptides identified with both 193 nm UVPD and EThcD from the 

BB7.2 immunoprecipitation was systematically examined. The results for I/L 

identifications are displayed in Table 6.2. Given the preliminary status of this 

methodology, I/L identifications were only included in the table if they confirmed the 

identity of the residue from the UniProt database and if the same neutral loss fragment 

ion appeared in two of the three replicates. The percent of leucine identifications with 

UVPD alone dropped from 59% in the synthetic mixture to 34% for the BB7.2 

immunoprecipitated sample and from 53% to 28% for isoleucine.  The number of 

identifications dropped comparably for EThcD, from 31% to 14% for leucine and from 

11% to 7% for isoleucine. These decreases are explained by the lower peptide 

abundances in the immunoprecipitation sample compared to the synthetic peptide 

mixture, as well as the greater complexity which led to fewer MS/MS repeats for each 

peptide. Due to complementary information from 193 nm UVPD and EThcD, a handful 

of additional leucine and isoleucine identifications was achieved by combining the 

diagnostic ions from the two methods. By combining UVPD and EThcD results, the 

percent of leucine and isoleucine identifications increased to 40% and 30%, respectively. 

Depending on the sample availability, this slight increase may not justify including 

EThcD runs in the analysis. Notably, the increase was more significant for leucine than 

for isoleucine identifications. This outcome is not a result of a bias for EThcD to generate 

more w ions near leucine, but rather because more leucine residues were present near the 

C-terminus, allowing the confirmation of leucine residues through the generation of long 

w ions. As observed in the motif included in Figure 6.11, a large proportion of leucine 

residues was present in position two near the C-terminus, while a similar bias towards 
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positions two, four, and 9 was observed for isoleucine. The less significant bias towards 

leucine identifications observed with 193 nm UVPD than EThcD is a result of 193 UVPD 

achieving confirmation of leucine and isoleucine residues at a larger variety of amino 

acid positions. 
   

Number of 
isomeric 

amino acids 

Number of 
isomeric 

amino acids 
confirmed 

Percent 
confirmed 

Number 
of w ions  
identified 

Number of d 
ions  

identified 

193 nm 
UVPD 

leucine 453 156 34% 102 82 
Isoleucine 184 51 28% 45 10 

EThcD 
leucine 453 65 14% 65 - 

Isoleucine 184 12 7% 12 - 

Combined 
leucine 453 180 40% 126 82 

Isoleucine 184 56 30% 50 10 

Table 6.2: Confirmation of I/L identities from BB7.2 immunoprecipitation samples 
achieved using 193 nm UVPD and or EThcD. All d and w ions were 
identified by Byonic and were only included if they appeared in at least 
twice in triplicate LC runs. Out of the peptides that were identified with both 
193 nm UVPD and EThcD, only the 250 peptides with the highest average 
Byonic UVPD scores are enumerated in this table. 
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Figure 6.11: Sequence logo generated with Gibbs Cluster 2.0 from the 250 peptides used 
to produce Table 6.2. 

While less consistent identification of leucine and isoleucine residues was 

achieved for the complex immunoprecipitation samples compared to the mixture of 

synthetic peptides, the total number of identifications was significant. The ability to 

differentiate leucine and isoleucine residues for some of the HLA-A*02:01 

immunopeptides represents a promising step for the MS/MS workflow. Additional 

identifications are expected if manual analysis is employed, allowing averaging multiple 

spectra, as was achieved in Figure 6.6. 

The results for both BB7.2 and W6/32 immunoprecipitation samples in terms of 

the Byonic scores and the sequence coverages are highlighted in Figure 6.12. While the 

average sequence coverage was high for all three MS/MS methods, the Byonic scores 

were all around 100 points lower than what was observed under the same optimized 

conditions with the synthetic peptide mixtures. This difference is explained by the higher 



 
 

249 

complexity and lower abundances of peptides of the immunoprecipitation sample 

compared to the synthetic mixture and highlights the importance of only comparing the 

Byonic scores within a given sample and fragmentation method. While the Byonic scores 

are significantly higher for HCD than the other MS/MS methods, the sequence coverages 

were consistent across all three methods, indicating a comparable identification quality. 

The number of unique peptides matched for each charge state and MS/MS method are 

also highlighted in Figure 6.10. Most peptides for both immunoprecipitation samples 

appeared in the 2+ charge state with small numbers of identifications of peptides in the 

1+ and 3+ charge states. The limited prevalence of peptides in higher charge states for 

these two samples indicates that HCD and UVPD are preferable choices for 

characterization due to their lower charge state dependence compared to EThcD.  

In order to further validate the findings in this study, Figure 6.13 displays the 

plots of the hydrophobicity index of each peptide, versus its retention time.51 SSRCalc 

has previously been employed to help assess false discovery rates of immunopeptide 

identifications.63,64 In the current study, a tight correlation between hydrophobicity and 

retention time was observed. The linearity provides confidence that the peptides 

identified in each LC-MS/MS run have reasonable assignments that align with expected 

physio-chemical properties.   
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Figure 6.12: Summary of metrics for the immunoprecipitation samples. Box and whisker 
plots are included showing the Byonic scores for all peptides matched for 
both (A) BB7.2 and (B) W6/32 immunoprecipitations, as well as the 
sequence coverages for both (C) BB7.2 and (D) W6/32 
immunoprecipitations for all three MS/MS methods. The activation 
parameters used were: 193 nm UVPD (4 pulses 3 mJ), EThcD (40 ms and 
15% NCE), and HCD (21% NCE). Median lines do not appear in part C 
because medians were the same as either lower or upper quartiles.  
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Figure 6.13: Plots of the retention time vs. the hydrophobicity index for the peptides in 
the W6/32 Immunoprecipitation, calculated using SSR calc for (A) UVPD, 
(B) HCD, and (C) EThcD spectra and in the BB7.2 immunoprecipitation for 
(D) UVPD, (E) HCD, and (F) EThcD spectra. 

To reduce the likelihood of false positive matches, only those peptides identified 

in triplicate runs by each MS/MS method were retained. Based on this criterion, peptides 

identified by each of the MS/MS methods are summarized in the Venn diagrams in 

Figure 6.14 for the two sets of immunopeptide enrichments (BB7.2 and W6/32).  While 

there is considerable overlap between all three fragmentation methods, EThcD 

consistently matched fewer peptides than the other two methods, an outcome rationalized 

based on its charge state dependence. For the BB7.2 sample, HCD matched the most 

peptides, while UVPD matched the most peptides in the W6/32 sample. Most of the 

peptides identified in the W6/32 sample belonged to either the motif HLA-B*18:01, 
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which tends to contain a negatively charged glutamic acid residue, or HLA-B*15:10, 

which tends to contain a positively charged histidine residue. The motifs are a good 

complement to HLA-A*02:01 peptides from BB7.2, which tend towards neutral 

hydrophobic peptides. The peptides identified for each fragmentation technique were 

separated by motif for the W6/32 samples with Gibbs cluster 2.0.65 Venn Diagrams 

summarizing the number of peptides identified for the distinctive motifs based on 

MS/MS method are included in Figure 6.15. UVPD resulted in a handful more peptide 

identification than HCD for both motifs, with a slightly larger difference in the histidine-

containing HLA-B*15:10 motif. The differences between the subsets in Figure 6.15 are 

too small to make conclusions about how the charge of the peptide motifs affects 

fragmentation by UVPD, HCD, and EThcD, respectively. However, it is clear that UVPD 

provides enhanced complementary identifications when paired with HCD rather than 

EThcD for the characterization of immunopeptides.  
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Figure 6.14: Venn diagrams displaying the total number of peptides identified utilizing 
UVPD, EThcD, and HCD for (A) BB7.2 and (B) W6/32 
immunoprecipitated samples. The activation parameters used were: 193 nm 
UVPD (4 pulses 3 mJ), HCD (21% NCE), and EThcD (40 ms and 15% 
NCE). 
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Figure 6.15: Venn diagrams displaying the total number of peptides identified utilizing 
UVPD, EThcD, and HCD for W6/32 immunoprecipitated sample. The 
peptides have been separated into either (A) HLA-B*15:10 or (B) 
HLA*18:01 based on cluster alignment in Gibbs Cluster 2.0. The sequence 
logos generated with Gibbs Cluster 2.0 are also included for both motifs (C) 
HLA-B*15:10 and (D) HLA*18:01 based on the combination of unique 
peptide matches across UVPD, EThcD, and HCD. 

6.5 CONCLUSION 

The capabilities of 193 nm UVPD for characterization of immunopeptides were 

compared to two other popular MS/MS methods, EThcD and HCD, based on evaluation 

of a mixture of 157 synthetic peptides as well as two different immunoprecipitation 

samples. Byonic allowed semi-automated confirmation of isomeric leucine and isoleucine 
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residues from EThcD and UVPD data. Neutral losses associated with aromatic amino 

acids, particularly for tyrosine, consistently emerged in the UVPD mass spectra, offering 

a promising new diagnostic marker to further enhance peptide identifications. For the 

BB7.2 immunoprecipitated sample, 3001, 2593, and 2324 total unique peptides were 

identified with HCD, 193 nm UVPD, and EThcD, respectively, and for the W6/32 

immunoprecipitated sample, 3180, 3300, and 2558 peptides were identified using HCD, 

193 nm UVPD, and EThcD. The successful performance of 193 nm UVPD is attributed 

in part to its lack of significant dependence on peptide charge state, a factor that likely 

hampered the performance of EThcD for HLA-A*02:01 and HLA-B*15:10 

immunopeptides that lack basic sites and preferentially produce low charge states.  
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Chapter 7:  Conclusion 

7.1 CONCLUSIONS 

Together, the work presented in this dissertation offers an expanded 

understanding of the mass spectrometry toolkit available to aid in the characterization and 

development of biotherapeutics. Several biotherapeutic proteins are explored, including 

multiple modalities of antibody-drug conjugates (ADCs) and synthetic selenoproteins. 

Human leucocyte antigen (HLA) immunopeptides are an additional therapeutic avenue 

that was explored in detail. For each project, multiple MS/MS methods were investigated 

including 193 and 213 nm ultraviolet photodissociation (UVPD), higher-energy collision 

dissociation (HCD), electron transfer dissociation (ETD), and electron-transfer/higher-

energy collision dissociation (EThcD). 

In Chapter 3 a subunit-based middle-down approach integrating 193 nm UVPD, 

ETD, and EThcD was presented, resulting in extensive characterization of cysteine-

linked ADCs. To maximize the quality of the data generated, a data-independent MS/MS 

acquisition was implemented. Payload-containing C-terminal ions proved essential for 

confirming conjugation location due to the position of the payloads on the peptide 

sequence. While the abundances of these key ions were low, combining ion activation 

methods produced sufficient complementary fragment ions to identify payload locations. 

Claims about payload conjugation sites for positional isomers from each chromatographic 

peak were supported by relative quantitation of the subunits. The integrated approach 

allowed for confident localization of the payloads. 

While the subunit-based approach was successfully in characterizing the cysteine-

linked ADC, a more complex lysine-linked ADC required a different approach. In 

Chapter 4, a peptide-based middle-down method, powered by limited proteolysis and 
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HCD-triggered MS/MS, enabled the characterization of a highly heterogeneous lysine-

linked ADC. The HCD-triggered method enabled the generation of high-quality data for 

large payload-containing peptides, without sacrificing duty cycle. EThcD and 193 nm 

UVPD data were both examined independently, but the combination proved the most 

powerful for large peptides with multiple potential payload sites. Payload-containing 

fragment ions generated through EThcD and 193 nm UVPD proved integral to localizing 

conjugation sites, differentiating positional isomers, and enabling complete 

characterization. A total of 44 conjugation sites out of 92 modifiable positions were 

unambiguously identified. Deeper understanding of the combinatorial nature of 

conjugation was enabled through the detailed characterization of two peptides containing 

multiple conjugations.  

ADCs represent one growing and prominent modality for biotherapeutics. A 

newer technique for the modification of therapeutic proteins is the incorporation of 

selenocysteine to facilitate the generation of bridged proteins, as examined in Chapter 5. 

Chapter 5 demonstrates the combination of intact, top-down, and bottom-up methods to 

aid in the characterization of synthetic selenoproteins. For both top-down and bottom-up 

characterization, a combination of 213 nm UVPD and EThcD proved ideal. For the top-

down approach, EThcD resulted in cleavage of diselenide bonds, enabling the most 

complete sequence coverage. 213 nm UVPD also generated high coverage, but because 

diselenide bonds remained intact, it was possible to confirm the locations of the 

diselenide bridges. For the bottom-up method, 213 nm UVPD yielded the most complete 

sequence coverage, while EThcD generated diagnostic fragments that aided in the 

confirmation of the presence of diselenide-bridged peptides. The bottom-up strategy also 

lead to the discovery of heterogeneity in the diselenide bridges, some of which could only 
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be explained by the presence of dimeric species. The existence of the dimeric species was 

confirmed through lower resolution intact mass measurements. The methods developed 

helped to improve the understanding of synthetic selenoproteins and offered a strategy to 

aid in the development of selenocysteine-based biotherapeutics. 

While ADCs and other large proteins are one of the more largely discussed area 

for biotherapeutic development, personalized peptide therapies are an exciting avenue to 

offer selective treatment powered by immunopeptidomics.1 In Chapter 6, the potential for 

193 nm UVPD to improve the characterization of HLA immunopeptides was explored 

and compared to HCD and EThD, which are more often utilized in immunopeptidomics 

workflows. 193 nm UVPD proved to generate the most complete characterization of 

immunopeptides, including the generation of more diagnostic neutral loss fragments to 

aid in the differentiation of leucine and isoleucine than EThcD. 193 nm UVPD resulted in 

more peptide identification than EThcD, but less than HCD, indicating that 193 nm 

UVPD is a preferred complementary method to enhance the characterization afforded by 

HCD.  

7.2 FUTURE DIRECTIONS 

The work presented in this dissertation represents and exciting step towards 

expanding the applications of UVPD. The expansion in applications should continue to 

be explored. Top-down mass spectrometry was one area described in Chapter 1 that has 

been investigated for antibodies, but the expansion to ADCs has been limited. 

Preliminary data demonstrating the potential for top-down to be expanded to lysine-

linked ADCs is detailed in section 7.2.1. To further improve the tools available to 
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characterize antibodies, additional studies should also focus on the characterization of 

therapeutic antibody modalities beyond IgG1, as discussed in Chapter 1.  

HLA immunopeptides represent another key area where UVPD has shown 

promise to improve characterization. The results presented in this dissertation 

demonstrated the potential for UVPD to drastically improve the understanding of 

individual therapeutically relevant peptides. While the identification and characterization 

of thousands of peptides was an exciting outcome, further studies can increase the 

biological relevance by specifically examining tumor associated antigens (TAAs). TAAs 

include overexpressed self-antigens and tumor specific neoantigens.1 A proposed 

approach would involve a preliminary HCD based screening to identify TAAs followed 

by a targeted UVPD based method to completely characterize them. This approach would 

ensure high quality UVPD data is generated, improving characterization including 

leucine and isoleucine differentiation.  

While biotherapeutics and immunopeptides have already been explored with 

advanced MS/MS methodologies, the translation of these methods to food applications 

has been relatively limited.2 The increasing interest in developing plant-based and other 

alternative protein solutions as food products through biotechnology research offers 

several new avenues for investigation. The devastating environmental impacts of animal 

agriculture bring a further urgency to this work.3 Section 7.2.2 outlines a preliminary 

exploration of glycoproteomics-based characterization of pea protein samples. In addition 

to building on the work outlined here, additional studies may be developed to 

characterize other plant-based proteins, and further build on the transfer of mass 

spectrometry-based methods for applications in the emerging fields of precision 

fermentation and cultured meat.4,5 
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7.2.1 Top-Down of Lysine-Linked ADC 

Improving the characterization of individual ADC conjugation sites as 

demonstrated in Chapters 3 and 4 is one important approach to increasing the 

understanding of ADCs. Generating information about the relative contribution of key 

regions of the ADCs to the DAR is another fruitful avenue. Middle-up approaches can be 

used to assess the number of drugs conjugated to each antibody subunit.6,7 While the 

examination of individual subunits can be informative, digestion and/or reduction prior to 

mass spectrometry analysis negates the ability to relate the level of conjugation on each 

subunit to the conjugation state of the intact ADC. One study of a cysteine-linked ADC 

utilized reduction of disulfide bonds followed by native mass spectrometry.8 Individual 

intact drug to antibody ratio (DAR) species were then isolated and fragmented with HCD, 

yielding released light chain and enabling assessment of the fraction of drug conjugated 

light chain present for multiple intact DARs.8 It was more recently demonstrated that 

electron capture dissociation and 157 nm UVPD both lead to release of antibody light 

chains through the cleavage of disulfide bonds.9 This opens up an exciting avenue to 

characterize the relative contribution of the light chain to the antibody DAR with minimal 

sample processing. In the remainder of this section, it will be demonstrated that 193 nm 

UVPD can lead to the release of the light chain and the drug conjugated light chain for a 

lysine-linked ADC. Furthermore, the top-down method allows the possibility of 

generating a relationship between the number of payloads bound to the intact antibody 

and the distribution between the heavy and light chains. 

Figure 7.1 displays the intact spectrum of the lysine linked ADC. While the intact 

mass spectrum in Figure 7.1A is highly heterogeneous, deconvolution, as demonstrated 

in Figure 7.1B, allows the differentiation of different antibody DAR species as well as a 
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variety of glycoforms. Multiple glycoforms were co-isolated in MS/MS experiments to 

maintain high signal while isolating individual intact antibody DAR species. Figure 7.2A 

demonstrates the fragmentation of the DAR4 species in the 25+ charge state, resulting in 

the release of the light chain. In addition to the intact light chain, the light chain was 

observed with one and two payload conjugations. The average number of payloads 

conjugated to the light chain was then calculated based on the relative abundance of each 

light chain species. This was repeated for intact antibody DARs 1 through 5, resulting in 

the chart included in Figure 7.2B. The relatively linear relation observed between intact 

antibody DAR and the average number of payloads conjugated to the light chain, 

indicates that increasing intact antibody DAR does not change the distribution of 

payloads between the heavy and light chain. Further studies to complete the work 

demonstrated here should assess the capabilities of electron capture dissociation and 

HCD to release ADC light chains. The assessment of multiple intact antibody charge 

states, as well as multiple samples using complementary MS/MS methods will further 

increase confidence in the method. Overall, the top-down fragmentation of lysine-linked 

ADCs represents a promising method to gain further insight into ADC structure. 
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Figure 7.1:  Mass spectrum of intact Trastuzumab emtansine (A) with charge states 
labeled and (B) after deconvolution with UniDec. A resolution of 50,000 at 
m/z 400 was used and 100 spectra were averaged. 
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Figure 7.2:  (A) Top-down UVPD spectrum of the DAR4 species in the 25+ charge 
state. Expanded region shown in the inset is displays fragment ions 
identified in the dense spectral region, including the released light chain 
with 0, 1 or 2 conjugated payloads, all observed in the 12+ charge state. For 
193 nm UVPD one 0.25 mJ laser pulse was applied. (B) Bar chart 
displaying the relationship between the intact antibody DAR and the 
average number of payloads conjugated to the light chain. 

7.2.2 Characterization of Pea Protein 

While the application of proteomics to mammalian proteins has been extensively 

studied, plant proteomics is a relatively new field. Plant proteomics presents unique 

challenges for the generation of reference proteomes and the identification of different 

post-translational modifications (PTMs).10 Given the growing interest in plant-based meat 

and dairy alternatives, the adaptation of advanced proteomics techniques to plants is long 

overdue.11,12 Both primary protein sequence and PTMs can affect functional properties of 

proteins resulting in changes to flavor, solubility, texture, and other properties critical to 

food development.13 Protein glycosylation is of particular interest. Chemical 

glycosylation of plant-based proteins, typically through a Maillard reaction, has been 
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shown to improve functional properties.13 While the reported results were promising, the 

industry is moving away from chemical modification to favor clean label products, 

making the exploration of naturally occurring glycosylation an interesting alternative.13 

For an initial proof of concept, a bottom-up strategy utilizing 193 nm ultraviolet 

photodissociation (UVPD) was developed to compare the type and degree of 

glycosylation in two pea protein isolate samples. 

Initial sample preparation utilized ProtiFi S-Trap spin columns to enable complete 

digestion of the pea protein isolate despite its poor solubility. Following digestion, 

electrostatic repulsion-hydrophilic interaction chromatography-based enrichment allowed 

the specific enhancement of the N-glycopeptides. After enrichment the signal of each 

glycopeptide was increased, affording both an increased number of glycopeptide 

identifications and improved characterization. Glycopeptides were identified and 

quantified using Byonic and Byologic modules of Byos 4.4 by Protein Metrics. While N-

glycans were identified on several species of peptides, the most notable was a peptide 

originating from vicilin (47 kDa). Vicilin is a seed storage protein and a major 

component of legumes, making glycosylation on this protein a noteworthy observation. 

For that reason, the peptide related to vicilin was examined in more detail, starting with 

tandem MS fragmentation of an exemplative glycopeptide. While HCD fragmentation of 

the glycopeptide did not lead to complete characterization of the peptide sequence or the 

glycan structure, it produced highly abundant oxonium ions specific to glycosylation 

(Figure 7.3A), enabling the implementation of an HCD-triggered UVPD method.14 For 

this method, the identification of oxonium ions in the HCD spectra was used to prompt 

isolation and acquisition of UVPD in the subsequent scans. The inclusion of UVPD 

resulted in enhanced characterization of both the peptide sequence and the glycan 
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structure, as demonstrated in Figure 7.3B. While HCD predominantly generated glycan 

fragments released from the peptide (B ions), UVPD resulted in many glycan fragments 

containing the intact peptide (Y ions). Glycan fragmentation is illustrated in greater detail 

in Figure 7.3C. UVPD also resulted in the generation of peptide sequence ions retaining 

the entire N-glycan, an outcome not achieved with HCD. This strategic combination of 

UVPD and HCD, in the form of an HCD-triggered UVPD method, led to the best 

characterization of N-glycosylated peptides. 

To better understand the correlation between N-glycan structures and food 

functional properties, the proteomic signatures of two different pea-protein isolates were 

examined. Pea protein isolates 1 and 2 were comprised of 80% and 84% protein content, 

respectively. Figure 7.4 displays the extracted ion chromatograms (EICs) for the 

unmodified vicilin peptide and three different glycosylation states for each sample 

examined. The integrated area for the area under the curve (AUC) calculation is also 

highlighted. To compare the amount of glycosylated vicilin between each sample, the 

AUC is normalized to the unmodified peptide. Figure 7.5 displays the result of this 

normalization, thus conveying the relative degrees of glycosylation. Although the 

glycosylation values were calculated based on the enriched samples and do not represent 

absolute percentages of vicilin glycoproteins, these ratios can be used to compare the 

degree of glycosylation between the two samples because both were processed in the 

same way. Overall, the results in Figure 7.5 indicate greater glycosylation of vicilin in 

pea protein isolate 2, the 84% protein sample. Although the overall differences are minor, 

this initial assessment illustrates the relative quantitation of N-glycosylation between the 

two pea protein isolates.  
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The initial results demonstrate the capabilities of 193 nm UVPD to characterize 

glycopeptides found in pea protein isolate and the potential to apply relative quantitation 

of glycopeptides to different pea protein samples to generate more informative data. 

Additional samples should be examined to evaluate the degree of glycosylation based on 

a greater variation in processing techniques. Doing so will aid in determining if a 

relationship exists between the N-glycosylation present in pea protein samples and their 

functional properties.  
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Figure 7.3: (A) HCD and (B) UVPD spectra for the vicilin glycopeptide with 
HexNAc(2)Hex(7) N-glycan (4+ charge state). (C) Scheme demonstrating 
cleavage locations of B and Y fragment ions mapped onto an N-
glycopeptide containing HexNAc(2)Hex(1). 
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Figure 7.4: Extracted ion chromatograms used to quantify the glycopeptides in the two 
samples. All EICs are based on the 3+ charge state of the peptide 
LSPGDVFVIPAGHPVAIN*ASSDLNLIGFGINAENNER in different 
glycosylation states.  

 

Figure 7.5: The ratios of the area under the curve (AUC) of the glycopeptide divided by 
the AUC of the unmodified peptide are shown for three glycopeptides of 
vicilin. All AUCs were generated using EICs of the 3+ charge state. 
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Appendix 

List of peptides included in the 157 synthetic peptide mixture discussed in Chapter 6. 

 
Number Peptide sequence 

1 AIVDKVPSV 

2 ALADGVQKV 

3 ALADIVWRA 

4 ALAEEVEQV 

5 ALAGDQPSV 

6 ALAPAPPQV 

7 ALASLIRSV 

8 ALATLIHQV 

9 ALDKALTSV 

10 ALDSQVPKV 

11 ALISNSHQL 

12 ALITRIFGV 

13 ALLDKLYAL 

14 ALLDRIVSV 

15 ALLDSAHLL 

16 ALLETVNRL 

17 ALLGDLTKA 

18 ALLNIKVKL 

19 ALLQSDVRL 

20 ALLSRLEQI 

21 ALLTYLEQV 

22 ALMDEVVKA 

23 ALMPVLNQV 

24 ALNEKLVNL 

25 ALNELLQHV 

26 ALQEMVHQV 

27 ALSDHHIYL 

28 ALSEKIVSV 

29 ALSPHNILL 



 
 

278 

30 ALTNAVAHV 

31 ALVVQVAEA 

32 ALYDEVRTV 

33 AMSSKFFLV 

34 AVANIVNSV 

35 FIASKGVKLV 

36 FLADPSAFVAA 

37 FLDGNELTL 

38 FLDGNEMTL 

39 FLDHIIASV 

40 FLFEPVVKA 

41 FLGEKIASV 

42 FLLDKKIGV 

43 FLQEHNTTL 

44 FLQEKSPAV 

45 FLVDGVCTV 

46 GLAKAVASV 

47 GLALKVQEV 

48 GLAPKPVQV 

49 GLATDVQTV 

50 GLIDGVVEA 

51 GLIDHQTYL 

52 GLIDKVNEL 

53 GLIDRQVTV 

54 GLMDTVKKV 

55 GLNEEIARV 

56 GLVDEKALAQA 

57 GLWEEAYRV 

58 GLWGPVHEL 

59 GLYSGVTTV 

60 GVIDGHIYAV 

61 HIIENIVAV 

62 HVLEEVQQV 

63 ILAAVETRL 

64 ILDKKVEKV 

Appendix continued 
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65 ILDQKINEV 

66 ILHDDEVTV 

67 ILLKDILSV 

68 ILMEHIHKL 

69 ILQAHLHSL 

70 ILQQHIATV 

71 ILSEVQQAV 

72 ILTDITKGV 

73 ILWETVPSM 

74 ILYGEVEKL 

75 ILYGKIIHL 

76 IMLEALERV 

77 IVAESLQQV 

78 KILPTLEAV 

79 KIYEGQVEV 

80 KLDAFVEGV 

81 KLDPTKTTL 

82 KLDQDLNEV 

83 KLGSVPVTV 

84 KLHGVNINV 

85 KLIDDVHRL 

86 KLNPQQFEV 

87 KLQELNYNL 

88 KLSELEAAL 

89 KVAPAPAVV 

90 KVLSKEFHL 

91 LLANKVPAA 

92 LLDEEISRV 

93 LLDRFLATV 

94 LLDVPTAAV 

95 LLIENVASL 

96 LLPPQPALA 

97 MLFGHPLLV 

98 MVAPAVASV 

99 NLAEDIMRL 

Appendix continued 
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100 NLAEKLIGV 

101 NLAENISRV 

102 NLASFIEQV 

103 NLLPKLHIV 

158 NLVPMVATV 

104 PMFIVNTNVPRASVPD 

105 QLAQFVHEV 

106 QLDDLKVEL 

107 QLIDKVWQL 

108 QLLGSAHEV 

109 RLASYLDKV 

110 RLASYLDRV 

111 RLAVYIDRV 

112 RLWGEPVNL 

113 SIYPSPTGV 

114 SLADVHIEV 

115 SLAEGLRTV 

116 SLAGGIIGV 

117 SLAQYLINV 

118 SLAQYNPKL 

119 SLDAKEIYL 

120 SLDLTTTCV 

121 SLFGGSVKL 

122 SLFPGKLEV 

123 SLIRNLEQL 

124 SLKLQASNVTNKND 

125 SLLDKIIGA 

126 SLLENLEKI 

127 SLQDEIQRV 

128 SLQEEIAFL 

129 SLSEKTVLL 

130 SLVSKGTLVQTK 

131 SLWGQPAEA 

132 SLYDYNPNL 

133 TLADLVHHV 

Appendix continued 
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134 TLAEHIIEA 

135 TLDDKKVYL 

136 TLSEVTNQL 

137 TLVYHVVGV 

138 TLWVDPYEV 

139 TLYEAVREV 

140 TMADQIVTV 

141 TMAKESSIIGV 

142 VIDGHIYAV 

143 VLAEKLAAI 

144 VLAETLTQV 

145 VLDDKLVFV 

146 VLFTGVKEV 

147 VLIDYQRNV 

148 VLQGAVPTV 

149 VLSPADKTNV 

150 VLSPADKTNVK 

151 VLSPADKTNVKAA 

152 VLYHVETEV 

153 VMDSKIVQV 

154 VMLDVPIRL 

155 VSDGVIKV 

156 YLFERIKEL 

157 YLLPAIVHI 
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