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ABSTRACT OF THE DISSERTATION 

 

Internal Fragments in Top-down and Middle-down  

Mass Spectrometry: From Fundamentals to Applications 

 

by 

 

Benqian Wei 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2023 

Professor Joseph A. Loo, Chair 

 

The interrogation of protein structure, especially identifying and localizing post-translational 

modifications (PTMs) and sites of ligand/small molecule binding, is crucial for understanding 

protein function in biological systems. In particular, the rapid increase of the use and 

development of therapeutic monoclonal antibodies (mAbs) and antibody-drug conjugates (ADCs) 

for human health have necessitated the advancement of efficient and accurate analytical 

methods. Top-down and middle-down mass spectrometry (TD- and MD-MS) have become 

prominent analytical tools for protein characterization. However, obtaining complete protein 

sequence coverage by TD-/MD-MS can be limiting, particularly for proteins greater than 30 kDa, 

e.g., mAbs and ADCs. My dissertation research explores the utility of internal fragments, which 
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are largely ignored by the MS community as they are difficult to assign, from both fundamental 

and application perspectives, for more efficient and comprehensive protein sequence, structure, 

and PTM characterization. On the fundamental side, we demonstrated a relationship between 

internal fragments and conventional terminal fragments. A better understanding of the 

fundamental formation mechanism of internal fragments aids the development of sequencing 

algorithms to assign internal fragments more accurately and reliably. On the application side, we 

started by analyzing standard disulfide-intact proteins using TD-MS, in which assigning internal 

fragments helped achieve near complete sequence coverage, and obtain disulfide bond position 

and connectivity information. This encouraged us to apply TD-MS on proteins of therapeutic 

significance, i.e., mAbs and ADCs, which are extremely complex disulfide-intact proteins. 

Incorporating internal fragments analysis allowed us to achieve the highest sequence coverage 

to date on an intact mAb by TD-MS, and enabled the access of important PTM information and 

drug binding information on intact ADCs. We then expanded this application by applying MD-MS 

on reduced mAbs and ADCs. Analyzing internal fragments in MD-MS helped us achieve 

comprehensive characterization of mAbs and ADCs which is a significant improvement from 

TD-MS and is comparable to the results obtained from the routinely utilized bottom-up peptide 

mapping method. Lastly, we demonstrated that assigning internal fragments generated by 

collision-based fragmentation also helps deliver higher-order structure information of multi-

subunit protein assemblies. In summary, this dissertation work contributes to advancing the 

technique and instrumentation surrounding TD- and MD-MS workflows to achieve better 

characterization of proteins, especially biotherapeutics, and identification of specific proteoforms. 
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Chapter 1: Introduction 

1. Mass spectrometry and tandem mass spectrometry 

1.1. Mass spectrometry 

Mass spectrometry (MS) is a powerful technique widely used to identify molecular compositions 

and analyze individual substances and complex mixtures including small molecules,1 lipids,2 

carbohydrates,3 oligonucleotides,4 polymers,5, 6 and proteins.7-9 This is achieved by measuring 

the mass-to-charge ratio (m/z) of the analyte ions and separating them in the gas-phase.10 Each 

MS instrument is comprised of five major components: inlet system, ionization source, mass 

analyzer, ion detector and data system (Figure 1).10 In a single MS experiment, the sample is 

introduced into the mass spectrometer by direct infusion or chromatography (inlet system), 

followed by being converted into gas-phase ions within the ionization source. These analyte 

ions are measured and separated based on their m/z values in the mass analyzer, detected by 

the ion detector and then translated into electric signals. Finally, the data system converts these 

signals into digital information, presenting it as a mass spectrum. 

 
Figure 1. Five major components of a mass spectrometer. 
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After being introduced into the mass spectrometer by the inlet system, analytes are 

transferred into gas-phase ions which is facilitated by ionization. There are many different 

ionization techniques ranging from hard ionization such as electron ionization (EI),11, 12 and 

chemical ionization13, 14 to soft ionization such as electrospray ionization (ESI),15, 16 matrix-

assisted laser desorption ionization (MALDI),17-19 and desorption electrospray ionization 

(DESI).20 Among them, ESI and MALDI are the two most widely used ionization techniques as 

they allow the analysis of molecules in their intact forms. ESI has rapidly become one of the 

most popular ionization techniques since its introduction16 due to its high sensitivity and the 

capability to couple with liquid chromatography (LC) for online LC-MS analysis.21, 22 In ESI, the 

analytes are transferred into the gas-phase by applying a high voltage to a small tip. The strong 

electric field results in charge accumulation at the needle tip, creating a Taylor cone of solution 

which subsequently breaks apart and releases highly charged droplets. A combination of 

electrostatic repulsion and solvent evaporation desolvates these droplets as they eventually 

form gas-phase ions.16 There are multiple mechanisms explaining the ESI process including 

charge residue model (CRM),23, 24 ion evaporation model (IEM),25, 26 and chain ejection model 

(CEM).27 Ionization of analytes by MALDI involves the employment of laser light to bombard and 

ablate the sample mixed with excess amount of matrix on a solid plate. The matrix absorbs the 

laser energy and transfers it to the sample during the heating of the sample-matrix mixture, 

allowing its ionization without excessive fragmentation.28 Both ESI and MALDI were awarded 

the Nobel prize in 2002 for their contribution to the mass spectrometry characterization of 

biological molecules.29 Thanks to their ballooned and continuous development since the late 
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1980s, ESI and MALDI have been widely utilized to ionize peptides,18, 30 proteins,31, 32 and large 

protein complexes,33, 34 enabling both ionization techniques to become an essential part of the 

modern proteomics field.21, 22, 35-38 

Once the analyte ions are formed in the gas-phase, they are transmitted to a mass 

analyzer through ion funnels39, 40 and quadrupoles.41 This process transfers ions from low 

vacuum to high vacuum which causes ions to scatter in the gas-phase, hence loss of signal 

eventually. Ion funnels which consist of a series of electrodes with decreasing diameter are 

designed to focus ions during transmission to overcome this issue.42 This greatly reduces the 

impact of ion scattering and increases signal to noise ratio, thus eventually increases the 

sensitivity of mass spectrometers. 

Mass analyzer is another very important component of a mass spectrometer as it 

detects and separates ions based on their m/z. There are many different types of mass 

analyzers today including quadrupole,43-45 Time of flight (TOF),46-49 Orbitrap,50-52 and Fourier 

transform ion cyclotron resonance (FT-ICR).53-55 Quadrupoles are one of the most widely used 

mass analyzers.45 They are comprised of four cylindrical rod electrodes aligned in parallel to 

each other, forming a channel through which ions can pass through and be separated based on 

their m/z when an electric field is applied to the rods.44 Quadrupoles are also usually used as 

mass selectors or mass filters. When they function like this, only ions with a narrow range of m/z 

are allowed to pass through, enabling quadrupoles to be easily coupled with other mass 

analyzers for tandem MS experiments (discussed later).56, 57 This is done by applying direct 

current (DC) and radio frequency (RF) potentials to the rods simultaneously to direct and filter 
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ions.58 The basic principle of a TOF analyzer involves passing an ion packet through a field free 

region to hit an electron multiplier tube.47 The ion trajectory in this process is entirely dependent 

on the kinetic energy gained by the initial ion acceleration and not impacted by the electric field. 

Therefore, the time it takes for each ion to reach the detector is correlated to the m/z of the ion 

and is measured to eventually determine the mass of the ion.46, 49 TOF analyzers has multiple 

facets of benefits including fast speed and high sensitivity, making them one of the most used 

mass analyzers in modern mass spectrometry technology.57, 59-63 Orbitrap and FTICR are both a 

branch of Fourier Transform MS (FTMS).64 In an Orbitrap analyzer, ions circulate in a spiral 

manner around the central electrode and at the same time, oscillate along the axial direction. 

This ion trajectory is caused by a combination of radial and axial electric fields applied between 

central and outer electrodes. The axial oscillations of ions are measured and detected by outer 

electrodes as image current.50 In FTICR, ions are excited into an orbit and the cyclotron 

frequency with which they oscillate are measured based on the ions’ m/z and recorded as image 

current.55 In both FTMS technologies, a Fourier transform65 is performed to convert the resulting 

digitized image current in the time domain to frequency domain and eventually a mass 

spectrum.64 FTMS has the ultimate advantage of achieving high resolution and accuracy,66 thus 

they have been widely used in the modern mass spectrometry analysis.67, 68 

1.2. Tandem mass spectrometry and fragmentation techniques 

MS can offer molecular weight information of gaseous ions based on their m/z. However, MS 

alone does not yield comprehensive structural and conformational information of the analyte. 

Tandem MS or MS/MS capabilities that involve isolation and subsequent fragmentation of 
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precursor ions are then introduced to unveil these important molecular characteristics. Protein 

characterization by tandem mass spectrometry can be done in three different ways, i.e., bottom-

up, top-down, and middle-down mass spectrometry (Figure 2). Bottom-up MS involves the 

reduction and digestion of all proteins in a sample such as cell lysates, followed by online liquid 

chromatography tandem MS (LC-MS/MS).69 Alternatively, top-down MS is performed by directly 

measuring intact gas-phase protein ions without reduction or digestion, which are subsequently 

dissociated by different fragmentation methods to generate sequence-informative fragment 

ions.70 The intermediate approach is middle-down MS in which proteins of interest undergo 

limited reduction or partial proteolysis resulting in large peptides or subunits, which are analyzed 

by LC-MS/MS afterwards.71  

  
Figure 2. Concepts and workflows of top-down, middle-down, and bottom-up mass 
spectrometry for protein characterization.  
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Tandem mass spectrometry or MS/MS has been successfully used to characterize the 

primary sequence and higher-order structure of peptides,38, 72 proteins,73-75 and even protein 

complexes.76-79 In MS/MS, either isolated precursor ions or a broadband of ions with a large m/z 

window are dissociated into fragment ions, which can be mapped back to the protein 

sequence.80 These fragments can either be a, b, or c fragment ions which contain the N-

terminus, or they can be x, y, or z fragment ions which contain the C-terminus (Figure 3).81 In 

addition, internal fragments that contain neither terminus can also be generated (structures 

shown in Figure 3 and discussed later). Throughout the years, many ion activation methods 

have been developed including collision-, electron-, and photon-based fragmentation techniques 

to unveil protein sequence and structure information, with each having discrete advantages 

(Figure 4).82, 83 

  
 
Figure 3. Theoretical masses and structures of all types of (A) terminal fragments and (B) 
internal fragments.  
Reprinted with permission from Ref.84. Copyright 2021 American Chemical Society. 
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1.2.1. Collision-based fragmentation 

Collision activated dissociation (CAD) is the first introduced collision-based fragmentation 

technique and arguably the most widely used.85, 86 Later, High energy C-trap dissociation (HCD), 

another collision-based technique that occurs with higher energy on a faster time scale, was 

introduced with the introduction of linear ion trap–orbitrap mass spectrometers (LTQ 

Orbitraps).87 Over the years, collision-based fragmentation techniques especially CAD has been 

the “gold standard” thanks to its high efficiency of energy accumulation and fragmentation.83, 88 

In CAD and HCD, energetic collisions between the analyte ions and inert gas molecules such as 

nitrogen, helium or argon transfer part of the kinetic energy of the ion into its internal energy, of 

which the accumulation ultimately leads to fragmentation of the analyte ions.85 Energy deposits 

in a step-wise manner in CAD and HCD, resulting in a ceiling of the total energy that can be 

accumulated in this multi-collision process. Therefore, the weakest bond on the protein 

backbone, i.e., the peptide bond is usually cleaved in CAD and HCD, generating b- and y-type 

terminal fragment ions. Although overwhelmingly popular, collision-based fragmentation still has 

some weaknesses. For example, CAD suffers from low mass cutoff (LMCO) in ion trap mass 

spectrometers, meaning that the truncation of the low m/z region may occur.89 In addition, CAD 

and HCD are considered as “harsh” fragmentation techniques that usually result in the loss of 

important structural information such as post-translational modifications (PTMs), non-covalent 

protein-protein or protein-ligand interactions. To combat these problems, alternative 

fragmentation techniques including electron- and photon-based fragmentation have been 

developed. 
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Figure 4. Cartoon illustration representing the major products of various common 
dissociation methods in the study of protein complexes.  
Small blue fragments correspond to covalent cleavage of an individual protein chain. Adapted 
with permission from Ref90. Copyright 2019 American Chemical Society. 

 

1.2.2. Electron-based fragmentation 

Electron-based fragmentation including electron capture dissociation (ECD)91, 92 and electron 

transfer dissociation (ETD)93 are generally perceived as “softer” dissociation techniques.94 In 

ECD and ETD, reactions between multicharged positive analyte ions and either low-energy 

electrons (< 2eV, ECD) or negatively charged radical ions (ETD) lead to the absorption of 



9 

electrons by the analyte ions, resulting in charge reduction and fragmentation.95, 96 During this 

electron capture or electron transfer process, odd-electron radical species are formed with 

minimal redistribution of vibrational energy. The energy absorbed by the charge-reduced protein 

ions through this exoergic process leads to cleavages of the N-Cα bonds rather than the weaker 

peptide bonds, producing c- and z- type terminal fragments.97 Compared to collision-based 

fragmentation, ECD and ETD hold the advantage of being able to preserve relatively labile non-

covalent interactions during fragmentation, enabling the acquisition of protein structure 

information.98, 99 In addition, ECD and ETD cleave different protein backbone bonds than CAD 

and HCD, thus providing complementary primary sequence information.100 However, the 

fragmentation efficiency of ECD and ETD is relatively low which can limit the coverage of 

protein sequence. In recent years, a new electron-based fragmentation technique, electron 

induced dissociation (EID) that employs the use of high energy electrons (> 20 eV),101-103 has 

been developed to overcome these limitations. In EID, charge oxidation instead of charge 

reduction occurs as a result of the interaction between high energy electrons and positive 

analyte ions. Following this, oxidized species undergo rearrangement and/or capture a second 

electron, initiating protein backbone fragmentation.101 EID has been demonstrated to improve 

the fragmentation efficiency of peptides and proteins to 100%.102 In addition, our lab have 

successfully applied EID to cause extensive fragmentation of protein complexes and generate 

internal fragments ions.104, 105 

1.2.3. Photon-based fragmentation 

Photon-based fragmentation techniques have a rich history and can be categorized into infrared 
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multiple-photon dissociation (IRMPD) and ultraviolet photodissociation (UVPD), depending on 

the wavelength of the photon sources.106-108 In IRMPD, protein ions absorb one or more low 

frequency photons (e.g., 10.6 µm) resulting in the excitation of vibrational modes, leading to a 

slow-heating fragmentation process similar to CAD and HCD.109 Therefore, IRMPD generates 

the same b- and y-type terminal fragments as collision-based fragmentation. UVPD employs 

photons in the ultraviolet range including 157nm,110 193nm,111, 112 213nm,113 and 266nm114 to 

cleave the protein backbone, allowing the multicharged positive ions to access excited 

electronic states. This fast-heating process enables UVPD to cleave the C-Cα bond in addition 

to peptide bonds and the N-Cα bond, yielding all six types of terminal fragments (a, b, c N-

terminal fragments and x, y, z C-terminal fragments). Photon-based dissociation has been 

widely applied to characterize peptides and proteins,115-119 as well as revealing protein structural 

information by localizing covalent and non-covalent interactions on proteins and protein 

complexes.78, 79, 120, 121 

2. Internal fragments of proteins 

Protein fragment ions can either be i) a terminal fragment resulting from a single backbone bond 

cleavage event of the precursor ion to generate amino-terminal-containing fragments (a, b, or c 

fragments) or carboxy-terminal-containing fragments (x, y, or z fragment), or ii) an internal 

fragment resulting from multiple cleavage events of the precursor ion to generated ax, ay, az, bx, 

by, bz, cx, cy, and cz fragment ions that contain neither terminus (with the first letter designating 

cleavage on the N-terminal side and the second letter designating cleavage on the C-terminal 

side, Figure 3 and 5).72, 105 Although the concept of internal fragments has been around for 



11 

decades,122-126 there is still some debate about the nomenclature of internal fragments. The 

nomenclature used here is not a consensus and our lab is actively engaging in discussions with 

other academic and industrial labs to establish a nomenclature system of internal fragments that 

will be widely accepted by the mass spectrometry community. 

 
Figure 5. The fragmentation pathways of an example peptide showing that terminal fragments 
contain either N- or C-terminus while internal fragments contain neither termini.  

 

2.1. Research on internal fragments in the early years 

To the best of my knowledge, internal fragments were first reported in 1973 from a study 

investigating fragments generated from EI-MS of Schiff bases of peptide esters.127 Since then, 

the great Klaus Biemann has mentioned and discussed the concept of internal fragments 

throughout his research career of studying peptide and protein sequencing. It started in the 
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early 1980s, successive Edman degradations128 of internal fragments were used to help 

determine the amino acid sequence of rabbit muscle creatine phosphokinase.129 Internal 

fragments were then mentioned in a study exploring novel side chain fragmentation of peptides 

in CAD130, and were subsequently shown to be present in fast atom bombardment (FAB) MS in 

the late 1980s.131 The notation system of internal fragments was first discussed by Dr. Biemann 

in 1988122 and later again in 1992.123 He and coworkers prefer to label internal fragments as a 

string of single amino acid letters to represent the sequence of the fragments (e.g., PT, PTL, 

VGE).122 We now choose to adopt a more specific notation system because the mass of a 

protein fragment sequence can differ significantly when different fragmentation methods are 

used. For example, the mass of the same PTL fragment generated by CAD and ECD can have 

differing masses. Internal fragments started to have more applications subsequently, with 

internal acyl and immonium ions included in the score of a computer algorithm called SEQPEP 

to aid the interpretation of high-energy collision tandem mass spectra of peptides,132 and used 

to help distinguish similar candidate peptide sequences.133 Coming to 1990s, the assignment of 

internal fragments has been demonstrated to help differentiate hydroxyproline isomers in CAD 

of synthetic peptides,134 determine the sequence of Sarcophaga bullata protease inhibitor,135 

and assign the correct sequence of horse and sperm whale myoglobins.136 One study 

specifically dedicated to the production of internal fragments in a hybrid sector/quadrupole mass 

spectrometer investigated multiple possible formation pathways of internal fragments by CAD in 

sequential MS experiments.137 

2.2. Why research on internal fragments is rare? 
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Research on internal fragments has never ballooned despite the fact that they are shown to be 

helpful on many occasions. One major reason that internal fragments have been largely ignored 

by the mass spectrometry community is that their formation mechanism is poorly understood, 

resulting in a lack of available software to accurately and reliably assign them.84, 138 In a single 

MS/MS experiment, the number of theoretical internal fragments is significantly greater than the 

number of possible terminal fragments that can be generated. In addition, the disparity of this 

number scales exponentially with the increase of protein size, resulting in a substantial 

computational demand and an ambiguity of assigning internal fragments.105, 139, 140 Therefore, 

efforts have been made by multiple groups to address this issue.141  

Agar and coworkers classified the ambiguity of assigning internal fragments into three 

subcategories: arrangement ambiguity, frameshift ambiguity, and mass accuracy ambiguity.142 A 

study by our lab which is also presented in Chapter 2 of this dissertation, used a statistical 

approach to investigate the formation mechanism of internal fragments by CAD to resolve the 

arrangement ambiguity and frameshift ambiguity, thus increasing the confidence of assigning 

internal fragments.72 This study has provided insights into the development by our group of 

ClipsMS, a python-based program for internal fragment analysis.84 Mann and coworkers 

conducted a systematic investigation on the nature of tryptic HCD spectra and found that proline 

is often the first amino acid of an internal fragment and there is a slight preference for aspartic 

acid, glutamic acid, glutamine, tryptophan and histidine on the C-terminal side of an internal 

fragment.143 Nevertheless, studies on fundamentals of internal fragments, especially by 

fragmentation methods other than CAD or HCD, are still scarce. For electron- and photon-based 
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techniques which have more complex fragmentation mechanisms thus more diverse and 

accessible cleavage pathways and fragment types, more research is needed to better 

understand internal fragments formed in these methods to aid their assignments and reduce the 

false-discovery rates. 

2.3. Applications of internal fragments in the new millennium 

Although not extensive, research efforts have been made to explore the utility of internal 

fragments in various applications in the new millennium. ECD followed by sustained off-

resonance irradiation collision activated dissociation (SORI-CAD) in an FTICR instrument 

generated internal fragments diagnostic of disulfide bridges of naturally occurring small peptide 

systems.144 Internal fragments in HCD have also been used to differentiate between similar 

candidate peptides, thus improving de novo peptide sequencing.145 Several studies have 

highlighted a significant increase of the total percentage of matched fragments and protein 

sequence coverage by analyzing internal fragments of intact proteins.105, 139, 146-148 The 

fragmentation techniques used in these studies span from CAD146, 147 and HCD139 to ECD105, 148 

and EID105, 148 on various types of instruments including QTOF,147 FTICR,105, 146, 148 and 

Orbitrap,139 highlighting that the value of analyzing internal fragments of intact proteins is not 

affected by fragmentation techniques and instrumentation platforms used. However, UVPD has 

been shown to produce a large population of fragments that result in an increased risk of false-

positive identifications of internal fragments.149, 150 This highlights the need of developing 

strategies to increase the confidence of assigning internal fragments by UVPD. The 

identification of various types of PTMs can be helped by the analysis of internal fragments. For 
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example, for disulfide bonds which is one of the most important PTMs that ensures proper 

protein folding,151, 152 Chin and coworkers applied internal fragments to decipher disulfide bonds 

in disulfide-rich peptides.153 A recent study by Schmitt and coworkers demonstrated the utility of 

internal fragments in identifying sequence motifs within a disulfide-constrained loop of the SOD1 

protein that could not be achieved solely by terminal fragments.142 Our lab have shown that 

internal fragments can be used to determine the disulfide connectivity of disulfide-intact proteins, 

which is also presented in Chapter 3 of this dissertation.154 Furthermore, modifications and 

variants on therapeutic biologics including natural glycosylations, liabilities like deamidation, and 

single sequence variants can be identified by assigning internal fragments in top-down and 

middle-down mass spectrometry.155, 156 In addition to being applied on small peptides and intact 

proteins, internal fragments have been demonstrated useful in the characterization of protein 

complexes to improve sequence coverage78, 104 and localize a methylation site.78 Proteome-level 

utilization of internal fragments have also been evaluated and proved to be directly or indirectly 

beneficial in improving the identification of proteoforms.138, 157 Recently, internal fragments have 

been integrated into and shown to contribute to more comprehensive characterization of top-

down sequencing of oligonucleotides.158 

In summary, the assignment of internal fragments has been demonstrated valuable in 

various types of applications. However, more research efforts, both on the fundamental and 

application side, are needed to push forward the incorporation of internal fragment analysis into 

the mainstream mass spectrometry techniques. An important aspect of my dissertation research 

focuses on exploring the fundamentals and applications of internal fragments in top-down and 
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middle-down mass spectrometry. I hope to make a contribution to the advancement of internal 

fragment research through my dissertation research. 

3. Mass spectrometry in biotherapeutics analysis 

The first monoclonal antibody (mAb) therapeutic was approved for the treatment of T-cell-

mediated rejection of renal allografts in 1985.159 Almost 40 years later, mAb-based therapeutics 

have gained growing significance and there are nearly 200 mAb-based drugs160 on the market 

right now to treat a host of human diseases such as cancer, metabolic disorders, and viral 

infections.161-164 Mabs possess distinct pharmacological properties including cognate target 

specificity and long circulating half-life, resulting in various potential mechanisms of action.165-168 

In recent years, various new mAb formats have been developed including nanobodies, fusion 

proteins, multispecifics, and antibody-drug conjugates (ADCs).169-172 Among them, ADCs have 

emerged as one of the most promising classes of protein therapeutics.173, 174 ADCs are designed 

to integrate the high target specificity of mAbs and the potent cytotoxicity of small molecule 

payloads to improve their antitumor efficacy.175 Currently, there are 13 ADC products approved 

by US, EU, or China for use and over 80 ADC molecules are undergoing clinical trials at various 

stages.165, 176 Both mAbs and ADCs are highly heterogeneous molecules with large size (~150 

kDa), a series of intra- and inter-chain disulfide bonds and numerous PTMs (Figure 6).177, 178 In 

the case of ADCs, even more molecular complexity is introduced due to the conjugation of 

various numbers of payloads onto either a set of fixed sites or a large array of locations on the 

antibody, depending on the linker chemistry utilized.179-182 Throughout the drug development 

process, full characterization by robust analytical techniques of the critical quality attributes 
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(CQAs)183 including the primary sequence, PTMs and potential liabilities, higher order structure, 

drug conjugation profiles, and any related impurities of mAbs and ADCs is required to produce 

high-quality drug products.184 

 
Figure 6. General structure of an Immunoglobulin G1. Reprinted with permission from Ref185. 
Copyright 2015 Royal Society of Chemistry. 

 

Extensive research efforts have been conducted to develop various analytical tools to 

characterize mAb-based therapeutic molecules including capillary electrophoresis,186 differential 

scanning calorimetry,187 differential scanning fluorimetry,188 imaged capillary isoelectric 

focusing,189 Fourier transform infrared and Raman spectroscopy,190 and various chromatography 

methods such as size exclusion chromatography (SEC),191 hydrophobic interaction 

chromatography (HIC),192 and ion exchange chromatography (IEX).193 Mass spectrometry based 
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techniques, especially reversed phase liquid chromatography (rpLC) coupled with MS (rpLC-

MS), have played a critical role for the characterization of mAb based therapeutics throughout 

all phases of drug development.194-197 Denaturing rpLC-MS provides accurate molecular weight 

information of the biotherapeutic molecule to make sure the correct molecule has been cloned 

and expressed. In addition, bottom-up rpLC-MS peptide mapping methods offer high sequence 

coverage with amino acid resolution and can identify drug conjugation sites of ADCs with high 

confidence.198, 199 Native MS methods have also been used to obtain molecular weight and 

stoichiometric information of noncovalently assembled therapeutic molecules, as native MS can 

retain the “native-like” structure of proteins in the gas-phase.200, 201 Native MS can also be 

hyphenated with various native chromatography methods such as SEC, HIC, and IEX to enable 

size and charge variant analysis of mAb based therapeutics.202-205 

Top-down (TD) and middle-down (MD) MS have gained in popularity in recent years for 

the characterization of mAb based therapeutics.206-212 Both TD- and MD-MS have their unique 

advantages compared to bottom-up peptide mapping methods including minimal sample 

preparation and being able to avoid the introduction of artifactual modifications such as 

deamidation and oxidation.213, 214 However, they suffer from limited fragmentation hence not 

ideal sequence, PTM, and drug conjugation coverage due to the high molecular complexity of 

the biotherapeutic targets. Furthermore, unlike the well-established bottom-up MS method, 

there is currently no universal workflow for the TD- and MD-MS data analysis process. 

Therefore, the application of TD- and MD-MS for the characterization of mAb based 

therapeutics have been limited to individual academia labs and they are not routinely used in 
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biopharma industry. Chapters 4 and 5 of this dissertation seek to explore the utility of internal 

fragments to improve the fragmentation efficiency of TD- and MD-MS of mAb based therapeutic 

molecules, in the hope of advancing these MS techniques to become a routine participant in 

biopharma industry in the future. 
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Abstract 

Top-down mass spectrometry (TD-MS) generates fragment ions that returns information on the 

polypeptide amino acid sequence. In addition to terminal fragments, internal fragments that 

result from multiple cleavage events can also be formed. Traditionally, internal fragments are 

largely ignored due to a lack of available software to reliably assign them, mainly caused by a 

poor understanding of their formation mechanism. To accurately assign internal fragments, their 

formation process needs to be better understood. Here, we applied a statistical method to 

compare fragmentation patterns of internal and terminal fragments of peptides and proteins 

generated by collisionally activated dissociation (CAD). Internal fragments share similar 

fragmentation propensities with terminal fragments (e.g., enhanced cleavages N-terminal to 

proline and C-terminal to acidic residues), suggesting that their formation follows conventional 

CAD pathways. Internal fragments should be generated by subsequent cleavages of terminal 

fragments and their formation can be explained by the well-known mobile proton model. In 

addition, internal fragments can be coupled with terminal fragments to form complementary 

product ions that span the entire protein sequence. These enhance our understanding of 

internal fragment formation and can help improve sequencing algorithms to accurately assign 

internal fragments, which will ultimately lead to more efficient and comprehensive TD-MS 

analysis of proteins and proteoforms. 

 

Keywords: Top-down mass spectrometry (TD-MS); Internal fragment; Collisionally activated 

dissociation (CAD); Fragmentation propensity; Mobile proton model 
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Highlights: 

• Internal fragments can enhance peptide and protein sequence coverage up to 100%. 

• The mechanism of internal fragment formation by CAD is reported for the first time. 

• CAD-internal fragments are formed by cleavages of terminal fragments and can be 

explained by the mobile proton model. 

• Combining internal and terminal fragments can generate complementary ion pairs that 

cover the entire protein sequence. 

 

1. Introduction 

Traditional mass spectrometry (MS) sequence analysis of proteins is typically performed by 

the “bottom-up” strategy in which intact proteins are digested into small peptides and then 

analyzed by MS [1,2]. Methods such as top-down mass spectrometry (TDMS) have gained 

popularity to characterize the structure of proteins and proteoforms. In TD-MS, the digestion and 

separation steps required for “bottom-up” are bypassed, allowing for the preservation of labile 

posttranslational modifications (PTMs) [3-6]. TD-MS measurements start by generating intact 

gas-phase protein ions using electrospray ionization (ESI), which are subsequently fragmented 

by different activation/dissociation techniques to return information on the protein primary 

structure, i.e., sequence. Many ion activation methods have been developed throughout the 

years with each having discrete advantages [7,8]. The most widely used fragmentation method 

is collisionally activated dissociation (CAD) [9], but other fragmentation techniques including 

electron capture dissociation (ECD) [10,11], electron transfer dissociation (ETD) [12], electron 
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ionization dissociation (EID) [13,14] and ultraviolet photodissociation (UVPD) [15,16] have 

gained in popularity. Nevertheless, CAD remains popular and has been the “gold standard” for 

all ion activation methods to be compared with, owing to its high efficiency of energy 

accumulation and fragmentation, as well as its compatibility with nearly all MS instrumentation 

platforms [17].  

The thermal collision process between inert gas molecules and polypeptide ions during CAD 

transfers part of the precursor ion's kinetic energy into internal energy, of which the accumulation 

ultimately leads to dissociation, generating b- and y-type fragment ions [9]. In CAD-type experiments, 

many factors related to the polypeptide ion including amino acid composition, gas-phase basicity, 

basic residue content, secondary structure and charge state can significantly affect the fragmentation 

pattern. The mobile proton model has been developed to describe the gas-phase fragmentation 

propensities of peptides to produce these b and y fragment ions [18-20]. If the number of available 

charges of a peptide ion is greater than the number of its strongly basic residues (e.g., arginine), 

there will be protons mobilizing along the peptide backbone to induce cleavages at various amide 

bonds [18,21]. In contrast, the presence of fewer charges than strongly basic residues will lead to 

protons sequestered at these sites, resulting in higher energy requirements to induce backbone 

fragmentation [18,22,23]. The mobile proton model has been applied to elucidate different selective 

cleavage observations of gas-phase peptide ions including enhanced dissociation N-terminal to 

proline [24-29], C-terminal to histidine [30,31] and C-terminal to acidic residues (aspartic acid, 

glutamic acid) [23,32-34]. Large-scale statistical analyses have also been reported to support the 

mobile proton model, which show other selective and non-selective fragmentation propensities [35-
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38].  

Protein cleavage products formed by TD-MS can either be i) a terminal fragment ion that 

contains the amino-terminus (a, b or c fragment) or carboxy-terminus (x, y, or z fragment) of the 

precursor ion from a single bond cleavage event, or ii) an internal fragment ion generated by 

multiple cleavage events forming ax, ay, az, bx, by, bz, cx, cy, and cz fragment ions (with the 

first letter designating cleavage on the N-terminal side and the second letter designating 

cleavage on the C-terminal side), depending on the ion activation method utilized and the 

cleavage sites [39-41]. Internal fragment ions have been largely ignored by the TD-MS 

community due to a poor understanding of their formation process, resulting in a lack of 

software to accurately and reliably assign them. In a single TD-MS spectrum, the number of 

theoretical internal fragments that can be produced is significantly greater than the number of 

theoretical terminal fragments, and this gap increases exponentially as the size of the protein 

increases [42,43], resulting in substantial computational demand. As a result, a large proportion 

of the mass spectral signals can go unassigned by ignoring the possibility of internal fragments. 

Potentially, the inclusion of internal fragments in TD-MS analysis can offer much richer protein 

sequence information if accurately assigned. 

Previous studies that included internal fragment analysis was initially limited to peptides 

[44,45], and has been expanded to TDMS of intact proteins [39,43,46-49] and protein 

complexes [14,50] in recent years. Among these studies, various ion activation methods have 

been utilized including CAD [39,46-49], ECD [48,50] and EID [14,43,48]. Regardless of the 

technique used for fragmentation, all of these studies showcase that the inclusion of internal 
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fragments can result in greater protein sequence coverage, significantly benefitting TD-MS 

experiments. 

A major obstacle to the inclusion of internal fragments in the TD-MS workflow is the 

ambiguity of assigning internal fragments that likely scales as the size of the protein increases. 

Agar and coworkers classified this ambiguity into three subcategories: arrangement ambiguity, 

frameshift ambiguity, and mass accuracy ambiguity [49]. A better understanding of the formation 

of internal fragments could be useful for resolving the arrangement ambiguity and frameshift 

ambiguity, thus increasing the confidence of assigning internal fragments. 

Here, we applied a statistical approach to compare the CAD fragmentation patterns of 

internal fragments and terminal fragments of 42 polypeptides ranging in size from 1.5 to 8.8 kDa. 

The experiments generated 1412 terminal fragments and 1861 internal fragments, constituting 

our dataset to perform the statistical analysis. From this data, we demonstrate a relationship 

between internal and terminal fragments generated by CAD. This is crucial to enhance our 

understanding of the formation of internal fragments at the molecular level and to improve MS 

sequencing algorithms that can help incorporate internal fragment analysis into TD-MS workflow 

[51]. This can ultimately lead to more efficient and comprehensive TD-MS characterization of 

intact proteins, protein complexes and identification of specific proteoforms, which have been a 

major challenge in the analytical chemistry field. Furthermore, our results can also be applied to 

bottom-up and middle-down MS experiments, benefitting the application of internal fragments to 

the entire protein MS community. 
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2. Experimental 

2.1. Materials and sample preparation  

Human [Glu1]-fibrinopeptide B (Glu-fib), insulin chain A (ammonium salt from bovine 

pancreas), fibronectin type III connecting segment fragment 1-25, melittin, 3X FLAG peptide, C-

peptide fragment 3-33 (human), glucagon, oxidized insulin chain B (bovine pancreas), and 

ubiquitin (bovine erythrocytes) were purchased from Sigma-Aldrich (St. Louis, MO, USA). UOM-

6 peptide (1574.84 Da), Tummino peptide (2068.39 Da), synthetic I peptide (3271.88 Da) and 

synthetic II peptide (3032.53 Da) were synthesized by the University of Michigan Protein Facility. 

LARL peptide (2014.30 Da) and β-amyloid (1-42; human) were acquired from AnaSpec, Inc. 

(Fremont, CA, USA). ACTH (1-17) and ACTH (18-39) (human), gastrin releasing peptide 

(human), xenin, tau peptide (45-73) (exon 2/insert 1 domain), peripheral myelin protein P2 (53-

78) (bovine), calcitonin gene related peptide (CGRP 8-37; human), galanin like peptide (GALP; 

N-terminal fragment, porcine), tau peptide (275-305) (repeat 2 domain), VIP (human, porcine or 

rat), proinsulin C-peptide (31-63; porcine), OVA (241-270), apelin-36 (human), neuropeptide Y 

(free acid; human or rat), and anti-BetaGamma (MPS - Phosducin - like protein C terminus) 

were obtained from InnoPep Inc. (San Diego, CA, USA). All peptides were used without further 

purification. Proteins apomyoglobin (equine skeletal muscle), α-casein and β-casein (bovine 

milk) and carbonic anhydrase II (bovine) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). These proteins were dissolved in water and digested at 37 °C with Glu-C protease for 10 

h at a 1:100 protease/protein ratio in 100 mM ammonium acetate solution to obtain polypeptides 

of less than 10 kDa. For electrospray ionization, all peptides were prepared in 49.5:49.5:1 
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methanol/water/formic acid solution to a final concentration of 20 µM. The peptides resulting 

from protein digestion were resuspended with 1% formic acid before mass spectrometry 

analysis. 

For TD-MS of apomyoglobin and carbonic anhydrase II, protein solutions were prepared in 

49.5:49.5:1 methanol/water/formic acid solution to a final concentration of 20 µM before mass 

spectrometry analysis. 

2.2. Mass spectrometry 

All experiments were conducted on a 15-T SolariX Fourier transform ion cyclotron 

resonance (FTICR)-MS instrument equipped with an infinity ICR cell (Bruker Daltonics, Billerica, 

MA, USA). All analyte solutions were loaded into in-house pulled capillaries coated with gold, 

and electrosprayed by applying a voltage between 0.7 and 1.5 kV on the ESI capillary. Peptide 

ions were isolated in the quadrupole, with an isolation window between 5 and 15 m/z to ensure 

the minimum precursor ion abundance to be above the 107 level before CAD fragmentation. For 

CAD MS/MS experiments, the most abundant charge state for each peptide was isolated as the 

precursor ion to undergo fragmentation. A series of collision energies were applied, ranging from 

a low energy to reduce the precursor ion signal by ca. 10% to a high energy to reduce the 

precursor ion signal to ca. 95% of the original level. For some peptides, data from other charge 

states were acquired if these lower abundance charge states were able to be isolated efficiently 

and reach the minimum 107 signal level threshold. A similar series of collision energies were 

applied to these lower abundance charge states. For each charge state,1, 2, 3, 5, 6 or 10 

collision energies were applied, spanning the collision energy range discussed above.  
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CAD-MS/MS of apomyoglobin (apoMb) and carbonic anhydrase II (CAII) was done by 

isolating [apoMb + 17H]17+ and [CAII + 32H]32+ with an isolation window of 10 m/z. The CAD 

energy was set at 24 V for apoMb and 11 V for CAII to reduce the precursor ion signal to ca. 95% 

of the original level. 

2.3. Data processing and fragment assignment 

For CAD MS/MS of polypeptides, raw MS/MS spectra were deconvoluted using either 

Bruker Data Analysis software (SNAP algorithm) or mMass software version 5.5.0 [52]. Every 

deconvoluted mass list was internally calibrated against a theoretical fragment list of that 

specific peptide and uploaded into the ClipsMS program [51] to obtain a matched fragments list. 

The error for fragment matching was set at 1 ppm and the smallest internal fragment size was 

set at 2 amino acids. Up to 2 water and ammonia losses were included as unlocalized 

modifications to avoid masses overlapping between internal fragments and neutral losses of 

terminal fragments. Only by internal fragments were searched for and assigned, and all terminal 

fragments were assigned before considering internal fragments. All overlapping internal 

fragments due to the arrangement and frameshift ambiguity [49] were retained in order to 

include all fragmentation propensity possibilities. After matching, all assigned internal fragments 

were manually validated against the raw MS/MS spectra to ensure: i) these internal fragments 

were real peaks rather than noise or isotopes and ii) the masses of matched internal fragments 

were not overlapping with terminal fragments or neutral losses.  

For the TD-MS measurements of apoMb and CAII, similar data analysis parameters were 

used, with the following exceptions noted. The error for fragment matching was set at 2 ppm 
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and the smallest internal fragment size was set at 5 amino acids. No localized or unlocalized 

modifications were imported. The searched fragment types include a, x, b, and y for terminal 

fragments, and ay, bx, by for internal fragments. 

2.4. Statistical analysis 

2.4.1. Peptide sequence coverage  

Peptide sequence coverage is calculated by the number of observed inter-residue cleavage 

sites divided by the total number of possible inter-residue cleavage sites on the peptide 

backbone. 

2.4.2. Abundance normalization  

Normalized abundances were calculated separately for terminal and internal fragments. For 

each peptide or protein, the absolute abundance of every terminal fragment is divided by the 

absolute abundance of the most abundant terminal fragment to obtain the normalized 

abundance of that terminal fragment. Likewise, the normalized abundance of an internal 

fragment is calculated by dividing the absolute abundance of that internal fragment by the 

absolute abundance of the most abundant internal fragment. To plot the distribution of 

normalized abundance adjacent to each amino acid residue, after adding normalized 

abundances of all peptides and proteins adjacent to an amino acid residue (terminal and 

internal fragments separately), all 20 normalized abundance values were divided by the largest 

value to obtain the normalized abundance adjacent to that specific residue. For example, for 

terminal fragments, N-terminal fragmentation adjacent to proline has the largest normalized 

abundance after all peptides and proteins are added; therefore, it has a value of 1.00. To plot 
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the heatmap depicting the normalized abundance deconstructed by residue pair, after adding 

normalized abundances of all peptides and proteins between a specific residue pair (terminal 

and internal fragments separately), all 400 normalized abundance values were first cube rooted 

to avoid extremely light-colored cells for better visualization. These cube-rooted normalized 

abundance values were divided by the largest value to obtain the normalized abundance of that 

specific residue pair. For example, for terminal fragments, fragmentation occurring at L|P inter-

residue site has the largest normalized abundance after all peptides and proteins added; 

therefore, it has a value of 1.00. 

2.4.3. Delta normalized abundance  

To plot the bar graph depicting the difference of normalized abundance between internal 

and terminal fragments (internal e terminal) for each amino acid residue, all 20 normalized 

abundances of terminal fragments adjacent to an amino acid residue were subtracted from all 

20 normalized abundances of internal fragments, respectively, to obtain 20 delta abundances 

adjacent to a specific residue. Every delta abundance was then divided by the largest absolute 

value of all 20 delta abundances to obtain 20 delta normalized abundances. For example, 

internal fragments generated by C-terminal cleavages adjacent to proline have the largest 

advantage to terminal fragments adjacent to proline; therefore, the delta normalized abundance 

adjacent to proline has a value of1.00. Similarly, to plot the heatmap depicting the difference of 

normalized abundance between internal and terminal fragments (internal e terminal) 

deconstructed by residue pair, all 400 normalized abundances of terminal fragments 

deconstructed by residue pair were first subtracted from all 400 normalized abundances of 
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internal fragments, respectively, to obtain 400 delta abundances between a residue pair. Every 

delta abundance was then divided by the largest absolute value of all 400 delta abundances to 

obtain 400 delta normalized abundances. For example, terminal fragments generated by 

cleaving E|G sites have the largest advantage to internal fragments generated by cleaving E|G 

sites; therefore, the delta normalized abundance of the E|G inter-residue site has a value of -

1.00. 

2.4.4. “N-bias” calculation  

“N-bias” is calculated by the following equation: 

N-bias = (AbunN-term - AbunC-term) / (AbunN-term + AbunC-term) 

Where AbunN-term is the normalized abundance of N-terminal fragments of an amino acid residue 

while AbunC-term is the normalized abundance of C-terminal fragments of an amino acid residue. 

 

3. Results and discussion 

3.1. Internal fragments can enhance peptide sequence information 

To demonstrate the use of internal fragments for enhancing peptide sequence information, 

consider the CAD mass spectrum of the peptide, glucagon (29 amino acids, 3.4 kDa; Figure. 1). 

CAD of [glucagon + 3H]3+ causes amide bond cleavages that resulted in not only terminal 

fragments but also internal fragments (Figure. 1a). Many peaks in this spectrum that cannot be 

assigned as terminal fragments can be assigned as internal fragments. For example, 

isotopically resolved (singly charged) peaks at m/z 674.3663 (674.3661, theory), 805.4071 

(805.4065, theory), and 1483.7302 (1483.7288, theory) were assigned as b26y8, b27y8, and b20y21, 
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respectively. Internal fragments can span much of the amino acid sequence, as shown in the 

fragment location map (Figure. 1b) for glucagon from our ClipsMS program. 

Internal fragments span more of the interior regions of the glucagon sequence, but more 

importantly provide complementary information to terminal fragments (Figure. 1b and Figure. 

S1b). Furthermore, terminal fragments generated by CAD of [glucagon + 3H]3+ have 5 missed 

cleavages out of 28 inter-residue sites while internal fragments cover every single inter-residue 

site to result in 100% sequence coverage (Figure. S1a). These data demonstrate that internal 

fragments can provide rich sequence information in a single mass spectrum. 

For glucagon, both the number and relative abundances of internal fragments increase with 

collision energy (Figure. 1c). Throughout the energies applied, internal fragments only account 

for a small portion of the total mass spectral signals (~20-30%); however, they represent a large 

fraction of the assigned fragments (>50%), enhancing the sequence coverage of glucagon to 

100%. 



62 

 
Figure 1. Fragments and sequence coverage analysis of glucagon.  
(a) CAD MS/MS spectrum of glucagon in acidic denaturing solution conditions. (b) Fragment 
location map indicating the region of the protein sequence covered by terminal and internal 
fragments. (c) A comparison between the number and abundance percentage of internal 
fragments formed by CAD of glucagon. Open triangles indicate the number percentage of 
internal fragments while open squares indicate the abundance percentage of internal fragments. 
Internal fragment percentage is calculated by the internal fragment metric (number or 
abundance) divided by the sum of the internal and terminal fragment metric (number or 
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abundance). 

 

To compare the number and abundances between assigned terminal and internal fragments 

in a larger scale, 42 peptides and proteins ranging from 1.5 kDa to 8.8 kDa were fragmented by 

CAD (Table S1). The number of assigned fragments listed in Table S1 for each peptide was 

documented from the experiment generating the most fragments for that specific peptide, 

regardless of the precursor charge state. Figure. 2 summarizes internal fragment abundances 

and number percentages for all peptides analyzed in Table S1. This analysis includes all 

precursor charge states shown in Table S1 and spans collision energies that range from where 

the precursor ion signal is approximately 90% relative abundance to where almost no precursor 

ion signal (~5%) can be observed. For all peptides analyzed, the relative abundances of internal 

fragments are mostly below 20%, indicating that internal fragments usually only account for a 

small portion of the mass spectral signals in a single spectrum (Figure. 2a). Nonetheless, as 

shown in Figure. 2b, the percentage of assignable mass spectral signals explained by internal 

fragments for most peptides lies between 40% and 60%. This can account for up to 100% of the 

peptide amino acid sequence depending on the collision energy applied. As a result, including 

internal fragments in a MS/MS analysis can provide valuable information on the polypeptide 

sequence despite accounting for a small proportion of the ion signal and can be beneficial for 

protein characterization. 
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Figure 2. Internal fragment number and abundance percentage analysis for all peptides.  
The distribution indicating (a) the frequency of number percentage of internal fragments in every 
20% and (b) the frequency of abundance percentage of internal fragments in every 20%. The 
internal fragment percentage is calculated by the internal fragment metric (number or 
abundance) divided by the sum of the internal and terminal fragment metric (number or 
abundance). 

 

3.2. Internal fragments share similar fragmentation propensities with terminal fragments 
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Figure 3. Fragmentation propensity analysis based on normalized abundance for all 
peptides.  
The distribution of normalized abundance adjacent to each amino acid residue of (a) terminal 
fragments and (b) internal fragments. For each residue, X|X’ (orange) refers to the cleavage 
occurring N-terminal to the amino acid residue whereas X|X’ (blue) refers to the cleavage 
occurring C-terminal to the amino acid residue. Orange and blue dashed lines indicate average 
normalized abundance N-terminal and C-terminal to all 20 residues, respectively. 

 

We applied a statistical approach consisting of the dataset utilized in Figure. 2 to compare 

fragmentation propensities occurring either N- or C-terminal to a specific residue between terminal 

and internal fragments. The counts of every amino acid residue used in our dataset are listed in 

Table S2. Fragmentation propensities between two adjacent amino acids can be affected by many 

factors (e.g., amino acid basicity, secondary structure, precursor charge states), and thus 

fragmentation events are not evenly distributed across all amino acid residues in CAD 

experiments. The fragmentation propensity describes the likelihood of cleavages occurring 
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adjacent to an amino acid residue (Figure. 3) or between a specific residue pair (Figure. 4). For 

terminal fragments, cleavages N-terminal to proline have a normalized abundance of 1.00, well 

above the average of 0.23 for all N-terminal fragments that retain the N-terminus (Figure. 3a). In 

contrast, cleavages C-terminal to proline to generate b- and y-type terminal fragments is highly 

unlikely, as a particularly low normalized abundance (0.02) is observed (Figure. 3a). This 

observation of enhanced cleavages N-terminal to proline, termed the “proline effect”, is due to the 

rigid cyclic structure of the y terminal ion's leaving group (C-terminal cleavages) for proline and 

has been reported in many studies [24-29]. Similarly, as shown in Figure. 3a, other notable 

selective cleavages to generate terminal fragments have also been observed in our dataset, e.g., 

enhanced cleavages C-terminal to aspartic acid and glutamic acid, N-terminal to glycine and 

tyrosine, and C-terminal to leucine and valine. These preferred fragmentation pathways by CAD 

have been previously reported in both small and large-scale studies and can be explained by the 

mobile proton model [21,32,34-38]. Our data agrees well with these well understood 

fragmentation pathways and demonstrate that sequence strongly impacts the CAD fragmentation 

propensities. 
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Figure 4. Fragmentation propensity analysis based on normalized abundance 
deconstructed by residue pair for all peptides.  
Heatmaps depicting the normalized abundance deconstructed by residue pair for (a) terminal 
fragments and (b) internal fragments. For all cells, X|X’ (x-axis) refers to the cleavage occurring 
N-terminal to the amino acid residue while X|X’ (y-axis) refers to the cleavage occurring C-
terminal to the amino acid residue. Darker color indicates higher normalized abundance. 

 

The CAD fragmentation propensities to generate internal fragments were compared to 

those for terminal fragments. Similar fragmentation propensities were observed for internal and 

terminal fragments (Figure. 3a vs. Figure. 3b). For example, cleavages N-terminal to proline 
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remain the most prominent fragmentation events across all internal fragments (Figure. 3b). 

Additionally, although to a lesser extent compared to terminal fragments, enhanced cleavages 

C-terminal to aspartic and glutamic acid residues, N-terminal to glycine, and C-terminal to 

leucine and valine were observed for internal fragments (Figure. 3b). Overall, the fragmentation 

propensities for each residue appear to be slightly more evenly distributed for internal fragments, 

with N- and C-terminal fragments having closer normalized abundances (Figure. 3b). Despite 

this difference, internal fragments share similar fragmentation propensities with terminal 

fragments. 

To further corroborate this idea, we deconstructed fragmentation propensities by specific 

amino acid residue pairs [35,36,38] to investigate selective cleavages among the 400 residue 

combinations (Figure. 4). The prominent proline effect and the enhanced fragmentation C-

terminal to valine, leucine, aspartic acid, and glutamic acid for both terminal and internal 

fragments are featured. In addition to a specific column or row that shows the fragmentation 

propensity adjacent to a single residue, Figure. 4 also displays the fragmentation propensity 

between a specific residue pair. For both terminal and internal fragments, L|P, E|P, K|P, V|P, L|G, 

and D|Y are all notable preferred cleavage sites (Figure. 4). The number of cleavages that occur 

between adjacent amino acid sites are shown in Figs. S2 and S3. Similar selective cleavages 

between amino acid residue pairs for both terminal and internal fragments can be rationalized 

as the same ion activation method (CAD) is utilized. 

3.3. Internal fragments are generated by subsequent cleavages of terminal fragments 

Although internal fragments share similar fragmentation propensities with terminal 
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fragments, a few dramatic differences between terminal and internal fragments are observed 

when comparing fragmentation pathways for each residue. Delta normalized abundances 

(internal fragments minus terminal fragments) for each residue were summarized in Figure. 5. 

Surprisingly, fragmentation occurring N-terminal to aspartic acid increased by approximately 

2.5-fold for internal fragments compared with terminal fragments and increased >10-fold C-

terminal to proline for internal fragments compared to terminal fragments (Figure. 5a). These 

observations are further confirmed by the heatmap shown in Figure. 5b. For example, the red 

colored proline row indicates that C-terminal cleavages to proline were enhanced for internal 

fragments compared to terminal fragments, and this increase could largely be explained by 

cleavages between P|P and P|V pairs (Figure. 5b). In addition, diminished fragmentation 

occurring C-terminal to aspartic acid, enhanced cleavages N-terminal to leucine and valine, and 

diminished fragmentation N-terminal to tyrosine, whereas enhanced fragmentation C-terminal to 

tyrosine (Figure. 5a and b) were all observed for internal fragments compared to terminal 

fragments. 

Enhanced fragmentation N-terminal to proline and tyrosine, C-terminal to aspartic acid, 

leucine and valine are prominent selective cleavages for terminal fragments (Figure. 3). 

However, for internal fragments, these enhanced fragmentation events are mostly suppressed 

(Figure. 5). In contrast, the suppressed cleavages for terminal fragments such as C-terminal to 

proline and N-terminal to aspartic acid are otherwise enhanced for internal fragments (Figure. 5). 

To further confirm this observation, the “N-bias” that describes the preference of fragmentation 

occurring N-terminal to a specific residue was calculated (Figure. S4). The N-bias value of 
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aspartic acid increases while the N-bias value of proline decreases for internal fragments 

compared with terminal fragments, which suggests that the amino acid backbone is cleaved 

preferentially similar to that observed in terminal fragments albeit at a lower propensity. The 

generation of internal fragments reduces the impact of specific amino acid residues to 

fragmentation pathways and makes the fragmentation propensities for each residue more 

evenly distributed. This would require more energy to be distributed along the peptide backbone 

to overcome certain structural barriers for specific residues, e.g., the bulky cyclic structure of 

proline to induce more C-terminal cleavages. As a result, it is likely that internal fragments are 

generated by subsequent cleavage(s) of terminal fragments. 

3.4. CAD-generated internal fragments can be explained by the mobile proton model 

In the mobile proton model, the probability of protonation on peptide sites depends on the 

internal energy content of the peptide and gas-phase basicities of different residues of the 

peptide [23]. In general, peptide ions leaving the electrospray source have protons residing on 

residues with the largest proton affinities (arginine, histidine, lysine, N-terminal α-amino group) 

[18]. Energy will be required to move these protons to the peptide backbone to produce a 

population of ions with protons locating at various amide bond positions, inducing charge-

directed fragmentation to generate band y-type terminal fragments [18,23]. If insufficient energy 

is deposited onto the peptide backbone, no mobile proton will be readily available and selective 

cleavages will be observed. For example, charge-remote fragmentation pathways that do not 

require intramolecular proton mobilization to the amide bond can occur. In this case, protons are 

usually sequestered on arginines and the hydrogen in the side chain of acidic residues will 
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serve as the proton source to initiate amide bond cleavages. This is typically observed as 

enhanced fragmentation C-terminal to aspartic acid and glutamic acid, which agrees well with 

our data for terminal fragments (Figures. 3a and 4a). 

 
Figure 5. Fragmentation propensity difference analysis between terminal and internal 
fragments.  
(a) Bar graph depicting the difference of normalized abundance between internal and terminal 
fragments (internal - terminal) for each amino acid residue. (b) Heatmap depicting the difference 
of normalized abundance between internal and terminal fragments (internal - terminal) 
deconstructed by residue pair. For both (a) and (b), blue indicates a decrease in fragmentation 
propensity for internal fragments compared with terminal fragments, while orange/red indicates 
an increase for internal fragments. For each residue, X|X’ refers to the cleavage occurring N-
terminal to the amino acid residue while X|X’ refers to the cleavage occurring C-terminal to the 
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amino acid residue. 

 

To generate a terminal fragment, only a single cleavage event is required; energy deposited 

onto the peptide backbone moves protons initially residing on basic residues to amide bonds to 

induce fragmentation. However, this energy accumulation is not sufficient to move protons 

across all amide bonds to initiate evenly distributed charge-directed fragmentation. This will 

result in enhanced cleavages observed for terminal fragments (Figures. 3a and 4a). In contrast, 

multiple cleavage events are required to generate an internal fragment, allowing multiple energy 

accumulation events to occur that can enhance proton mobility. Therefore, more mobile protons 

should be available to generate internal fragments than terminal fragments. As a result, charge-

remote fragmentation should be suppressed for internal fragments so less enhanced cleavages 

C-terminal to acidic residues should be observed, which is consistent with our data (Figure. 3a 

vs. 3b, 4a vs. 4b, and Figure. 5). The suppressed proline effect of internal fragments can also be 

explained, as well as the enhanced C-terminal cleavages to proline (Figure. 5). Multiple 

cleavage events result in more energy accessible to the peptide, which can be utilized to 

overcome the unstable strained 5-5 bicyclic ring in the transition state to initiate more C-terminal 

fragmentation events to proline. Further evidence to support multiple cleavages is the more 

evenly distributed fragmentation propensities across all residues for internal fragments 

compared with terminal fragments (Figure. 3b). More energy deposition results in more mobile 

protons accessible at various amide bonds; thus, a greater variety of residue pairs can be 

cleaved by charge-directed fragmentation to generate internal fragments. As a result, for internal 
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fragments, the preference for specific fragmentation pathways, which are extremely prominent 

for terminal fragments, are largely diminished. This leads to the more evenly distributed 

fragmentation propensities across all residues for internal fragments. 

3.5. Internal fragments enhance sequence coverage for TD-MS 

 
Figure 6. Complementary fragments analysis of apomyoglobin and carbonic anhydrase II. 
Examples of complementary product ions that include terminal and internal fragments to cover 
the entire protein sequence for (a) apomyoglobin, [apoMb + 17H]17+ and (b) carbonic anhydrase 
II, [CAII + 32H]32+. Numbers above and below each bar indicate the amino acid residue number 
at the cleavage site and the N- or C-termini. (Blue color indicates N-terminal fragments, orange 
color indicates C-terminal fragments, and green and purple colors indicate their complementary 
internal fragments.). 

 

Previous reports by our group [14,43,48,50,51] and by others [39,44-47,49] have 

established the value of increasing sequence coverage by including internal fragment 

assignments. However, what has not been extensively discussed to date is the extent for which 
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information has not been considered in the past in TD-MS experiments. For example, CAD of 

the 17+ charge state of apoMb (16.9 kDa) yielded 492 peaks in the deconvoluted mass 

spectrum; of the 492 peaks, 74 were assigned as unique terminal fragments, or an assigned 

peak percentage (APP) of 15.0% (and yielding a sequence coverage of 46.1%). However, by 

including the 174 peaks assigned as unique internal fragments, the APP increases to 50.4% 

(and 80.3% sequence coverage). Similarly, for the CAD mass spectrum of the 32+ charge state 

of CAII (29 kDa), 55 of the 349 total deconvoluted peaks were assigned as terminal fragments, 

or an APP of 15.8% (22.1% sequence coverage). Including the 121 peaks assigned as internal 

fragments increases the APP to 50.4% (50.8% sequence coverage). A large fraction of the 

remaining ca. 50% of the unassigned peaks are likely due to neutral losses (e.g., loss of H2O, 

NH3, etc.) common to polypeptide MS/MS experiments. Work is ongoing to accurately account 

for these unassigned peaks. 

In principle, the presence of internal fragments may enhance the protein identification 

process in TD proteomics. Since the early days of tandem MS of multiply charged polypeptides, 

complementary ion pairs, which in sum account for the entire precursor molecule, have been 

observed in TD-MS of proteins [26,53,54]; later, complementary ion pairs have been observed 

in native TD-MS of protein complexes [55]. Complementary ion pairs often result from cleavage 

of the N-terminal bond to a proline residue, but it can be found from fragmentation of other 

residues. The inclusion of internal fragments, that when combined with terminal fragments span 

the entire polypeptide sequence, can result in complementary product ions. For example, CAD 

of [apoMb + 17H]17+ yields terminal fragments b6 (1+) and y106 (10+); when joined by internal 
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fragment by7-47 (4+, 5+), these 3 product ions form complementary product ions that cover the 

entire sequence (Figure. 6a). Similarly, CAD of [CAII + 32H]32+ generates b135 (15+ - 21+) and 

y76 (7+ - 9+) terminal fragments and the by136-183 (4+ - 7+) internal fragment that can be 

combined to form complementary product ions (Figure. 6b). (Tables S3 and S4 list many 

examples of complementary product ions for CAD of apoMb and CAII.) Nielsen et al. suggested 

the inclusion of complementary ion pairs to improve the protein identification process for bottom-

up proteomics [56]. We posit that complementary product ions that include internal fragments 

could improve the protein identification for top-down proteomics. 

 

4. Conclusions 

Here we report the first extensive investigation of fragmentation propensities of internal 

fragments generated by CAD of peptides and small proteins. We demonstrate that although 

internal fragments only account for a small portion of mass spectral signals in a single spectrum, 

they can explain a large number of fragments generated overall. Therefore, many previously 

unassigned signals can be explained as internal fragments and provide additional sequence 

information to enhance peptide and protein sequence coverage. By applying a statistical 

approach, we have shown that internal fragments share similar fragmentation propensities with 

terminal fragments as similar selective cleavages are observed. Importantly, the abundance of 

terminal fragments and their sequentially generated internal fragments agree well with each 

other. This suggests that internal fragments generated by CAD follow the same fragmentation 

pattern as terminal fragments and can be explained by the mobile proton model. However, 
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these enhanced cleavages are slightly suppressed, causing a more evenly distributed 

fragmentation propensities across all residues for internal fragments compared with terminal 

fragments. This is likely due to more mobile protons readily available to generate internal 

fragments, providing evidence that internal fragments are generated by subsequent cleavages 

of terminal fragments. 

The gas-phase fragmentation propensity of internal fragments presented here improves our 

understanding of the formation of internal fragments. This knowledge, along with the 

assignment of complementary product ions that account for the total polypeptide sequence, 

could be beneficial for the development of sequencing algorithms to assign internal fragments 

more accurately and reliably, as well as providing a new strategy for protein identification and 

validation in top-down proteomics. By assigning internal fragments, it is possible to gain more 

insight into protein sequence, leading to more efficient TD-MS analysis of proteins and 

proteoforms. Notably, the results presented here can be expanded to bottom-up and middle-

down MS experiments, potentially improving the confidence and efficiency of protein 

identification in these MS techniques as well. 
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Chapter 2: Supporting Information 

Supplementary Figures 

 

 
Figure S1. Additional sequence coverage analysis of glucagon. 
For CAD MS/MS of [glucagon + 3H]3+, (a) A fragment cleavage map indicating the location of 
inter-amino acid cleavage sites for terminal and internal fragments. (b) A sequence coverage 
map for terminal and internal fragments. Darker regions indicate more fragments covering those 
amino acid residues. 



79 

 
Figure S2. Fragmentation propensity analysis based on number of cleavages for all 
peptides. 
The distribution of the number of cleavage events adjacent to each amino acid residue of (a) 
terminal fragments and (b) internal fragments. For each residue, X|X’ (orange) refers to the 
cleavage occurring N-terminal to the amino acid residue while X|X’ (blue) refers to the cleavage 
occurring C-terminal to the amino acid residue. Orange and blue dashed lines indicate average 
cleavage counts N-terminal or C-terminal to all 20 residues. 
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Figure S3. Fragmentation propensity analysis based on normalized abundance 
deconstructed by residue pair for all peptides. 
A heatmap depicting the number of cleavage events deconstructed by residue pair for (a) 
terminal fragments and (b) internal fragments. For each cell, X|X’ (x-axis) refers to the cleavage 
occurring N-terminal to the amino acid residue while X|X’ (y-axis) refers to the cleavage 
occurring C-terminal to the amino acid residue. 
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Figure S4. “N-bias” analysis for all peptides. 
N-bias for all amino acids calculated for each peptide separately for (a) terminal fragments and 
(b) internal fragments. The boxplot shows variance for different peptides within each residue. 
The black line within each box indicates the median value of that residue. N-bias for all amino 
acids after summing normalized abundance of all peptides for (c) terminal fragments and (d) 
internal fragments. N-bias is calculated by the difference between N-terminal normalized 
abundance and C-terminal normalized abundance divided by sum of the two abundances (see 
Experimental Section). 
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Supplementary Tables 

Table S1. Molecular weight, isoelectric point 215, precursor charge states and number of 

assigned terminal and internal fragments for each peptide and protein analyzed. 

Peptide Molecular 
Weight (Da) 

Isoelectric 
point 

Precursor 
charge 
state 

Number of 
assigned 
terminal 

fragments 

Number of 
assigned 
internal 

fragments 

Apomyoglobin (137-148) 1467.69 8.5 2 19 16 
Glu-fib 1570.68 4 2 20 17 

UOM-6 peptide 1574.84 6.23 3 12 7 
Alpha casein (126-141) 1778.89 5.4 2 19 22 

LARL peptide 2014.3 4.68 3 20 16 
Apomyoglobin (1-18) 2044.25 4.14 2 23 46 

Tummino peptide 2068.39 7.94 3 28 41 
ACTH (1-17) 2093.41 10.45 3, 4 28 41 

Apo-myoglobin (86-105) 2315.79 9.83 3 27 59 
ACTH (18-39) 2465.7 4.25 3 28 36 

Beta casein (101-121) 2474.92 6.81 3 27 49 
Insulin Chain A 2531.64 5.66 2 29 30 

Fibronectin Type III 2732.05 4.3 3, 4 26 31 
Carbonic anhydrase (237-

259) 2734.31 12.31 3 18 25 

Melittin 2846.76 12.02 4 31 24 
Gastrin releasing peptide 2859.4 9.99 3, 4 31 69 

3X FLAG 2861.91 4.16 3, 4 28 53 
Xenin 2972.6 11.17 3, 4 34 67 

Tau peptide (45-73) 2977.97 3.67 3 42 56 
Peripheral Myelin protein 

P2 (53-78) 3019.44 4.42 4 26 30 

C-peptide (3-33) 3020.26 3.45 3, 4 40 39 
CGRP (8-37) 3125.6 12.02 3, 4 31 35 

GALP 3166.6 10.74 3, 4 44 30 
Tau peptide (275-305) 3264.75 9.52 3, 4 48 78 

Synthetic 1 3271.88 10.65 4, 5 33 28 
Apomyoglobin (106-136) 3277.7 5.74 4 36 65 

VIP 3325.9 9.82 3, 4 31 49 
Apomyoglobin (55-85) 3326.91 9.3 4 47 65 
Proinsulin C-peptide 3340.7 6.29 3, 4 49 40 

OVA (241-270) 3421.9 3.83 3 46 49 
Glucagon 3482.79 6.75 3 36 58 
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Insulin Chain B 3495.89 6.9 3, 4 38 50 
ACTH (7-38) 3659.17 9.4 3, 4, 5 35 25 

Alpha casein (158-192) 3793.72 3.43 3 39 25 
Apelin-36 4195.87 12.85 6 36 12 

Neuropeptide Y 4272.72 6.76 5, 6 32 25 
Beta-amyloid (1-42) 4514.08 5.31 5 31 18 
Anti-BetaGamma 4514.1 5.31 4 46 167 

Beta casein (45-91) 5202.04 5.32 4 43 49 
Alpha-synuclein (96-140) 5217.56 3.76 4 50 61 

Ubiquitin 8565.91 6.56 6 35 53 
Beta casein (132-209) 8791.51 9.52 6 70 105 
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Table S2. Counts of each amino acid residue analyzed for all peptides and proteins. 

Amino acid residue Counts 
A 76 
C 12 
D 59 
E 93 
F 45 
G 104 
H 40 
I 49 
K 84 
L 104 
M 26 
N 41 
P 98 
Q 62 
R 54 
S 66 
T 48 
V 73 
W 15 
Y 39 
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Table S3. All complementary product ions covering the entire protein sequence including one or 

two internal fragments for CAD of apomyoglobin, [apoMb + 17H]17+. Observed charge states of 

every fragment ion are shown in the paratheses. 

Apomyoglobin 
N-terminal fragment Internal fragment C-terminal fragment 

b6 (1+) by7-47 (4+, 5+) y106 (10+) 
b6 (1+) by7-13 (1+), by14-20 (1+) y133 (14+, 15+) 
b6 (1+) by7-47 (4+, 5+), by48-54 (1+) y99 (11+) 
b6 (1+) by7-47 (4+, 5+), by48-60 (1+, 2+) y93 (9+, 10+, 11+) 
b7 (1+) by8-20 (1+) y133 (14+, 15+) 
b7 (1+) by8-20 (1+), by21-36 (2+) y117 (13+) 
b7 (1+) by8-20 (1+), by21-47 (4+) y106 (10+) 
b8 (1+) by9-20 (2+) y133 (14+, 15+) 
b8 (1+) by9-20 (2+), by21-36 (2+) y117 (13+) 
b8 (1+) by9-20 (2+), by21-47 (4+) y106 (10+) 
b8 (1+) by9-60 (5+), by61-72 (2+) y81 (9+, 10+) 
b8 (1+) by9-60 (5+), by61-83 (3+) y70 (6+, 7+, 8+) 

b13 (1+, 2+) by14-20 (1+) y133 (14+, 15+) 
b13 (1+, 2+) by14-19 (1+), bx20-47 (2+) y106 (10+) 
b13 (1+, 2+) by14-20 (1+), by21-36 (2+) y117 (13+) 
b13 (1+, 2+) by14-20 (1+), by21-47 (4+) y106 (10+) 

b14 (1+) by15-20 (1+) y133 (14+, 15+) 
b14 (1+) by15-22 (1+) y131 (13+, 14+) 
b14 (1+) by15-20 (1+), by21-36 (2+) y117 (13+) 
b14 (1+) by15-20 (1+), by21-47 (4+) y106 (10+) 
b14 (1+) by15-22 (1+), by23-47 (2+) y106 (10+) 
b14 (1+) by15-22 (1+), by23-54 (3+) y99 (11+) 
b20 (1+) by21-36 (2+) y117 (13+) 
b20 (1+) by21-47 (4+) y106 (10+) 
b20 (1+) by21-36 (2+), by37-47 (2+) y106 (10+) 
b20 (1+) by21-36 (2+), by37-60 (2+, 3+) y93 (9+, 10+, 11+) 
b20 (1+) by21-47 (4+), by48-54 (1+) y99 (11+) 
b20 (1+) by21-47 (4+), by48-60 (1+, 2+) y93 (9+, 10+, 11+) 
b36 (3+) by37-47 (2+) y106 (10+, 12+) 
b36 (3+) by37-60 (2+, 3+) y93 (9+, 10+, 11+) 
b36 (3+) by37-47 (2+), by48-54 (1+) y99 (11+) 
b36 (3+) by37-60 (2+, 3+), by61-72 (2+) y81 (9+, 10+) 
b36 (3+) by37-60 (2+, 3+), by61-83 (3+) y70 (6+, 7+, 8+) 
a55 (5+) bx56-148 (10+) y5 (1+) 
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Table S4. All complementary product ions covering the entire protein sequence including one or 

two internal fragments for CAD of carbonic anhydrase II, [CAII + 32H]32+. Observed charge 

states of every fragment ion are shown in the paratheses. 

Carbonic anhydrase II 
N-terminal fragment Internal fragment C-terminal fragment 

b135 (15+ - 21+) by136-183 (4+ - 7+) y76 (7+ - 9+) 
b135 (15+ - 21+) by136-186 (5+, 6+) y73 (7+, 8+) 
b135 (15+ - 21+) by136-191 (5+) y68 (6+, 7+) 
b135 (15+ - 21+) by136-198 (5+) y61 (5+ - 8+) 
b135 (15+ - 21+) by136-182 (5+), by183-195 (1+) y64 (6+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-189 (1+) y70 (6+, 7+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-190 (1+) y69 (6+, 7+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-191 (2+) y68 (6+, 7+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-192 (1+, 2+) y67 (5+ - 8+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-194 (1+, 2+) y65 (6+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-195 (1+) y64 (6+) 
b135 (15+ - 21+) by136-183 (4+ - 7+), by184-234 (4+) y25 (3+ - 5+) 
b135 (15+ - 21+) by136-191 (5+), by192-196 (1+) y63 (5+ - 8+) 
b135 (15+ - 21+) by136-198 (5+), by199-231 (3+) y28 (4+, 5+) 

b138 (18+) ay139-195 (4+ - 6+) y64 (6+) 
b138 (18+) by139-182 (4+ - 6+), by183-195 (1+) y64 (6+) 
b140 (17+) by141-183 (4+ - 6+) y76 (7+ - 9+) 
b140 (17+) by141-178 (6+), by179-186 (1+) y73 (7+, 8+) 
b140 (17+) by141-178 (6+), by179-189 (1+) y70 (6+, 7+) 
b140 (17+) by141-178 (6+), by179-190 (2+) y69 (6+, 7+) 
b140 (17+) by141-178 (6+), by179-191 (1+, 2+) y68 (6+, 7+) 
b140 (17+) by141-183 (4+ - 6+), by184-189 (1+) y70 (6+, 7+) 
b140 (17+) by141-183 (4+ - 6+), by184-190 (1+) y69 (6+, 7+) 
b140 (17+) by141-183 (4+ - 6+), by184-191 (2+) y68 (6+, 7+) 
b140 (17+) by141-183 (4+ - 6+), by184-192 (1+, 2+) y67 (5+ - 8+) 
b140 (17+) by141-183 (4+ - 6+), by184-194 (1+, 2+) y65 (6+) 
b140 (17+) by141-183 (4+ - 6+), by184-195 (1+) y64 (6+) 
b140 (17+) by141-183 (4+ - 6+), by184-234 (4+) y25 (3+ - 5+) 
b178 (19+) by179-186 (1+) y73 (7+, 8+) 
b178 (19+) by179-189 (1+) y70 (6+, 7+) 
b178 (19+) by179-190 (2+) y69 (6+, 7+) 
b178 (19+) by179-191 (1+, 2+) y68 (6+, 7+) 
b178 (19+) by179-187 (2+), by188-192 (1+) y67 (5+ - 8+) 
b178 (19+) by179-187 (2+), by188-198 (1+) y61 (5+ - 8+) 
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b178 (19+) by179-189 (1+), by190-194 (1+) y65 (6+) 
b178 (19+) by179-189 (1+), by190-195 (1+) y64 (6+) 
b178 (19+) by179-189 (1+), by190-234 (4+) y25 (3+ - 5+) 
b178 (19+) by179-190 (2+), by191-196 (1+) y63 (5+ - 8+) 
b178 (19+) by179-190 (2+), by191-197 (1+) y62 (6+, 7+) 
b178 (19+) by179-191, by192-196 (1+) y63 (5+ - 8+) 

b183 (19+ - 25+) by184-189 (1+) y70 (6+, 7+) 
b183 (19+ - 25+) by184-190 (1+, 2+) y69 (6+, 7+) 
b183 (19+ - 25+) by184-191 (2+) y68 (6+, 7+) 
b183 (19+ - 25+) by184-192 (1+, 2+) y67 (5+ - 8+) 
b183 (19+ - 25+) by184-194 (1+, 2+) y65 (6+) 
b183 (19+ - 25+) by184-195 (1+) y64 (6+) 
b183 (19+ - 25+) by184-234 (4+) y25 (3+ - 5+) 
b183 (19+ - 25+) by184-189 (1+), by190-194 (1+) y65 (6+) 
b183 (19+ - 25+) by184-189 (1+), by190-195 (1+) y64 (6+) 
b183 (19+ - 25+) by184-189 (1+), by190-234 (4+) y25 (3+ - 5+) 
b183 (19+ - 25+) by184-190 (1+, 2+), by191-196 (1+) y63 (5+ - 8+) 
b183 (19+ - 25+) by184-190 (1+, 2+), by191-197 (1+) y62 (6+, 7+) 
b183 (19+ - 25+) by184-191 (2+), by192-196 (1+) y63 (5+ - 8+) 
b183 (19+ - 25+) by184-192 (1+, 2+), by193-201 (1+) y58 (7+) 
b183 (19+ - 25+) by184-192 (1+, 2+), by193-230 (4+) y29 (5+) 
b183 (19+ - 25+) by184-192 (1+, 2+), by193-231 (5+) y28 (4+, 5+) 
b183 (19+ - 25+) by184-192 (1+, 2+), by193-232 (4+, 5+) y27 (3+ - 5+) 
b183 (19+ - 25+) by184-192 (1+, 2+), by193-234 (3+, 4+) y25 (3+ - 5+) 
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Abstract 

Disulfide bonds in proteins have a substantial impact on protein structure, stability, and 

biological activity. Localizing disulfide bonds is critical for understanding protein folding and 

higher-order structure. Conventional top-down mass spectrometry (TD-MS), where only terminal 

fragments are assigned for disulfide-intact proteins, can access disulfide information, but suffers 

from low fragmentation efficiency, thereby limiting sequence coverage. Here, we show that 

assigning internal fragments generated from TD-MS enhances the sequence coverage of 

disulfide-intact proteins by 20–60% by returning information from the interior of the protein 

sequence, which cannot be obtained by terminal fragments alone. The inclusion of internal 

fragments can extend the sequence information of disulfide-intact proteins to near complete 

sequence coverage. Importantly, the enhanced sequence information that arise from the 

assignment of internal fragments can be used to determine the relative position of disulfide 

bonds and the exact disulfide connectivity between cysteines. The data presented here 

demonstrates the benefits of incorporating internal fragment analysis into the TD-MS workflow 

for analyzing disulfide-intact proteins, which would be valuable for characterizing biotherapeutic 

proteins such as monoclonal antibodies and antibody–drug conjugates. 
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1. Introduction 

Disulfide bonds are among the most important posttranslational modifications (PTMs) in 

proteins, as they have a substantial impact on protein structure, stability, and biological activity.1–

4 Determining disulfide bonding patterns is critical for understanding protein folding and higher-

order structure as non-native disulfide bridges and aggregates can have detrimental effects on a 

protein’s three-dimensional structure and consequently their function.5,6 The advancement of 

biotherapeutics such as monoclonal antibodies and antibody–drug conjugates have further 

driven the development of more efficient and accurate experimental strategies including mass 

spectrometry (MS) and ion mobility-MS to characterize disulfide bond linkages,7–13 as disulfide 

connectivity, which ensures its proper folding and consequently biological function and 

immunogenicity, is considered as a critical quality attribute during antibody manufacturing.14,15 

Mass spectrometry has established itself as a frontrunner for these characterizations owing to 

its exceptional sensitivity, low sample requirements, and the ability to be coupled with 

chromatographic separations to generate and detect diagnostic fragment ions possessing 

various disulfide connectivities,16–19 which cannot be achieved easily by conventional methods 

such as nuclear magnetic resonance (NMR) and X-ray crystallography.20,21 

Conventional “bottom-up” MS approaches employ chemical reduction and alkylation to 

cleave disulfide bonds and cap the free cysteines, followed by enzymatic digestion of the protein 

prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.22,23 Although 

protein sequence usually can be unambiguously determined using this approach, information on 

disulfide bond locations and connectivities can be lost.18,19 To compensate for this limitation, 
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alternative strategies including proteolysis without prior reduction or with partial reduction have 

been utilized to generate disulfide-linked peptides for LC-MS/MS measurements.24–29 This 

allows for the elucidation of disulfide bonding patterns by comparing the peptides resulting from 

the reduced regions with the peptides from constrained regions to identify disulfide-linked 

peptides. However, it is difficult to control the amount of disulfide reduction using this approach, 

which results in complex mixtures of peptides with differing amounts of capped cysteines, 

making data analysis challenging.30 Moreover, with limited disulfide reduction, protein sequence 

coverage may not be sufficient to capture all disulfide linkage information. This problem will be 

exacerbated with increasing protein size and/ or proteins that contain a large number of disulfide 

bonds.31 

Top-down mass spectrometry (TD-MS), where direct mass measurement and subsequent 

fragmentation of intact gas-phase protein ions in the mass spectrometer to obtain the primary 

sequence information, has gained in popularity in recent years for interrogating proteins with 

various PTMs, including but not limited to disulfide bonds.32–36 TD-MS bypasses the time-

consuming digestion and separation steps, allowing for all disulfide information to be preserved. 

By comparing the accurate measured mass with the theoretical sequence mass of disulfide 

intact proteins, the number of disulfide bonds can be readily determined. The modification sites 

can be further identified by subsequent fragmentation of the intact protein ions with high 

sequence coverage. However, challenges still remain. Accessing disulfide bond information 

usually requires concurrent fragmentation of the protein backbone and disulfide bonds to gain 

extensive sequence coverage, which is important for localizing disulfide bridges, whereas TD-
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MS suffers from low relative fragmentation efficiency, limiting sequence coverage.37–39 To 

increase sequence coverage, various fragmentation methods (alternative to the traditionally 

employed collision-based techniques) have been employed to characterize disulfide-intact 

peptides and proteins including electron-based dissociation (ExD),9,31,40–43 photon-based 

dissociation (PD),19,44–48 and their hybrid methods with varying success.12,30,49,50 An additional 

approach to increase TD-MS sequencing efficiency is to incorporate the assignment of internal 

fragments,51,52 generated by multiple gas-phase cleavages of the polypeptide backbone, into the 

data analysis workflow.53 

While the analysis of internal fragment ions has been largely ignored by the TD-MS 

community due to the general lack of software tools to accurately and reliably assign them, the 

concept of the formation of internal fragment ions in TD-MS spectra is not novel. Previous 

studies have shown that the inclusion of internal fragments results in much richer sequence 

information of small peptides,51,54–57 intact proteins,58–64 protein complexes,65,66 and aid the 

identification of ambiguous proteoforms in mammalian cell lysates by top-down ptoteomics.67 In 

addition, a recent study by Chin et al. demonstrated the utility of internal fragments to enhance 

sequence coverage and to decipher disulfide bonds of disulfide-rich peptides.68 Schmitt et al. 

also applied internal fragments to determine sequence motifs located within a disulfide 

constrained loop of SOD1 protein that could not be achieved by terminal fragments alone.63 The 

benefits of including internal fragments for characterizing disulfide-intact proteins are two-fold. 

Identifiable internal fragment ions within disulfide constrained regions can be generated without 

the need to cleave the disulfide bond,68 lowering the barrier to obtaining more sequence 
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information. Second, by including internal fragments, the chance of identifying product ions that 

result from cleavage of disulfide bonds to access disulfide linkage information is higher than 

analyzing terminal fragments alone. 

Here, we show that assigning internal fragments generated from collisionally activated 

dissociation (CAD) and ExD can increase the sequence coverage of disulfide-intact proteins by 

accessing the interior of the protein sequence constrained by multiple disulfide bonds. 

Importantly, by correlating the number of disulfide bonds cleaved by internal fragments to their 

sequence positions, the relative locations of disulfide bonds can be determined. By specifically 

analyzing internal fragments with disulfide bonds remaining intact, disulfide connectivity can be 

determined. This study demonstrates the benefits of considering internal fragments when 

analyzing these heavily constrained proteins, which would be valuable for characterizing 

biotherapeutic proteins that contain a large number of disulfide bond. 

 

2. Experimental 

2.1. Materials and sample preparation.  

The proteins β-lactoglobulin from bovine milk, ribonuclease A from bovine pancreas, α-

lactalbumin from bovine milk, trypsin inhibitor from glycine max, and m-nitrobenzyl alcohol 

(mNBA) were purchased from Sigma-Aldrich (St Louis, MO, USA). Lysozyme from chicken 

white egg was acquired from EMD Millipore (Darmstadt, Germany). LC/MS-grade water, 

methanol and formic acid were obtained from Fisher Chemical (Hampton, NH). All proteins were 

used without further purification. Protein samples were prepared in 49.5:49.5:1 water/ 
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methanol/formic acid to a final concentration of 10 or 20 µM. Supercharging agent mNBA was 

added to the ribonuclease A and α-lactalbumin solutions at a 0.25% (v/v) concentration. 

2.2. Mass Spectrometry.  

All samples were measured with a 15-Tesla SolariX Fourier transform ion cyclotron resonance 

(FTICR)-MS instrument equipped with an infinity ICR cell (Bruker Daltonics, Billerica, MA, USA). 

The protein solutions were loaded into in-house pulled capillaries coated with gold, and 

electrosprayed by applying a voltage between 0.7 and 1.5 kV on the electrospray ionization 

capillary. Individual charge states of each multiply protonated protein (11+ to 15+ for β-

lactoglobulin, 8+ to 12+ for lysozyme, 8+ to 14+ for ribonuclease A, and 11+ to 14+ for α-

lactalbumin) were isolated in the quadrupole, with an isolation window of 10 m/z before 

fragmentation. Three fragmentation methods including CAD, electron capture dissociation 

(ECD), and electron induced dissociation (EID) were applied to each isolated ion. For CAD 

fragmentation, collision energies were adjusted to achieve the same lab-frame energy for 

different charge states of each protein. The lab-frame energy is defined as the multiplication 

product of charge state and collision energy. The lab-frame energies used for each protein are: 

β-lactoglobulin, 336 V; lysozyme, 438 V; ribonuclease A, 330 V; α-lactalbumin, 286 V to achieve 

optimal fragmentation. For ECD fragmentation, the pulse length was set at 0.02 s, with a lens 

voltage at 50 V and bias voltage at 2 V. For EID fragmentation, the pulse length was set at 0.02 

s, with a lens voltage at 50 V and bias voltage ranging from 26 to 30 V. 

CAD-MS/MS of trypsin inhibitor (TI) was done by isolating [TI + 17H]17+ with an isolation 

window of 10 m/z. The CAD energy was set at 20 V, which reduced the precursor ion signal to 
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∼40% of the mass spectral level. 

ECD-MS/MS of β-lactoglobulin and lysozyme were also performed on a Waters SELECT 

SERIES™ Cyclic IMS Q-ToF mass spectrometer (Waters, Milford, MA, USA) with an 

electromagnetostatic ExD cell (e-MSion Inc., Corvallis, OR) mounted before the cyclic ion 

mobility cell to allow for pre-IMS ECD fragmentation. All ECD parameters were optimized to 

achieve the best fragmentation. 

2.3. Data analysis. 

2.3.1. Data processing and fragment assignment.  

Raw MS/MS spectra acquired on FTICR were deconvoluted using Bruker Data Analysis 

software (SNAP algorithm). Mass spectra acquired on the Waters Cyclic IMS Q-ToF instrument 

was deconvoluted using Waters’ BayesSpray algorithm. Deconvoluted mass lists were uploaded 

into the ClipsMS (2.0) program53 for fragment ion matching. The mass tolerance was set at 2 

ppm for FTICR data and 5 ppm for Waters Q-ToF data and the smallest internal fragment size 

was set at 5 amino acids. For sequence coverage and disulfide bond cleavage analyses, to 

account for all disulfide-containing fragment ions, modifications considering all possible disulfide 

cleavage positions (S–S and C–S cleavage) were imported as an unlocalized modification file 

for fragment matching. Up to 2 water and ammonia losses were included in the unlocalized 

modification file for CAD fragmentation. No localized modifications were imported for these 

analyses. For disulfide connectivity analysis, modifications applying one hydrogen loss on each 

cysteine to suggest the integrity of the disulfide bond were imported as a localized modification 

file for fragment matching. No unlocalized modifications were imported for this analysis. All 
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localized and unlocalized modification files for fragment matching are available in the ESI 

(Tables S1–S7†). All six terminal fragment types including a, b, c, x, y, z were searched for all 

three fragmentation methods, while only by internal fragments were searched for CAD and cz 

internal fragments for ECD/EID spectra. All terminal fragments were assigned first (i.e., given 

priority) before considering internal fragments, and all overlapping internal fragments due to the 

arrangement and/or frameshift ambiguity63 were removed. After fragment matching and 

duplicates removal, all assigned internal fragments were further verified by manually examining 

their isotopic profiles against the raw MS/MS spectra to eliminate uncertain assignments. 

2.3.2 Protein Sequence Coverage. 

Protein sequence coverage is calculated by the number of observed inter-residue cleavage 

sites divided by the total number of possible inter-residue cleavage sites on the protein 

backbone. 

 

3. Results and discussion 

3.1. Internal fragments can access the interior protein sequence constrained by multiple 

disulfide bonds. 

To demonstrate that internal fragments can enhance sequence information of disulfide intact 

proteins, three fragmentation methods were applied, CAD, ECD, and EID on various isolated 

precursor charge states of four disulfide-intact proteins, including β-lactoglobulin (2 disulfide 

bonds), lysozyme (4 disulfide bonds), ribonuclease A (4 disulfide bonds), and α-lactalbumin (4 

disulfide bonds). The disulfide connectivity of these proteins is shown in Scheme 1. EID 
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fragmentation of β-lactoglobulin, [B-lac + 14H]14+ generated rich mass spectra filled with 

informative peaks (Figure. 1A). Many of the peaks in the spectra that were not assigned as 

terminal fragments can be assigned as internal fragments (Figure. 1A inset), demonstrating that 

more information can be extracted from a single MS/ MS spectrum when considering internal 

fragments. Importantly, the location of all the assigned fragments for B-lac demonstrates that 

internal fragments span much of the interior sequence enclosed by multiple disulfide bonds, 

providing complementary sequence information to terminal fragments (Figure. 1B). Similar 

results were also observed for EID of lysozyme, [Lys + 10H]10+ (Figure. 1C and D). In both 

cases, the extent of information extracted from a single mass spectrum can be enhanced 

significantly when including internal fragments. Further, ECD and CAD of the same isolated 

precursor ions show similar fragmentation patterns, although ECD is less energetic than EID 

and CAD, and generated significantly fewer internal fragments (Figure. S1 and S2†). 

To compare sequence information obtained from terminal fragments with internal fragments, 

all assigned unique fragments generated from every charge state for each protein were 

integrated. Assigning internal fragments generated from CAD, ECD, and EID increases the 

sequence coverage by 20–60% for all proteins examined. For example, sequence coverage 

increases from 43% to 83% for EID of β-lactoglobulin (Figure. 2D), 37% to 84% for EID of 

lysozyme (Figure. 3F), 40% to 87% for EID of ribonuclease A (Figure. S3F†), and 36% to 90% 

for EID of α-lactalbumin (Figure. S4F†) after including internal fragments. Incorporating internal 

fragments can cover almost every single inter-residue site to achieve near complete sequence 

coverage (99%) for CAD of lysozyme (Figure. 3F), with CAD of α-lactalbumin also close to 100% 
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sequence coverage (96%, Figure. S4F†). This is primarily due to the fact that the generation of 

terminal fragments beyond regions enclosed by disulfide bonds is difficult (vide infra); most 

often, an S–S bond would need to be cleaved in order to release the terminal fragment. This is 

further discussed below. 

 
Scheme 1. Disulfide bond connectivities of the four proteins examined.  
(A) β-lactoglobulin (2 disulfide bonds), (B) lysozyme (4 disulfide bonds), (C) ribonuclease A (4 
disulfide bonds), (D) α-lactalbumin (4 disulfide bonds). 

 

The sequence of these proteins can be classified into different regions depending on the 

number of disulfide bonds enclosed. For example, β-lactoglobulin has two disulfide bonds with a 

connectivity of Cys66–Cys160 and Cys106–Cys119 (Scheme 1A), thus the β-lactoglobulin 
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sequence can be classified into three regions: (i) sequence not enclosed by disulfide bond 

(residues 1–66, 160–162), (ii) sequence enclosed by one disulfide bond (residues 66–106, 119–

160), and (iii) sequence enclosed by two disulfide bonds (residues 106–119). Similarly, the 

sequence of lysozyme, which possesses four disulfide bonds (Scheme 1B) can be classified 

into five regions including sequence not enclosed by a disulfide bond (residues 1–6, 127–129), 

sequence enclosed by one disulfide bond (residues 6–30, 115–127), sequence enclosed by two 

disulfide bonds (residues 30–64, 94–115), sequence enclosed by three disulfide bonds 

(residues 64–76, 80–94), and sequence enclosed by four disulfide bonds (residues 76–80). For 

the other two proteins with four disulfide bonds, the primary protein sequence can also be 

separated into specific regions (ribonuclease A, Scheme 1C, and α-lactalbumin, Scheme 1D). 

To investigate the utility of internal fragments for accessing highly disulfide constrained regions, 

the extent of sequence information obtained from terminal and internal fragments at different 

sequence regions were compared and a clear trend can be observed. Generally, most internal 

fragments originate from the interior of the sequence within disulfide bonded regions, while 

terminal fragments originate from the outermost sequence. For example, for CAD of β-

lactoglobulin, terminal fragments cover more sequence not enclosed by disulfide bond than 

internal fragments (64% vs. 60%, Figure. 2A), corresponding to a change of +4%, while no 

terminal fragments and only internal fragments cover the sequence enclosed by two disulfide 

bonds (0% vs. 54%, Figure. 2C), corresponding to a change of −54%. Similarly, for CAD of 

lysozyme with four disulfide bonds and five distinct sequence regions, the sequence coverage 

change when comparing terminal vs. internal fragments are +43%, −14%, −47%, −65%, and 
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−20%, respectively, when going deeper into the middle of the sequence (Fig. 3A–E). This data 

clearly demonstrates that internal fragments significantly enhance sequence information of the 

regions constrained by multiple disulfide bonds. A similar trend was observed for ECD and EID 

of these two proteins (Figures. 2 and 3) and the other two proteins possessing four disulfide 

bonds (ribonuclease A, Figure. S3, and α-lactalbumin, Figure. S4†), with the relative sequence 

coverage decreasing for terminal fragments while increasing for internal fragments when 

reaching the interior protein sequence (Figure. 2A–C, 3A–E, S3A–E, and S4A–E†). Notably, 

some specific sequence regions can only be accessed by internal fragments, such as the 

sequence enclosed by two disulfide bonds of β-lactoglobulin (Figure. 2C) and sequence 

enclosed by four disulfide bonds of ribonuclease A (Figure. S3E†) and α-lactalbumin (Figure. 

S4E†), highlighting the ability of internal fragments to cover regions that cannot be reached by 

terminal fragments. The data shown here shows promise for the inclusion of internal fragments 

in obtaining more comprehensive sequence information for disulfide-intact proteins. 



110 

 
Figure 1. Data analysis of EID MS/MS of β-lactoglobulin and lysozyme. 
Representative EID MS/MS spectra of (A) β-lactoglobulin, [B-lac + 14H]14+ and (C) lysozyme, 
[Lys + 10H]10+. Fragment location maps indicating the region of the protein sequence covered by 
terminal fragments (blue) and internal fragments (orange) for (B) EID of β-lactoglobulin, [B-lac + 
14H]14+ (spectrum in A) and (D) EID of lysozyme, [Lys + 10H]10+ (spectrum in C). Vertical dashed 
lines in panels B and D represent cysteines positions, with the same color indicating a disulfide 
bond is formed between those two cysteines. 
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Figure 2. Sequence coverage analysis of β-lactoglobulin. 
The extent of sequence information obtained by terminal and internal fragments for β-
lactoglobulin at different sequence regions after integrating data from all five charge states (11+ 
to 15+) and for all three fragmentation methods (CAD, ECD, and EID) examined, (A) sequence 
not enclosed by disulfide bond, (B) sequence enclosed by one disulfide bond, (C) sequence 
enclosed by two disulfide bonds, (D) whole sequence. Cross marks in each panel indicate the 
sequence coverage after combing terminal and internal fragments. 
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Figure 3. Sequence coverage analysis of lysozyme. 
The extent of sequence information obtained by terminal and internal fragments for lysozyme at 
different sequence regions after combining data from all five charge states (8+ to 12+) and for 
all three fragmentation methods (CAD, ECD, and EID) examined, (A) sequence not enclosed by 
disulfide bond, (B) sequence enclosed by one disulfide bond, (C) sequence enclosed by two 
disulfide bonds, (D) sequence enclosed by three disulfide bonds. (E) Sequence enclosed by 
four disulfide bonds. (F) Whole sequence. Cross marks in each panel indicate the sequence 
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coverage after combing terminal and internal fragments. 

 

3.2. Internal fragments can determine the relative position of disulfide bonds. 

 
Figure 4. Disulfide bond cleavage analysis of β-lactoglobulin. 
Number of disulfide bonds cleaved by terminal and internal fragments for β-lactoglobulin after 
integrating data from all five charge states (11+ to 15+) and for all three fragmentation methods 
(CAD, ECD, and EID) examined, (A) Cys66–Cys160 bond, (B) Cys106–Cys119 bond. Cross 
marks in each panel indicate the disulfide bond cleavage counts after combing terminal and 
internal fragments. 

 

To determine the position of disulfide bonds for these proteins, the number of disulfide bond 

cleavages were analyzed. We show here that terminal fragments result from cleavage of 
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disulfide bonds located on the exterior of the protein, while internal fragments can result from 

cleavage of disulfide bonds within the interior of the protein. For example, terminal fragments 

generated by EID of β-lactoglobulin (2 disulfide bonds) resulted from more cleavages at the 

outermost disulfide bond (Cys66–Cys160) than internal fragments (38 vs. 11, Figure. 4A), while 

only internal fragments originated from the cleavage of the interior disulfide bond (9 times at the 

Cys106–Cys119 bond, Figure. 4B). This trend is more pronounced for proteins with a greater 

number of disulfide bonds. For example, EID of lysozyme (4 disulfide bonds) showed that the 

Cys6–Cys127 bond was cleaved 62 times by terminal fragments but only 6 times by internal 

fragments (Figure. 5A). For the Cys30–Cys115 bond, located more interior of the protein 

sequence, the difference between disulfide cleavages from terminal and internal fragments was 

reversed, 10 vs. 16, respectively (Figure. 5B). For the Cys64–Cys80bondand theCys76–Cys94 

bond, the disulfide cleavages comparison is 0 vs. 17 and 0 vs. 19 (terminal vs. internal, Figure. 

5C and D). This trend was also observed for CAD and ECD of β-lactoglobulin and lysozyme, 

and the other two disulfide bonded proteins (ribonuclease A, Figure. S5, and α-lactalbumin, 

Figure. S6†). Surprisingly, for disulfide bonds buried within the protein, their cleavages were 

only explained by internal fragments (Figure.4B, 5C and D, S5D, S6C and D†), highlighting the 

use of internal fragments to access disulfide bond information that cannot be obtained by 

terminal fragments. 
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Figure 5. Disulfide bond cleavage analysis of lysozyme. 
Number of disulfide bonds cleaved by terminal and internal fragments for lysozyme after 
combining data from all five charge states (11+ to 15+) for all three fragmentation methods 
(CAD, ECD, and EID) examined, (A) Cys6–Cys127 bond, (B) Cys30–Cys115 bond, (C) Cys64–
Cys80 bond, (D) Cys76–Cys94 bond. Cross marks in each panel indicate the disulfide bond 
cleavage counts after combing terminal and internal fragments. 

 

These data indicate that by correlating the relative number of disulfide cleavages resulting 

from internal fragments to their sequence positions, the relative locations of disulfide bonds can 

be determined. The outermost disulfide bonds are explained more by terminal fragments, as their 
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formation usually only requires one backbone cleavage in addition to one disulfide bond cleavage. 

In contrast, in order for internal fragments to explain these outermost disulfide bond cleavages, 

simultaneous cleavages of one disulfide bond and multiple protein backbone bonds are required, 

raising the energy barrier compared to terminal fragments. When going deeper into the protein 

sequence, more internal fragments result from cleavage of innermost disulfide bonds. In these 

highly constrained regions, simultaneous cleavages of multiple disulfide bonds and one protein 

backbone bond are needed to generate terminal fragments, while the formation of internal 

fragments still only require one disulfide bond cleavage in addition to multiple protein backbone 

cleavages. These results can be rationalized by considering the relative energies required to 

cleave the protein backbone (∼10–15 kcal mol−1) compared to the disulfide bond (∼45–60 kcal 

mol−1).38,69 Because the energy barrier of cleaving a disulfide bond is higher than cleaving a 

protein backbone bond, the energy requirement of forming internal fragments in the interior 

protein sequence could be lower than for terminal fragments, and thus internal fragments could 

more easily result from cleavage of disulfide bonds buried within the protein. To support our data, 

ECD of β-lactoglobulin and lysozyme were conducted using a different mass spectrometry system 

(Waters Select Series Cyclic IMS Q-TOF). Similar trends for both sequence coverages and 

disulfide bond cleavages were observed (Figure. S7 and S8†), further demonstrating the utility of 

internal fragments to cover the interior protein sequence and determine the relative positions of 

disulfide bonds. 

  



117 

3.3. Internal fragments retaining intact disulfide bonds can determine disulfide 

connectivity. 

To determine the disulfide connectivity between cysteines, we focus on fragments that only result 

from protein backbone cleavages and retain the intact disulfide bonds. Fragments that arise from 

these types of cleavages can be divided into type I fragments and type II fragments (Scheme 2). 

Type I fragments correspond to fragments (terminal and internal) that traverse an even number of 

dehydrocysteine residues (e.g.,2,4, 6) and contain mass shifts associated with the multiplication 

product of the number of disulfide bonds and dehydrocysteines (no. of disulfide bonds × −2 Da, 

Scheme 2). Type II fragments correspond to internal fragments formed between adjacent cysteine 

residues; thus, no disulfide bonds are involved (Scheme 2). Type I fragments suggest that intact 

disulfide bonds are maintained within the cysteines involved, while type II fragments suggest that 

those two adjacent cysteines are highly unlikely to be connected. 

 
Scheme 2. Two types of fragments that retain intact disulfide bonds to determine the 
disulfide connectivity.  
The two types of fragments retaining intact disulfide bonds to determine disulfide connectivity. A 
hydrogen loss (−1 Da) was applied on every cysteine residue to suggest the integrity of disulfide 
bonds involved. Type I fragment traverses an even number of dehydrocysteines (2, 4, 6 etc.), 
suggesting that intact disulfide bonds are formed within the cysteines involved. Type II fragment 
is generated between adjacent cysteines with no disulfide bonds involved, suggesting that those 
two adjacent cysteines are highly unlikely to be connected. 
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To determine disulfide connectivity using type I and type II fragments, CAD fragmentation of 

trypsin inhibitor (181 residues, 20.1 kDa, 2 disulfide bonds, Figure. S9A†), [TI + 17H]17+ (Figure. 

6A) was investigated, as the non-overlapping feature of the two disulfide bonds of trypsin inhibitor 

makes it a good test example. Type I fragments can be used to determine the disulfide 

connectivity of the two disulfide bonds of trypsin inhibitor. For example, the two dehydrocysteines 

(Cys39 and Cys86) located close to the N-terminus were traversed by 9 type I terminal fragments 

and 70 type I internal fragments, and the two dehydrocysteines (Cys136 and Cys145) located 

closer to the C-terminus were traversed by 8 type I terminal fragments and 7 type I internal 

fragments, which strongly suggests that the connectivity between these cysteines should be 

“Cys39–Cys86” and “Cys136–Cys145” for these two disulfide bonds (Figure. 6A). Four examples 

of type I internal fragments traversing these two disulfide bonds are shown (Figure. S9†). It should 

be noted that fragments traversing an even number of dehydrocysteines do not guarantee the 

integrity of disulfide bonds involved; however, the likelihood of them being cleaved is much lower. 

For example, only one internal fragment (by42–137) traversed the middle two dehydrocysteines 

(Cys86 and Cys136), whereas the formation of 3 type II fragments between Cys86 and Cys136 

(by96–115, by100–115, by125–132) indicates that these two cysteines are not likely to be 

connected. 

Similar results could also be gleaned when α-lactalbumin (123 residues, 14.2 kDa, 4 disulfide 

bonds, Scheme 1D), which possesses a more complicated disulfide linkage, was analyzed 

(Figure. 6B). Disulfide connectivity of α-lactalbumin was determined by interrogating the innermost 

disulfide bonds, and expanding to the outermost disulfide bonds. The middle four 
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dehydrocysteines (Cys61, Cys73, Cys77, Cys91) were traversed by 4 type I internal fragments 

(by50–97, by51–106, by53–97, by60–106, Figure. S10†), indicating that two disulfide bonds are 

formed within these four cysteines (Figure. 6B). Type II internal fragments were then used to aid 

the assignment of the exact connectivity within these four cysteines. The formation of 8 type II 

internal fragments between Cys61 and Cys73, and 12 type II internal fragments between Cys77 

and Cys91 strongly suggests that the connectivity of “Cys61–Cys73” and “Cys77– Cys91” is not 

likely. In addition, the lack of type I internal fragments traversing the middle two dehydrocysteines 

(Cys73 and Cys77) indicates that the “Cys73–Cys77” connectivity is not likely either. Should 

Cys73 and Cys77 be connected, type I internal fragments traversing the dehydro form of these 

two cysteines would have been generated, as demonstrated by CAD of trypsin inhibitor (Figure. 

6A). Therefore, the only possible connectivity of these four cysteines is “Cys61–Cys77” and 

“Cys73– Cys91”. Expanding to the outermost cysteines, the formation of 1 type I internal fragment 

traversing the middle six dehydrocysteines (by20–113), and 8 type I terminal fragments traversing 

all eight dehydrocysteines indicates that two more disulfide bonds are formed between the four 

cysteines located on the exterior protein sequence. The presence of type I internal fragment 

by20–113 determines the connectivity of “Cys28–Cys111”, provided that the middle four cysteines 

are associated with each other. This is further supported by the fact that 28 type II internal 

fragments are formed between Cys6 and Cys28, 40 type II internal fragments are formed between 

Cys28 and Cys61, 28 type II internal fragments are formed between Cys91 and Cys111, and 1 

type II internal fragment is formed between Cys111 and Cys120. These type II internal fragments 

rule out the possibility of “Cys6–Cys28”, “Cys28–Cys61”, “Cys91–Cys111”, and “Cys111– Cys120” 
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connectivities. Therefore, the two outermost disulfide bond connectivities can be determined as 

“Cys28–Cys111” and “Cys6–Cys120”. It is noteworthy that only internal fragments can access the 

middle four cysteines, demonstrating again the value of analyzing internal fragments to obtain 

comprehensive disulfide bond information. The disulfide connectivity of lysozyme can be 

elucidated and determined in a similar way using these two types of fragments (Figure. S11†). 

 
Figure 6. Analysis of fragments that retain intact disulfide bonds to determine disulfide 
connectivities of trypsin inhibitor and α-lactalbumin. 
Fragment location maps after importing a hydrogen loss localized modification on every 
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cysteine. (A) CAD of trypsin inhibitor, [TI + 17H]17+, and (B) CAD of α-lactalbumin after 
integrating data from all four charge states examined (11+ to 14+). Vertical dashed lines 
represent cysteines positions, with the same color indicating a disulfide bond is formed between 
those two cysteines. Internal fragments traversing an even number of dehydrocysteines (type I 
fragments) suggest that intact disulfide bonds are formed within those cysteines, while internal 
fragments formed between adjacent cysteines (type II fragments) suggest that those two 
cysteines are not likely to relate to each other. 

 

4. Conclusions 

Here we report the utility of internal fragments to enhance information obtained from disulfide-

intact proteins. We demonstrate that internal fragments can access the interior protein sequence 

constrained by multiple disulfide bonds that cannot be reached by terminal fragments, resulting in 

a sequence coverage increase of 20–60% to cover nearly the complete sequence of disulfide-

intact proteins. We show that terminal fragments result from cleavage of disulfide bonds located 

on the exterior of the protein while internal fragments represent cleavage of more disulfide bonds 

buried within the interior of the protein. By correlating the relative number of internal fragments 

that result in disulfide cleavages to their sequence positions, the relative positions of disulfide 

bonds can be determined. Lastly, we show that internal fragments retaining intact disulfide bonds, 

which are traditionally overlooked, can be used to determine the disulfide connectivity. By 

analyzing internal fragments, it is possible to gain more sequence information and elucidate 

disulfide linkage patterns for proteins with unknown disulfide connectivities, which would be 

valuable for characterizing biotherapeutic proteins that contain many disulfide bonds. 

 

Data Availability 
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All experimental supporting data associated with this article are available in the main manuscript 

and in the ESI.† 
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Chapter 3: Supporting Information 

Supplementary Figures 

 
Figure S1. Data analysis of ECD and CAD MS/MS of β-lactoglobulin. 
A. Representative ECD MS/MS spectrum of beta-lactoglobulin, [Blac + 14H]14+. B. Fragment 
location map indicating the region of the protein sequence covered by terminal and internal 
fragments for spectrum in panel A. C. Representative CAD MS/MS spectrum of beta-
lactoglobulin, [Blac + 14H]14+. D. Fragment location map indicating the region of the protein 
sequence covered by terminal and internal fragments for spectrum in panel C. 
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Figure S2. Data analysis of ECD and CAD MS/MS of lysozyme. 
A. Representative ECD MS/MS spectrum of lysozyme, [Lys + 10H]10+. B. Fragment location 
map indicating the region of the protein sequence covered by terminal and internal fragments 
for spectrum in panel A. C. Representative CAD MS/MS spectrum of lysozyme, [Lys + 10H]10+. 
D. Fragment location map indicating the region of the protein sequence covered by terminal and 
internal fragments for spectrum in panel C. 
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Figure S3. Sequence coverage analysis of ribonuclease A. 
The extent of sequence information obtained by terminal and internal fragments for 
ribonuclease A at different sequence regions after integrating data from all seven charge states 
(8+ to 14+) for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence 
not enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence 
enclosed by two disulfide bonds, D. sequence enclosed by three disulfide bonds, E. sequence 
enclosed by four disulfide bonds, F. whole sequence.  
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Figure S4. Sequence coverage analysis of α-lactalbumin. 
The extent of sequence information obtained by terminal and internal fragments for alpha-
lactalbumin at different sequence regions after integrating data from all four charge states (11+ 
to 14+) for all three fragmentation methods (CAD, ECD, and EID) examined, A. sequence not 
enclosed by disulfide bond, B. sequence enclosed by one disulfide bond, C. sequence enclosed 
by two disulfide bonds, D. sequence enclosed by three disulfide bonds, E. sequence enclosed 
by four disulfide bonds, F. whole sequence.  
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Figure S5. Disulfide bond cleavage analysis of ribonuclease A. 
Number of disulfide bonds cleaved by terminal and internal fragments for ribonuclease A after 
integrating data from all seven charge states (8+ to 14+) for all three fragmentation methods 
(CAD, ECD, and EID) examined, A. Cys26-Cys84 bond, B. Cys40-Cys95 bond, C. Cys58-
Cys110 bond, D. Cys65-Cys72 bond.  
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Figure S6. Disulfide bond cleavage analysis of α-lactalbumin. 
Number of disulfide bonds cleaved by terminal and internal fragments for alpha-lactalbumin 
after integrating data from all four charge states (11+ to 14+) for all three fragmentation methods 
(CAD, ECD, and EID) examined, A. Cys6-Cys120 bond, B. Cys28-Cys111 bond, C. Cys61-
Cys77 bond, D. Cys73-Cys91 bond.  
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Figure S7. ECD MS/MS data of β-lactoglobulin, [Blac + 15H]15+ acquired from Waters 
Select Series Cyclic IMS mass spectrometer. 
A. fragment location map indicating the region of the protein sequence covered by terminal and 
internal fragments, B. the extent of sequence information obtained at different sequence regions 
by terminal and internal fragments, C. the number of disulfide bonds cleaved by terminal and 
internal fragments. Cross markers in panels B and C indicate the metric (sequence coverage or 
disulfide bond cleavage counts) after combining terminal and internal fragments. 
  

A B

C
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Figure S8. ECD MS/MS data of lysozyme, [Lys + 9H]9+ acquired from Waters Select Series 
Cyclic IMS mass spectrometer. 
A. fragment location map indicating the region of the protein sequence covered by terminal and 
internal fragments, B. the extent of sequence information obtained at different sequence regions 
by terminal and internal fragments, C. the number of disulfide bonds cleaved by terminal and 
internal fragments. Cross markers in panels B and C indicate the metric after combining 
terminal and internal fragments. 
  

BA

C
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Figure S9. Disulfide connectivity analysis of trypsin inhibitor. 
A. Disulfide bond connectivities of trypsin inhibitor (2 disulfide bonds). Isotope envelope fits of 
representative internal fragments traversing intact disulfide bonds generated by CAD of trypsin 
inhibitor, [TI + 17H]17+ (Figure 6, panel A), B. [by4-97 + 7H]7+ (0.332 ppm), C. [by26-99 + 5H]5+ (-
0.001 ppm), D. [by100-153 + 6H]6+ (-0.112 ppm), E. [by98-175 + 8H]8+ (-0.189 ppm). Internal 
fragments shown in panels B and C traverse the Cys39-Cys86 bond (the “purple” disulfide 
bond), while internal fragments shown in panels D and E traverse the Cys136-Cys145 bond (the 
“red” disulfide bond). 
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Figure S10. Isotope fits of selected internal fragments of α-lactalbumin that can 
determine its disulfide connectivity. 
Isotope envelope fits of internal fragments traversing the two intact disulfide bonds in the interior 
of alpha-lactalbumin (Cys61-Cys77 bond and Cys73-Cys91 bond, the “green” and “purple” 
disulfide bonds) generated by CAD (Figure 6, panel C), A. [by50-97 + 3H]3+ (-1.205 ppm), B. [by51-

106 + 4H]4+ (-1.969 ppm), C. [by53-97 + 3H]3+ (1.634ppm), D. [by60-106 + 3H]3+ (1.666ppm). 
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Figure S11. Disulfide connectivity analysis of lysozyme. 
A. Fragment location map after importing a hydrogen loss localized modification on every 
cysteine, suggesting the integrity of every disulfide bond of CAD of lysozyme after integrating 
data from all five charge states examined (8+ to 12+). Isotope envelope fits of representative 
internal fragments traversing the two intact disulfide bonds located in the interior of lysozyme 
(Cys64-Cys80 bond and Cys76-Cys94 bond, the “green” and “purple” disulfide bonds) 
generated by CAD (panel A), B. [by49-96 + 3H]3+ (-1.579 ppm), C. [by53-97 + 4H]4+ (-0.064 ppm). 
  

B

C
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Supplementary Tables 

Table S1. Unlocalized modifications for fragment matching of ExD of beta-lactoglobulin (2 

disulfide bonds) to account for all disulfide-containing fragment ions. 

Modification type Mass shift (Da) Amino acid residue Number of residues required 
H+ 1.00783 Any 1 
H- -1.00783 C 1 
2H- -2.01566 C 2 
3H- -3.02349 C 4 
4H- -4.03132 C 5 
1S 31.9721 C 1 
2S 63.9442 C 2 
SH- -32.9799 C 1 

2SH- -65.9598 C 2 
S- -31.9721 C 1 

2S- -63.9442 C 2 
H-S+ 30.9643 C 1 

2(H-S+) 61.9286 C 2 
SH2- -33.9878 C 1 

2(SH2-) -67.9755 C 2 
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Table S2. Unlocalized modifications for fragment matching of CAD of beta-lactoglobulin (2 

disulfide bonds) to account for all disulfide-containing fragment ions. 

Modification type Mass shift (Da) Amino acid residue Number of residues required 
2H2O- -36.02113 Any 0 
H2O- -18.010565 Any 0 
2NH3- -34.053098 Any 0 
NH3- -17.026549 Any 0 

H- -1.00783 C 1 
2H- -2.01566 C 2 
3H- -3.02349 C 4 
4H- -4.03132 C 5 
1S 31.9721 C 1 
2S 63.9442 C 2 
SH- -32.9799 C 1 

2SH- -65.9598 C 2 
S- -31.9721 C 1 

2S- -63.9442 C 2 
H-S+ 30.9643 C 1 

2(H-S+) 61.9286 C 2 
SH2- -33.9878 C 1 

2(SH2-) -67.9755 C 2 
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Table S3. Unlocalized modifications for fragment matching of ExD of lysozyme, ribonuclease A, 

and alpha-lactalbumin (all with 4 disulfide bonds) to account for all disulfide-containing fragment 

ions. 

Modification type Mass shift (Da) Amino acid residue Number of residues required 
H+ 1.00783 Any 1 
H- -1.00783 C 1 

2H- -2.01566 C 2 
3H- -3.02349 C 3 
4H- -4.03132 C 4 
5H- -5.03915 C 4 
6H- -6.04698 C 4 
7H- -7.05481 C 4 
8H- -8.06264 C 4 
1S 31.9721 C 1 
2S 63.9442 C 2 
3S 95.9163 C 3 
4S 127.8884 C 4 
SH- -32.9799 C 1 
2SH- -65.9598 C 2 
3SH- -98.9397 C 3 
4SH- -131.92 C 4 

S- -31.9721 C 1 
2S- -63.9442 C 2 
3S- -95.9163 C 3 
4S- -127.888 C 4 

H-S+ 30.9643 C 1 
2(H-S+) 61.9286 C 2 
3(H-S+) 92.8929 C 3 
4(H-S+) 123.8572 C 4 
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Table S4. Unlocalized modification for fragment matching of CAD of lysozyme, ribonuclease A, 

and alpha-lactalbumin (all with 4 disulfide bonds) to account for all disulfide-containing fragment 

ions. 

Modification type Mass shift (Da) Amino acid residue Number of residues required 
2H2O- -36.0211 Any 0 
H2O- -18.0106 Any 0 
2NH3- -34.0531 Any 0 
NH3- -17.0265 Any 0 

H- -1.00783 C 1 
2H- -2.01566 C 2 
3H- -3.02349 C 3 
4H- -4.03132 C 4 
5H- -5.03915 C 4 
6H- -6.04698 C 4 
7H- -7.05481 C 4 
8H- -8.06264 C 4 
1S 31.9721 C 1 
2S 63.9442 C 2 
3S 95.9163 C 3 
4S 127.8884 C 4 
SH- -32.9799 C 1 
2SH- -65.9598 C 2 
3SH- -98.9397 C 3 
4SH- -131.92 C 4 

S- -31.9721 C 1 
2S- -63.9442 C 2 
3S- -95.9163 C 3 
4S- -127.888 C 4 

H-S+ 30.9643 C 1 
2(H-S+) 61.9286 C 2 
3(H-S+) 92.8929 C 3 
4(H-S+) 123.8572 C 4 
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Table S5. Localized modifications for fragment matching of CAD of trypsin inhibitor, which 

applies one hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds. 

Modification type Mass shift (Da) Position of modified amino acid residue 
H- -1.00783 39 
H- -1.00783 86 
H- -1.00783 136 
H- -1.00783 145 

 

Table S6. Localized modifications for fragment matching of CAD of alpha lactalbumin, which 

applies one hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds. 

Modification type Mass shift (Da) Position of modified amino acid residue 
H- -1.00783 6 
H- -1.00783 120 
H- -1.00783 28 
H- -1.00783 111 
H- -1.00783 61 
H- -1.00783 77 
H- -1.00783 73 
H- -1.00783 91 

 

Table S7. Localized modifications for fragment matching of CAD of lysozyme, which applies one 

hydrogen loss on every cysteine to suggest the integrity of the disulfide bonds. 

Modification type Mass shift (Da) Position of modified amino acid residue 
H- -1.00783 6 
H- -1.00783 127 
H- -1.00783 30 
H- -1.00783 115 
H- -1.00783 64 
H- -1.00783 80 
H- -1.00783 76 
H- -1.00783 94 
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Abstract 

Monoclonal antibodies (mAbs) and antibody−drug conjugates (ADCs) are two of the most 

important therapeutic drug classes that require extensive characterization, whereas their large 

size and structural complexity make them challenging to characterize and demand the use of 

advanced analytical methods. Top-down mass spectrometry (TD-MS) is an emerging technique 

that minimizes sample preparation and preserves endogenous post-translational modifications 

(PTMs); however, TD-MS of large proteins suffers from low fragmentation efficiency, limiting the 

sequence and structure information that can be obtained. Here, we show that including the 

assignment of internal fragments in native TD-MS of an intact mAb and an ADC can improve 

their molecular characterization. For the NIST mAb, internal fragments can access the 

sequence region constrained by disulfide bonds to increase the TD-MS sequence coverage to 

over 75%. Important PTM information, including intrachain disulfide connectivity and N-

glycosylation sites, can be revealed after including internal fragments. For a heterogeneous 

lysine-linked ADC, we show that assigning internal fragments improves the identification of drug 

conjugation sites to achieve a coverage of 58% of all putative conjugation sites. This proof-of 

principle study demonstrates the potential value of including internal fragments in native TD-MS 

of intact mAbs and ADCs, and this analytical strategy can be extended to bottom-up and middle-

down MS approaches to achieve even more comprehensive characterization of important 

therapeutic molecules.   

1. Introduction 

Monoclonal antibody (mAb) therapeutics have become increasingly important for the diagnosis 
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and treatment of a host of diseases including cancer and viral infections. They can achieve 

targeted tumor cell elimination with high specificity and desirable pharmacokinetics 

properties.1−7 MAbs are highly complex molecules with large size (∼150 kDa) and have a series 

of intra- and interchain disulfide bridges and numerous post-translational modifications (PTMs), 

with the most common ones being N-glycosylation, N-terminal pyroglutamine cyclization, 

oxidation, C-terminal lysine processing, and deamidation.8,9 This high molecular complexity can 

impact critical quality attributes (CQAs)10 of mAb products including stability, solubility, and 

pharmacokinetics/pharmacodynamics properties; thus, extensive sequence and structure 

characterization is required to produce high quality mAb products.1 

Antibody−drug conjugates (ADCs), which arm the antibodies with highly potent cytotoxic 

payloads via a linker to improve its antitumor efficacy, have emerged as a promising therapeutic 

drug class.12−16 The conjugation of a linker and a payload onto antibodies introduces an 

additional dimension of heterogeneity to ADCs, increasing the challenge of their complete 

characterization. This is particularly true for nonspecific lysine-linked ADCs, in which payloads 

are conjugated with primary amines (lysines and N-termini) of the antibody, resulting in a highly 

heterogeneous molecule with various numbers of payloads binding to a large array of 

locations.12,17−21 Comprehensive analytical profiling of ADCs include evaluating CQAs such as 

drug-to-antibody ratio (DAR), drug distribution, and drug conjugation sites.22−30 In contrast to the 

routinely characterized DAR and drug distribution, relatively few studies have focused on 

determining drug conjugation sites, despite their important role in affecting the physical and 

pharmaceutical properties of ADCs.17,26,31,32 For example, the binding specificity of lysine-linked 
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ADCs to the target antigen can be affected if the conjugation occurs in the complementarity-

determining regions (CDRs).12,17,33 Such instances necessitate the determination of drug 

conjugation sites, particularly for nonspecific lysine-linked ADCs. 

Mass spectrometry (MS) based techniques, such as bottom-up MS (BU-MS) and middle-

down MS (MD-MS), are powerful analytical tools routinely used for the characterization of mAbs 

and ADCs. BU-MS, or peptide mapping, analyzes enzymatically digested peptides of 

mAbs/ADCs using liquid chromatography−tandem mass spectrometry (LC−MS/ MS).12,34−39 

While BU-MS can provide high sequence coverage with amino acid resolution and pinpoint ADC 

drug conjugation sites (by identifying payload-bound peptide ions), it comes at a cost of 

relatively extensive sample preparation and the possibility of introducing artificial PTMs.40−42 

MD-MS, which analyzes ∼25 kDa subunits of mAbs and ADCs by reducing disulfide bonds and 

cleaving the hinge region of the antibody heavy chain, has become a promising complementary 

approach to BU-MS.43−50 MD-MS does not reach the extensiveness of BU-MS in terms of 

sequence and drug conjugation site coverage; it avoids the digestion step required by BU-MS, 

although enzymatic and chemical reduction and chromatographic separation are still necessary. 

Top-down MS (TD-MS), where intact gas-phase protein ions are measured and fragmented, 

has gained popularity in recent years for the characterization of mAbs.43,51−56 Compared to BU-

MS and MD-MS, TD-MS holds the advantages of minimal sample preparation and preserving 

endogenous modifications of mAbs. However, TD-MS suffers from low fragmentation efficiency 

for proteins of the size of mAbs and for proteins with significant disulfide bond 

compositions.53,54,57,58 Recently, the Coon lab utilized activated ion electron transfer dissociation 
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(AI-ETD), a novel fragmentation technique that combines the advantage of electron- and 

photon-based fragmentation, to achieve over 60% sequence coverage on intact NIST mAb by 

TD-MS alone.54 Although this is a substantial improvement over previous TD-MS studies, 

comprehensive TD-MS sequence coverage on intact mAbs is still challenging. Studies utilizing 

TD-MS to identify drug conjugation sites of intact ADCs are even more sparse. The Ge lab 

applied a three-tier TD-MS strategy for multiattribute analysis of a site-specific cysteine-linked 

ADC; however, limited sequence and drug conjugation site information is obtained due to 

relatively low fragmentation efficiency.59 Thus far, BU-MS and MD-MS are still the preferred 

methods for the characterization of either cysteine-linked ADCs22,48−50,60 or lysine-linked 

ADCs.12,17,35,37,47 

A strategy to improve the apparent fragmentation efficiency of TD-MS, and thereby increase 

sequence information content, is to incorporate noncanonical internal fragments, which contain 

neither the N- nor C-terminus of the protein sequence, into data analysis workflow.61 Previous 

studies have shown that including internal fragment assignments in TD-MS can enhance the 

sequence information obtained from intact proteins,62−67 from protein complexes,68,69 and on a 

proteome-wide scale.70 Specifically, internal fragments have been demonstrated to aid the TD-

MS characterization of disulfide-intact proteins,64,67,71 inspiring us to investigate the application 

of internal fragments in TD-MS of mAbs and ADCs, which contain a large number of disulfide 

bonds. 

Here, we show that assigning internal fragments in TD-MS increases mAb sequence 

coverage to over 75% and allows the determination of intrachain disulfide connectivity and 
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various N-glycosylation types. For a therapeutic nonspecific lysine- linked ADC, identification of 

nearly 60% of all putative drug conjugation sites was achieved. To our knowledge, the sequence 

coverage reported here on intact mAbs is the highest achieved by TD-MS alone, and this is the 

first report utilizing TD-MS to characterize lysine-linked ADCs. 

 

2. Experimental Section 

2.1. Materials and sample preparation.  

The humanized IgG1k monoclonal antibody reference material 8671 was purchased from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD). IgG1-DM1 ADC was 

supplied by Amgen; the mAb is comprised of two human heavy chains and two human λ light 

chains, and was expressed in Chinese hamster ovary cells and purified by chromatographic 

procedures developed at Amgen.72 Detailed procedures for the preparation of the ADC have 

been described previously.12 Briefly, a maytansinoid DM1 payload was conjugated onto primary 

amines of the naked IgG1 mAb through a noncleavable linker, N-succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (SMCC) (Figure S1). Ammonium acetate solution 

(7.5 M) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted to 200 mM. The 

NIST mAb and ADC samples were buffer exchanged into 200 mM ammonium acetate using 

Biospin 6 columns (BioRad) and diluted to a final concentration of 5 µM prior to native mass 

spectrometry measurements. 

2.2. Native Top-Down Mass Spectrometry.  

All samples were measured using a Thermo Q Exactive Plus UHMR Orbitrap instrument 
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(Thermo Fisher Scientific, Bremen, Germany) modified with an electromagnetostatic ExD cell 

(e-MSion Inc., Corvallis, OR) located between the quadrupole and C-Trap. All protein solutions 

were loaded into in-house pulled capillaries coated with platinum and electrosprayed by 

applying a capillary voltage between 1.1 and 1.7 kV on the NSI source. The source temperature 

was set at 250 °C, and the S-lens RF level was set at 200. Other crucial instrument parameters 

corresponding to ion transmission were listed in Table S1. For HCD fragmentation, five 

individual charge states of NIST mAb (22+ to 26+) and four individual ions of ADC (DAR 1 ions 

at charge states 23+ and 24+, DAR 2 ions at charge states 23+ and 24+) were isolated in the 

quadrupole, with an isolation window of 40 m/z before fragmentation. HCD was performed by 

applying CE ranging from 190 to 240 V to achieve optimal fragmentation. For ECD 

fragmentation, the aforementioned five NIST mAb ions and four ADC ions were still isolated with 

an isolation window of 40 m/z in the quadrupole, while two additional ADC ions, DAR 1 and 

DAR 2 ions grouped together at charge states 22+ and 25+, were isolated with an isolation 

window of 80 m/z in the quadrupole due to lower signal level of these two charge states. After 

isolation, these ions were transmitted through the ExD cell into the HCD cell in the absence of 

electrons, where ECD was occurring. A set of seven voltage parameters of the ExD cell 

controlling the emitting and confinement of electrons were optimized to ensure efficient electron 

capture by the protein ions in the HCD cell (Table S1). Post-ECD collisional activation was 

applied by setting CE values between 150 and 200 V to minimize the effect of electron capture 

without dissociation (ECnoD).57 All HCD and ECD MS/MS spectra were collected with the noise 

threshold set at 3, a resolution of 200 000 at m/z 400, AGC target of 1e6, and maximum inject 
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time of 200 ms. Between 100 and 200 scans were averaged for each spectrum. 

2.3. Data Analysis.  

2.3.1. Data Processing and Fragment Assignment.  

Raw MS/MS spectra were deconvoluted using Thermo BioPharma Finder 5.0 (Xtract algorithm), 

and deconvoluted mass lists were exported as .csv files for fragment assignment in ClipsMS.61 

The mass tolerance was set at 3 ppm, and the smallest internal fragment size was set at 5 

amino acids. For sequence coverage analysis of NIST mAb, modifications relating to disulfide 

bond cleavages and hydrogen gains expected for ECD were considered. Similarly, for disulfide 

connectivity analysis of NIST mAb, modifications applying one hydrogen loss on each cysteine 

forming intrachain disulfide bonds to suggest the integrity of the disulfide bond were included. 

For drug conjugation sites analysis of ADC, modifications considering one or two intact DM1 

conjugations were searched for, depending on the identity of the isolated precursor ion (DAR 1 

or DAR 2 ions). Water and ammonia losses were considered for HCD fragmentation, and 

glycosylations including G0F, G1F, and G2F were considered for heavy chain fragments. Four 

terminal fragment types including b, c, y, z were searched for ECD, while only b and y terminal 

fragments were searched for HCD. As for internal fragment matching, only by internal fragments 

were searched for HCD and cz internal fragments for ECD. All terminal fragments were 

assigned before considering internal fragments, and all overlapping internal fragments due to 

the arrangement and/ or frameshift ambiguity64 were removed. The fragment search was done 

separately for light chain and heavy chain for a single TD-MS data set, i.e., one TD-MS 

spectrum was searched once against the light chain sequence and once against the heavy 
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chain sequence. For overlapping assignments shared by the light chain and heavy chain, two 

factors were considered to remove these duplicates: (1) If a deconvoluted mass is assigned as 

a terminal fragment for one chain while as an internal fragment for the other chain (both within 3 

ppm), the terminal fragment assignment was retained. (2) If a deconvoluted mass is assigned 

as an internal fragment for either chain, the one with the lower ppm error was retained. After 

fragment matching and duplicates removal, all assigned internal fragments were further refined 

by a two-step manual validation process: (1) Examine the isotopic profile of every assigned 

internal fragment to eliminate poorly fitted uncertain assignments. (2) Compare the assignment 

results with the theoretical fragment lists generated by ProteinProspector v 6.4.273 to eliminate 

any possible overlap between assigned internal fragments and theoretical terminal fragments 

together with their possible modifications such as neutral losses. The assignment results for 

every isolated charge state of NIST mAb were combined, as well as for every isolated ion of 

ADC after manual validation. 

2.3.2. Protein Sequence Coverage.  

Protein sequence coverage is calculated by the number of observed inter-residue cleavage 

sites divided by the total number of possible inter-residue cleavage sites on the protein 

backbone. 

2.3.3. Connectivity Mismatch Rate. 

S−S connectivity mismatch rate is calculated by dividing the number of fragments that cause 

mismatched S−S connectivity (orange-colored fragments in Figures 4 and S3) by the total 

number of fragments that can determine S−S connectivity (green-colored fragments in Figures 4 
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and S3) and fragments that cause mismatched S−S connectivity. 

 

3. Results and Discussion 

3.1. Internal Fragments Increase the Sequence Coverage of Intact mAbs. 

Native MS provides a global overview of the composition of intact mAbs, including major 

glycoforms (Figure 1A and B); however, their characterization requires comprehensive 

sequence analysis. Assigning internal fragments can significantly enhance the sequence 

information obtained from intact mAbs. To demonstrate this, two fragmentation methods, ECD 

and HCD, were applied on the five most abundant charge states of intact NIST mAb (22+ to 

26+). An example ECD spectrum of the intact NIST mAb is shown in Figure S2. ECD of [NIST + 

25H]25+ precursor ion generated many informative product ions along with charge reduced 

precursor ions (Figure S2A and B). Terminal and internal fragments from both heavy and light 

chains are observed, demonstrating that more information can be obtained by assigning these 

previously ignored signals (Figure S2B). Importantly, internal fragments provide complementary 

sequence information to terminal fragments, spanning most of the interior sequence of both 

chains that cannot be reached by terminal fragments (Figure S2C and D). 
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Figure 1. Native MS analysis of intact NIST mAb. 
(A) Native MS spectrum of the intact NIST mAb. (B) Deconvoluted zero-charged spectrum74 of 
the intact NIST mAb showing its major glycoforms. (C) Native MS spectrum of the intact IgG1-
DM1 ADC. (D) Deconvoluted zero-charged spectrum of the intact IgG1-DM1 ADC showing its 
drug distribution profile. 
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The major obstacle that prevents comprehensive sequence coverage of intact mAbs is the 

presence of numerous disulfide bonds that contribute to maintaining protein structure and 

stability. For terminal fragments to cover the disulfide bonded sequence region, cleavages of 

both protein backbone and disulfide bonds are required. However, internal fragments can 

access these highly constrained regions without the need of breaking disulfide bonds, thus 

having the potential to substantially enhance sequence information on intact mAbs.67 

Additionally, internal fragments contain two cleavage sites while terminal fragments only contain 

one, making internal fragments naturally more information-rich than terminal fragments. This 

also leads to an increase in the sequence coverage obtained when considering internal 

fragments. To investigate the additional sequence information that can be obtained by assigning 

internal fragments, we combined the ECD and HCD TD-MS results from each isolated charge 

state of intact NIST mAb. Inclusion of internal fragments increases the sequence coverage of 

the light chain from 54% to 83% and the heavy chain from 28% to 72%, which when combined 

shows an increase from 36% to 76% for the whole NIST mAb (Figure 2); to our knowledge is 

the highest sequence coverage of an intact mAb achieved by TD-MS. A more significant 

increase is observed for the heavy chain (44%) than the light chain (29%), demonstrating that 

assigning internal fragments becomes more valuable with increasing protein size. 

As expected, the significant increase in sequence coverage is largely due to improved 

access by internal fragments of the highly disulfide constrained regions, which cannot be 

reached by terminal fragments (Figure 2 and Table S2 and Table S4). For example, the disulfide 

constrained sequence between Cys133 and Cys193 of the light chain is almost exclusively 
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accessed by internal fragments (Figure 3A). The same is true for sequence regions Cys147-

Cys203 and Cys264-Cys324 of the heavy chain (Figure 3B). For the intact NIST mAb, assigning 

internal fragments increases the coverage of the non-disulfide constrained sequence by 34%, 

compared to a more significant increase of 44% in the disulfide constrained sequence. 

 

Figure 2. Sequence coverage analysis of intact NIST mAb. 
Sequence coverage of different sequence regions including non-disulfide constrained sequence 
(“Free”), disulfide constrained sequence (“SS-constrained”), whole sequence (“Full”), and CDR 
sequence (“CDR”) before and after considering internal fragments of (A) light chain, (B) heavy 
chain, and (C) whole mAb. 

 

A

B

C
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The sequence of the CDRs needs to be unambiguously determined, as it is responsible for 

antigen target specificity of mAbs. Additionally, chemical liabilities such as deamidation, 

isomerization, and oxidation in the CDRs are problematic; therefore, they need to be fully 

characterized.75 In total, an increase from 53% to 60% of amino acids in the CDRs are 

confirmed after assigning internal fragments, demonstrating that more insight of this critical 

region can be gleaned with the inclusion of internal fragments. Despite the improvement, the 

sequence coverage of CDRs is still far from optimal, particularly for the longer heavy chain (70% 

for light chain vs 51% for heavy chain). Therefore, complementary techniques such as middle-

down and bottom-up approaches are needed to unambiguously determine the CDRs sequence, 

and internal fragments can play a pivotal role in these techniques. 
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Figure 3. Cleavage site analysis of the light and heavy chain of NIST mAb. 
NIST mAb sequence coverage maps for (A) light chain and (B) heavy chain. Blue, red, and 
green cleavages on the protein backbone represent b/y, c/z·, and by/cz· fragments, respectively. 
The solid line above the sequence represents terminal fragment sequence coverage, while the 
solid line beneath the sequence represents internal fragment sequence coverage. The purple 
dashed lines represent intrachain disulfide bonds, with the sequence region constrained by 
disulfide bonds covered in light gray, and complementarity-determining regions (CDRs) covered 
in orange. 
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3.2. Internal Fragments Can Identify mAb PTMs, Including Intrachain S−S Connectivity 

and N-Glycosylations. 

Previously, our group demonstrated that internal fragments that retain intact disulfide bonds can 

be used to determine S−S connectivity of intact proteins (Figure S3).67 This encourages us to 

explore the utility of such fragments to determine intrachain S−S connectivity of intact NIST mAb, 

which is comprised of 16 disulfide bonds. HCD is known to only cleave the protein backbone 

while maintaining the integrity of disulfide bonds; therefore, we applied HCD on the intact NIST 

mAb to generate such fragments to determine S−S connectivity. 

A hydrogen loss was applied on every cysteine forming intrachain disulfide bonds to 

indicate their integrity after HCD fragmentation, and fragments that traverse an intact disulfide 

bond can determine S−S connectivity (green fragments in Figures 4 and S3). For example, for 

the light chain, 52 terminal fragments and 12 internal fragments traverse S−S bond I, 17 

terminal fragments traverse S−S bond II, and 6 terminal fragments traverse both disulfide bonds, 

clearly demonstrating the S−S bonding pattern of these two disulfide bonds (Figure 4A). The 

value of analyzing internal fragments to determine intrachain S−S connectivity is exhibited more 

clearly in the case of the heavy chain. The two disulfide bonds close to either terminus of the 

heavy chain, S−S bond I and S−S bond IV, are traversed by 89 terminal fragments and 9 

internal fragments. However, the two middle disulfide bonds, S−S bond II and S− S bond III, are 

only traversed by 24 internal fragments but no terminal fragments (Figure 4B and C). Fragments 

traversing two intact disulfide bonds were also observed. For example, S−S bonds I and II are 

traversed by 10 terminal fragments and 1 internal fragment, and S−S bonds III and IV are 
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traversed by 3 terminal fragments and 9 internal fragments. In contrast, no terminal fragments 

but 2 internal fragments traverse S−S bonds II and III, the middle two disulfide bonds. This 

corroborates the ability of internal fragments to access the interior regions of the protein 

sequence and disulfide bonds, particularly for larger proteins. These results demonstrate the 

intrachain S−S connectivity of the NIST mAb heavy chain, and importantly, the two middle S−S 

bonding patterns can only be determined by internal fragments. 
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Figure 4. Disulfide connectivity analysis of the light and heavy chain of NIST mAb. 
Fragment location maps generated by HCD TD-MS of (A) light chain, (B) heavy chain, and (C) 
heavy chain with only internal fragments of intact NIST mAb after applying one hydrogen loss 
on each cysteine forming intrachain disulfide bonds to indicate the integrity of the disulfide bond. 
Vertical dashed lines represent cysteine positions, with the same color corresponding to an 
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intrachain disulfide bond formed between those two cysteines. Green horizontal lines indicate 
fragments that can determine S−S connectivity, orange horizontal lines indicate fragments that 
cause mismatched dehydrocysteines, and blue horizontal lines indicate fragments that are 
irrelevant of S−S connectivity determination. 

 

Although much rarer, HCD can cleave both the protein backbone and disulfide bonds 

simultaneously, generating two types of fragments that have differing ramifications in the 

determination of S−S connectivity. These fragments are represented as blue and orange 

fragments in Figure 4 and Figure S3. The blue fragments do not bridge any dehydrocysteines, 

or they traverse through intact disulfide bonds and from inside a disulfide bond simultaneously. 

These fragments do not directly contribute to the determination of S−S connectivity. The orange 

fragments, on the other hand, do not traverse through existing disulfide bonds, but rather they 

only cross through nonconnected dehydrocysteines from inside a disulfide bond, thus leading to 

mismatched S−S connectivity. For example, one such fragment was observed for the light chain 

(Figure 4A, Table S2) and six fragments for the heavy chain (Figure 4B and C, Table S3), 

resulting in S−S connectivity mismatch rates of 1.1% for the light chain and 3.9% for the heavy 

chain. The low mismatch rates support the concept of using fragments retaining intact disulfide 

bonds to determine intrachain S−S connectivity of intact mAbs. Alternatively, a small portion of 

disulfide bonds of NIST mAb ions may have been present in a reduced form prior to HCD 

fragmentation due to high source temperature and high in-source energy used, potentially 

leading to disulfide scrambling. This could also result in the formation of “S−S mismatched 

fragments” (orange fragments in Figure 4 and Figure S3). However, it is difficult to distinguish 

between these two possibilities by HCD TD-MS alone. A study comparing the HCD 
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fragmentation pattern of mAbs in both native and heat-stressed conditions could shed light on 

the contribution of disulfide scrambling. 

In addition to determining intrachain S−S connectivity, assigning internal fragments also 

contributes to identifying N-glycosylations, a ubiquitous PTM class of mAbs. After combining 

data from five isolated precursor charge states, ECD and HCD TD-MS of intact NIST mAb 

generates only 9 unique C-terminal fragments containing N-glycosylations, with 2 containing 

G0F, 5 containing G1F, and 2 containing G2F (Figure S4). However, when internal fragments 

were considered, an additional 25 fragments containing G0F, 42 fragments containing G1F, and 

34 fragments containing G2F were assigned, demonstrating the power of analyzing internal 

fragments for N-glycosylation identification (Figure S4). This is mainly attributed to the ability of 

internal fragments to access interior protein sequence constrained by disulfide bonds that are 

typically inaccessible to terminal fragments. The inclusion of internal fragments can potentially 

also contribute to identifying other common PTMs of mAbs such as oxidation and deamidation, 

improving the accuracy and consistency of mAb production. 

 

3.3. Internal Fragments Can Determine Drug Conjugation Sites of Lysine-Linked ADCs. 

The promising results obtained from TD-MS of intact NIST mAb inspired us to push one step 

further to explore the utility of internal fragments for the determination of drug conjugation sites 

of ADCs, an even more heterogeneous drug class. To achieve this, we took a similar TD-MS 

approach by applying both ECD and HCD on a previously well characterized nonspecific lysine-

linked ADC.12 
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Native MS reveals the maytansinoid DM1 distribution profile of the intact ADC. Seven major 

DAR species were observed (DAR0−DAR7), confirming the highly heterogeneous nature of this 

ADC (Figure 1C and D). DAR 1 and DAR 2 species of the major four charge states (22+ to 25+) 

were isolated and fragmented with ECD and HCD (see Experimental Section). Similar to the 

NIST mAb, ECD fragmentation of the intact ADC generated both terminal and internal fragments 

from both chains of the antibody (Figure S5). Importantly, DM1-bound fragments were also 

observed, providing direct evidence to determine drug conjugation sites (Figures S5 and S6). 

The inherently random lysine conjugation makes the determination of drug conjugation sites of 

lysine-linked ADC challenging. For example, a total of 90 potential conjugation sites exist on the 

ADC used in this study after excluding the clipped C-terminal lysine on the heavy chain, 

including 11 from the light chain and 34 from the heavy chain. Nevertheless, applying two 

fragmentation methods, ECD and HCD, on the intact ADC allowed us to unambiguously 

determine a large fraction of potential conjugation sites, in which internal fragments played a 

critical role.  

Here, we define localizing a conjugation site as when the conjugation can be specified on 

an exact lysine residue, while identifying a conjugation site is defined as when the conjugation 

can only be confirmed on several possible lysine residues. TDMS of the ADC generated only 8 

DM1-bound terminal fragments on the light chain, including 5 one-DM1-bound and 3 two-DM1-

bound fragments (Figure 5A). The two-DM1-bound terminal fragment c85 conclusively localized 

the conjugation sites to K46 and K67, whereas all other assigned terminal fragments could not 

localize any additional conjugation sites but only identify 2 other conjugation sites on the light 
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chain. Unsurprisingly, assigning internal fragments significantly improved the determination of 

DM1 conjugation sites. TD-MS of the ADC generated 61 one-DM1-bound and 15 two-DM1-

bound internal fragments on the light chain, which localized 3 more conjugation sites (K106, 

K114, K133) and narrowed down the identified two conjugation sites to 4 lysine residues (K153, 

K160, K170, K175) (Figure 5A). For example, the assignment of one-DM1-bound internal 

fragments cz96−113, cz97−113, cz98−111, and by104−112 localized the conjugation site to K106, cz112−125 

and cz114−124 localized the conjugation site to K114, cz119−152, cz128−140, and by133−141 localized the 

conjugation site to K133 (Figure 5A). Similar results were observed for the heavy chain. TD-MS 

of the ADC generated only 11 DM1-bound terminal fragments (6 one-DM1-bound and 5 two-

DM1-bound) but 167 DM1-bound internal fragments (107 one-DM1-bound and 60 two-

DM1bound) on the heavy chain. With terminal fragments alone, no conjugation sites could be 

localized, but 4 were identified; however, after considering internal fragments, 9 conjugations 

sites were localized (K13, K43, K89, K127, K139, K153, K252, K254, K323), and 10 additional 

conjugation sites were identified. In summary, for the intact ADC, only 16 conjugation sites were 

confirmed (4 localized and 12 identified) with terminal fragments alone, whereas this number 

was increased to 52 (28 localized, 24 identified) upon inclusion of internal fragments, covering 

approximately 58% of all putative conjugation sites of the antibody (Table S5). Although lower 

than the previously reported 83% coverage achieved by peptide mapping,12 this result still 

demonstrates the value of analyzing TD-MS internal fragments to determine drug conjugation 

sites of ADCs. 
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Figure 5. Drug binding analysis of the light and heavy chain of the IgG1-DM1 ADC. 
Fragment location maps generated by ECD and HCD TDMS of (A) light chain and (B) heavy 
chain of the intact IgG1-DM1 ADC. Black vertical dotted lines represent lysine positions. Orange 
and blue horizontal solid lines represent DM1-bound fragments. 

 

4. Conclusions 

Here we report for the first time the benefits of analyzing internal fragments in the TD-MS 

characterization of intact NIST mAb and a heterogeneous lysine-linked ADC. Inclusion of 
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internal fragments significantly increases the sequence coverage of intact mAbs to over 75% by 

accessing the disulfide constrained regions that are hardly accessed by terminal fragments, 

particularly for the larger heavy chain. Important PTM information, including disulfide linkage 

patterns and N-glycosylations, can be obtained by including internal fragments. Internal 

fragments retaining intact disulfide bonds were used to determine the intrachain S−S 

connectivity of an intact mAb, an important CQA required for accurate determination during 

antibody production. And importantly, we show that internal fragments can help pinpoint drug 

conjugation sites of a highly heterogeneous lysine-linked ADC, an attribute that is as important 

as, but not as well evaluated as, characteristics like DAR and drug distribution. 

It should be noted that limitations still exist for TD-MS of mAbs despite the added benefit of 

assigning internal fragments. For example, only ∼60% sequence coverage on the CDRs of an 

intact mAb and ∼58% drug conjugation site coverage of an intact lysine-linked ADC were 

achieved, which do not meet the requirement of biologics development in the pharmaceutical 

industry. Identifying uncommon, low intensity glycoforms also remains challenging. Furthermore, 

the heavy reliance on manual inspection during data analysis likely prevents the widespread 

adoption of this approach. Therefore, complementary techniques such as MD-MS and BU-MS 

approaches are currently still required to achieve more comprehensive and efficient 

therapeutics characterization. For instance, denatured reversed-phase LC−MS of intact and 

FabRICATOR/reduced treated mAbs results in smaller protein subunits with higher charge 

states, thus enabling more efficient MS/MS fragmentation. Nevertheless, the results presented 

here demonstrate the multiple benefits of assigning internal fragments to obtain critical structural 
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information on intact mAbs and ADCs. 

From an analytical viewpoint, the raw data for internal fragments are present in the TD 

mass spectra, but assigning the peaks in the spectra to uncover this hidden treasure can be a 

fruitful endeavor, especially for characterizing therapeutic proteins. Although bottom-up MS is 

firmly entrenched in pharmaceutical industry workflows, TD-MS offers potential benefits if robust 

automation and computational support can be established. Once this native TD-MS method has 

fully evolved and matured to a point where it is comparable to the already-established bottom-

up approaches, one can realize the significantly reduced amount of sample handling (no 

denaturation, reduction, or alkylation); therefore, there is less opportunity to introduce sample 

handling-related artifacts. This study should also suggest that the incorporation of internal 

fragments can be applied to bottom-up and middle-down MS analysis of mAbs and ADCs, 

potentially extending their characterization to a near complete level on a routine basis. 

 

Associate Content 
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Chapter 4: Supporting Information 

Supplementary Figures 

 
Figure S1. Conjugation process of ADC. 
Reproduced with permission from Ref.199. Copyright 2016 American Chemical Society. 
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Figure S2. Data analysis of ECD MS/MS of intact NIST mAb. 
(A) Representative ECD MS/MS spectrum of intact NIST mAb, [NIST + 25H]25+. (B) Zoomed-in 
of spectrum in panel A in the range from 500 to 5000 m/z and 2000 to 2500 m/z showing 
terminal and internal fragments from both heavy and light chains are generated. Fragment 
location maps of the (C) light chain and (D) heavy chain indicating the region of the protein 
sequence covered by terminal and internal fragments for spectrum in panel A. The black vertical 
dashed lines indicate the inter-chain disulfide bond position, while the dashed lines with the 
same color indicate the intra-chain disulfide bond position. Blue horizontal lines represent 
terminal fragments, while orange horizontal lines represent internal fragments. 
 
  

A B

C D
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Figure S3. Elucidation of the three types of fragments for disulfide connectivity 
determination. 
The three types of fragments generated by HCD TD-MS used for S-S connectivity 
determination. A hydrogen loss (-1 Da) was applied on every cysteine residue to suggest the 
integrity of disulfide bonds involved. Green fragments traverse an even number of 
dehydrocysteines (2, 4, 6 etc.), suggesting that intact disulfide bonds are formed within the 
cysteines involved. Blue fragments either do not bridge any dehydrocysteines, or they traverse 
though intact disulfide bonds and from inside a disulfide bond simultaneously. These fragments 
are not involved in the determination of S-S connectivity. Orange fragments cross through non-
connected dehydrocysteines from inside a disulfide bond, leading to mismatched S-S 
connectivity.  
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Figure S4. Fragment location map of NIST mAb heavy chain showing fragments 
containing N-glycosylations. 
Each horizontal solid line represents a fragment with an N-glycosylation modification. Colored 
vertical dashed lines represent cysteine positions, with the same color representing an intra-
chain disulfide bond formed between those two cysteines. Black vertical dashed lines indicate 
the position of cysteines forming inter-chain disulfide bonds. The olive-colored vertical dotted 
line indicates the position of asparagine (N) 300, the residue that is known to be highly 
glycosylated. 
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Figure S5. An ECD MS/MS spectrum of the intact IgG1-DM1 ADC. 
Representative ECD MS/MS spectrum of DAR1 species of intact ADC, [ADC-DAR1 + 23H]23+, 
with a zoomed-in spectrum in the range from 1000 to 4000 m/z showing terminal and internal 
fragments, and their DM1-bound forms from both heavy and light chains. 
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Figure S6. Isotope envelope fits of representative DM1-bound internal fragments 
generated by ECD of intact IgG1-DM1 ADC. 
(A) HC-[CZ351-436-DM1]3+ (10742.04 Da), (B) HC-[CZ214-300-DM1]5+ (10648.23 Da), (C) LC-[CZ34-

131-DM1]4+ (11398.50 Da), (D) LC-[CZ58-161-DM1]4+ (11677.63 Da).  

A B

C D
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Supplementary Tables 

Table S1. Instrument parameters crucial for ion transmission and ExD cell parameters for NIST 

mAb and ADC fragmentation. 

Instrument 
     

Detector m/z 
Optimization Low m/z Source DC Offset 

(V) 21 In-source 
Trapping (V) -125 

Ion Transfer Target m/z Low m/z Injection Flatapole 
DC (V) 5.8 Inter Flatapole 

Lens (V) 2 

Bent Flatapole DC (V) 1 Transfer Multipole 
DC (V) 0 C-Trap Entrance 

Lens Inject (V) 3 

ExD Cell for NIST mAb 
fragmentation (V)      

L1 1.48 L2 -50.0 LM3 4.2 

L4 14.7 FB -1.7 LM5 4.2 

L6 -50.0 L7 1.3   

ExD Cell for ADC 
fragmentation (V)      

L1 -1.27 L2 -45.0 LM3 5.7 

L4 8.8 FB 0.9 LM5 5.7 

L6 -45.0 L7 0.0   
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Table S2. All internal fragments generated by HCD TD-MS of intact NIST mAb used to 

determine the S-S connectivity of the light chain. 

Start 
Amino 
Acid 

Number 

End 
Amino 
Acid 

Number 

Unlocalized 
Modification 

Observed 
Mass 

Theoretical 
Mass 

Mass 
Error 
(ppm) 

S-S 
Connectivity 

Determination 

2 115 None 12168.01 12168.01 -0.3841 Yes 
4 114 None 11779.8 11779.8 -0.6467 Yes 
5 95 None 9749.697 9749.704 -0.7516 Yes 
5 117 None 12055.97 12055.98 -1.2902 Yes 
5 132 None 13551.72 13551.73 -1.0233 Yes 
6 93 None 9404.524 9404.536 -1.2202 Yes 
6 121 None 12351.12 12351.1 1.9936 Yes 
7 93 None 9276.479 9276.477 0.225 Yes 
8 83 None 8021.005 8021.004 0.138 Yes 
8 97 None 9681.677 9681.682 -0.5308 Yes 

11 123 None 12107.97 12107.98 -0.3254 Yes 
17 125 None 11834.87 11834.88 -1.3801 Yes 
33 161 None 14028.98 14028.98 -0.1664 Mismatch 
7 136 None 13764.84 13764.84 -0.2076 Irrelevant 
8 30 None 2232.117 2232.116 0.3123 Irrelevant 
8 93 None 9189.437 9189.445 -0.8112 Irrelevant 

18 30 None 1317.684 1317.682 1.6901 Irrelevant 
37 56 None 2097.208 2097.207 0.6409 Irrelevant 
49 80 None 3211.571 3211.575 -1.3557 Irrelevant 
57 77 None 2112.059 2112.061 -0.8437 Irrelevant 
57 79 None 2337.176 2337.172 1.6584 Irrelevant 
139 162 None 2715.352 2715.349 1.2794 Irrelevant 
166 183 None 1885.942 1885.939 1.6247 Irrelevant 
174 198 None 2832.411 2832.411 -0.0314 Irrelevant 
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Table S3. All internal fragments generated by HCD TD-MS of intact NIST mAb used to 

determine the S-S connectivity of the heavy chain. 

Start 
Amino 
Acid 

Number 

End 
Amino 
Acid 

Number 

Unlocalized 
Modification 

Observed 
Mass 

Theoretical 
Mass 

Mass 
Error 
(ppm) 

S-S 
Connectivity 

Determination 

5 129 None 13864.9 13864.9 -0.3325 Yes 
6 121 None 12905.4 12905.4 0.5623 Yes 
7 140 None 14592.3 14592.3 0.217 Yes 

17 230 None 23086.4 23086.4 1.059 Yes 
19 128 None 12240 12240 2.5396 Yes 
114 232 None 12236.1 12236.1 -0.1224 Yes 
114 233 None 12333.1 12333.1 0.0598 Yes 
118 236 None 12228.1 12228.1 0.2222 Yes 
129 248 None 12452.2 12452.2 -1.9304 Yes 
131 328 G1F 23097.3 23097.3 -0.3464 Yes 
139 334 G2F 23065.3 23065.3 -2.2507 Yes 
140 246 None 11155.6 11155.6 2.1844 Yes 
219 409 G1F 23022.3 23022.3 -0.2252 Yes 
228 348 G0F 14991.5 14991.5 -0.4563 Yes 
234 340 G2F 13822.9 13822.9 -0.4578 Yes 
236 340 G2F 13654.8 13654.8 -0.6349 Yes 
246 434 G1F 23098.3 23098.3 -1.6343 Yes 
247 430 G2F 22645.1 22645.1 1.4118 Yes 
248 353 G2F 13880.9 13880.9 -0.1061 Yes 
249 325 G0F 10428.1 10428 0.9334 Yes 
250 364 G0F 14614.3 14614.3 -0.1314 Yes 
250 436 G2F 23041.2 23041.2 -0.4336 Yes 
250 438 G1F 23130.3 23130.3 -1.412 Yes 
250 439 G0F 23131.3 23131.3 -0.8296 Yes 
251 438 G1F 23033.2 23033.2 0.8294 Yes 
253 329 G1F 10550 10550.1 -1.5181 Yes 
253 348 G1F 12565.2 12565.2 -0.2793 Yes 
254 355 G1F 13262.6 13262.6 -1.5399 Yes 
255 347 G2F 12384.1 12384.1 0.9712 Yes 
255 441 G2F 23130.2 23130.2 1.0535 Yes 
256 333 G0F 10395 10395 -1.5175 Yes 
256 444 G0F 23003.3 23003.3 0.0173 Yes 
257 353 G0F 12533.2 12533.2 -0.0887 Yes 
257 443 G2F 23101.2 23101.2 1.2677 Yes 
258 348 G1F 12019.9 12019.9 0.6498 Yes 
258 352 G1F 12507.2 12507.2 0.8576 Yes 
259 354 G1F 12565.2 12565.2 -0.9261 Yes 
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261 337 G1F 10470.1 10470.1 -0.3163 Yes 
261 336 G2F 10504 10504 0.3666 Yes 
261 353 G0F 12092 12092 0.8891 Yes 
324 439 None 13062.5 13062.5 0.3556 Yes 
348 441 None 10747.1 10747.1 0.6574 Yes 
349 440 None 10490 10490 2.3105 Yes 
353 442 None 10258.9 10258.9 -1.2885 Yes 
365 446 None 9275.48 9275.47 0.6737 Yes 
56 168 None 12170 12170 -0.0371 Mismatch 
70 186 None 12304 12304 -0.0311 Mismatch 
186 316 None 14592.3 14592.3 0.2982 Mismatch 
191 300 None 12235.1 12235 1.4143 Mismatch 
278 370 G1F 12303.1 12303.1 -0.5663 Mismatch 
289 397 G0F 13862.9 13862.9 1.6621 Mismatch 
2 21 None 2107.21 2107.21 -0.5391 Irrelevant 

26 141 None 12704.3 12704.3 -0.143 Irrelevant 
30 97 None 7733.85 7733.85 0.0948 Irrelevant 
30 139 None 12186 12186 -0.1098 Irrelevant 
35 104 None 8134.08 8134.08 0.9152 Irrelevant 
56 87 None 3697.97 3697.97 -0.9235 Irrelevant 
67 87 None 2372.3 2372.3 -0.258 Irrelevant 
68 86 None 2126.23 2126.23 -1.9673 Irrelevant 
74 87 None 1558.83 1558.83 1.4383 Irrelevant 
91 215 None 13089.4 13089.4 1.8925 Irrelevant 
100 301 G0F 23142.3 23142.2 1.2717 Irrelevant 
101 150 None 5080.52 5080.53 -2.7403 Irrelevant 
110 310 G1F 23031.3 23031.3 0.1236 Irrelevant 
111 311 G2F 23106.4 23106.4 0.1708 Irrelevant 
115 313 G2F 23013.3 23013.3 -2.2528 Irrelevant 
117 162 None 4609.3 4609.3 -1.1956 Irrelevant 
119 144 None 2362.19 2362.19 -1.2048 Irrelevant 
119 318 G1F 23107.4 23107.4 0.1434 Irrelevant 
120 316 G2F 22955.2 22955.2 -0.5408 Irrelevant 
140 185 None 4678.34 4678.34 -0.4767 Irrelevant 
154 181 None 2807.41 2807.4 2.1753 Irrelevant 
201 389 G2F 23057.3 23057.4 -2.3385 Irrelevant 
209 399 G1F 23066.4 23066.4 -1.2839 Irrelevant 
217 406 G2F 23032.3 23032.3 0.172 Irrelevant 
218 407 G2F 23023.3 23023.3 0.6827 Irrelevant 
219 328 None 12429.2 12429.2 -0.1003 Irrelevant 
220 409 G2F 23055.3 23055.3 -0.4073 Irrelevant 
227 249 None 2386.21 2386.21 -1.1093 Irrelevant 
231 287 None 6260.12 6260.13 -2.6744 Irrelevant 
232 308 G1F 10256.9 10256.9 -1.9064 Irrelevant 
242 319 G0F 10437.1 10437.1 -0.1454 Irrelevant 
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245 320 G1F 10394 10394.1 -1.7186 Irrelevant 
246 318 G2F 10257.9 10257.9 0.8626 Irrelevant 
265 331 G1F 9403.53 9403.53 -0.4256 Irrelevant 
266 359 G2F 12565.2 12565.2 -0.0847 Irrelevant 
275 366 G2F 12418.2 12418.2 0.1686 Irrelevant 
297 319 None 2703.35 2703.35 -0.9425 Irrelevant 
299 324 None 3096.55 3096.55 -0.8348 Irrelevant 
319 330 None 1335.7 1335.7 -0.2695 Irrelevant 
339 407 None 7678.76 7678.77 -0.5149 Irrelevant 
347 414 None 7721.75 7721.76 -1.6262 Irrelevant 
362 385 None 2708.36 2708.35 2.7884 Irrelevant 
399 416 None 1985 1984.99 2.397 Irrelevant 
432 448 None 1943.97 1943.97 -0.1235 Irrelevant 
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Table S4. Sequence coverage values of different sequence regions of light chain, heavy chain, 

and whole mAb of intact NIST mAb. 

 

  

 Light chain (%) Heavy chain (%) Whole mAb (%) 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Free 71.6 88.6 50.5 91.6 57.2 90.7 

SS-
constrained  41.9 79.0 10.5 58.1 20.7 64.9 

Full 53.8 83.0 27.5 72.3 35.9 75.8 

CDR 66.7 70.0 40.0 51.4 53.3 60.0 
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Table S5. Number of potential, localized, and identified DM1 conjugation sites of light chain, 

heavy chain, and whole antibody of the intact IgG1-DM1 ADC. 

 Light chain Heavy chain Whole ADC 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Number of potential 
conjugation sites 11 34 90 

Number of localized 
conjugations sites 2 5 0 9 4 28 

Number of identified 
conjugations sites 2 2 4 10 12 24 
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Abstract 

Monoclonal antibodies (mAbs) and antibody-drug conjugates (ADCs) are important 

biotherapeutics with large size (~150 kDa) and high structural complexity that require extensive 

sequence and structure characterization. Middle-down mass spectrometry (MD-MS) is an 

emerging technique that sequences and maps subunits larger than those released by 

trypsinolysis. It avoids introducing artifactual modifications that may occur in bottom-up MS, 

while achieving higher sequence coverage compared to top-down MS. However, returning 

complete sequence information by MD-MS is still challenging. Here, we show that assigning 

internal fragments in direct infusion MD-MS of a mAb and an ADC substantially improves their 

structural characterization. For MD-MS of the reduced NIST mAb, including internal fragments 

recovers nearly 100% of the sequence by accessing the middle sequence region that is 

inaccessible by terminal fragments. The identification of important glycosylations can also be 

improved after including internal fragments. For the reduced lysine-linked IgG1-DM1 ADC, we 

show that considering internal fragments increases the DM1 conjugation sites coverage to 80%, 

comparable to the reported 83% coverage achieved by peptide mapping on the same ADC.1 

This study expands our work on the application of internal fragment assignments in top-down 

MS of mAbs and ADCs, and can be extended to other heterogeneous therapeutic molecules 

such as multispecifics and fusion proteins for more widespread applications. 
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1. Introduction 

The first monoclonal antibody (mAb) drug was approved in 1986;2 since then, mAb-based 

therapeutics have become increasingly important for the treatment of a host of human diseases 

including cancer, metabolic disorders, and viral infections.3-6 The success of mAbs stems from 

their unique pharmacological properties such as target specificity and affinity, long circulating 

half-life, and extraordinary safety profiles.7, 8 MAbs possess high molecular complexity due to 

their large size (~150 kDa), multiple disulfide bonds within and between light and heavy chains, 

and a series of post-translational modifications (PTMs)9-11 that could impact their critical quality 

attributes (CQAs).12 Therefore, comprehensive sequence and structure characterization of 

these intricate molecules as a function of manufacturing and accelerated stability13-15 is 

imperative for the production of high quality mAb therapeutics. 

In recent years, new mAb formats including nanobodies, fusion proteins, multispecific 

antibodies, and antibody-drug conjugates (ADCs) have been evolving.16-18 These formats have 

enabled new immunotherapy approaches through multitargeting and enhanced antitumor 

efficacy, of which ADCs have emerged as a promising therapeutic drug classes.19-23 ADCs 

couple the target specificity of mAbs with the toxicity of small molecule payloads to enable their 

“magic bullets” feature, which allows them to selectively kill antigen-expressing targets with 

higher potency than their mAb counterparts.24, 25 ADCs are even more heterogeneous 

molecules than mAbs due to the conjugation of payloads at varying sites, depending on the type 

of the linker that bridges the payload to the antibody.22, 26 One common linker strategy targets 

primary amines (lysine side chains or N-termini), which produces highly heterogeneous 
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nonspecific lysine-linked ADCs in which a large array of locations are conjugated with differing 

number of payloads.27-29 Drug conjugation sites are one of the most important CQAs of ADCs 

because they play a significant role in affecting the physical and pharmaceutical properties of 

ADCs.30-32 Therefore, they need to be unambiguously determined to avoid the instances that the 

conjugation occurs in complementarity-determining regions (CDRs), which could impact the 

target specificity of lysine-linked ADCs.1, 33, 34 Robust and reliable analytical techniques need to 

be established to resolve such molecular heterogeneity. 

Among various available analytical techniques, liquid chromatography coupled with mass 

spectrometry (LC-MS) has been the most popular method routinely used for the characterization 

of mAbs and ADCs.35-42 In particular, peptide mapping measures trypsin or Lys-C digested 

peptides of mAbs/ADCs by reversed phase LC-MS (RPLC-MS).1, 33, 43-46 This bottom-up 

approach offers high sequence coverage with amino acid resolution and can identify drug 

conjugation sites of ADCs; however, it is prone to the introduction of artifactual modifications 

due to relatively prolonged sample preparation.47, 48 On the other hand, top-down MS (TD-MS) 

measures intact gas-phase mAb/ADC ions, which minimizes sample preparation and preserves 

endogenous modifications, but suffers from relatively low fragmentation efficiency for proteins of 

this large size and high complexity.34, 49-54 

Middle-down MS (MD-MS) is a promising technique for the characterization of mAbs/ADCs 

that sequences and maps subunits larger than those released by trypsinolysis.52, 54-61 It avoids 

introducing artifactual modifications such as asparagine deamidation and methionine oxidation 

that may occur during digestion in bottom-up MS,62-64 while achieving higher sequence coverage 



203 

compared to top-down MS; however, obtaining the same level of sequence and drug 

conjugation information as peptide mapping remains challenging. Various fragmentation 

methods have been applied to improve the MD-MS fragmentation efficiency of mAbs and ADCs 

including collision-,57, 59, 60 electron-,52, 54-59, 61 and photon-based dissociation,52, 54, 57, 59, 61 among 

which electron-based dissociation (ExD) has shown promising results, particularly with the aid of 

collisional activation.52, 54, 57, 61 Typically, such MD-MS experiments involve analyzing ~25 kDa 

subunits produced by FabRICATOR/reduced treated mAbs/ADCs using online denaturing 

RPLCMS. However, ExD MD-MS can require meticulous parameter tuning to achieve optimal 

fragmentation, rendering online RPLC-MS relatively inefficient and time-consuming due to the 

need to consider RPLC elution time. An alternative approach is direct infusion MD-MS, which 

offers higher flexibility in adjusting ExD parameters to maximize fragmentation efficiency. 

In addition to applying multiple fragmentation methods, incorporating internal fragments into 

the data analysis workflow represents a viable strategy to enhance sequence information. 

These noncanonical internal fragments, which arise from multiple cleavage events on the 

protein backbone,65 have been demonstrated in previous studies to significantly improve the 

characterization of proteins,34, 66-72 protein complexes,73, 74 and even proteome-wide analysis.75 

Specifically, the inclusion of internal fragment assignments has shown to be valuable in the 

TDMS analysis of mAbs and ADCs,34 which motivates us to explore the employment of internal 

fragments in MD-MS of mAbs and ADCs to obtain more comprehensive characterization results. 

In this study, we show that assigning internal fragments in native direct infusion MD-MS 

recovers nearly 100% of the mAb sequence and facilitates the elucidation of various types of N-
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glycosylations. Notably, this represents the highest sequence coverage of mAbs achieved by 

methods other than peptide mapping reported to date. For a therapeutic IgG1-DM1 lysine-linked 

ADC, we successfully determined 80% of all putative DM1 conjugation sites, comparable to the 

reported 83% coverage achieved by bottom-up peptide mapping on the same ADC.1 These 

results highlight the added benefits of analyzing internal fragments in MD-MS and establish MD-

MS as a valuable complementary technique to the conventional peptide mapping method for 

characterizing a variety of therapeutic proteins. 

 

2. Experimental Section 

2.1. Materials and Reagents. 

The humanized IgG1k monoclonal antibody reference material 8671 was purchased from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD). The therapeutic ADC 

supplied by Amgen is an IgG1 covalently conjugated with maytansinoid DM1 payloads on native 

lysine residues. Details on its preparation and production has been described previously.1 

FabRICATOR (IdeS) protease was purchased from Genovis (Lund, Sweden). Tris-HCl buffer 

solution (pH 7.5) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were acquired from 

Thermo Fisher Scientific (Bremen, Germany). Ammonium acetate solution (7.5 M) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted to 200 mM. 

2.2. Sample Preparation. 

The mAb and ADC stock samples (10 mg/ml) were diluted in 50 mM Tris-HCl buffer, followed by 

IdeS digestion (1 unit per μg of mAb/ADC) at 37°C for 1 hour. Subsequently, the IdeS-digested 
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mAb and ADC samples were reduced with 25 mM TCEP in 50 mM Tris-HCl buffer at 37°C for 

90 minutes. Additionally, ADC samples were prepared with IdeS digestion alone by treating 

diluted ADC samples with IdeS protease at a ratio of 1 unit per μg of ADC, with incubation at 

37°C for 1 hour. All reduced mAb and ADC samples were buffer exchanged into 200 mM 

ammonium acetate using Amicon ultra centrifugal filters (10k MWCO) and diluted to a final 

concentration of ~5-20 μM prior to mass spectrometry measurements. 

2.3. Native Middle-down Mass Spectrometry. 

All reduced samples were directly infused into a Thermo Q Exactive Plus UHMR Orbitrap 

(Thermo Fisher Scientific, Bremen, Germany) modified with an electromagnetostatic ExD cell 

(e-MSion Inc., Corvallis, OR) by nano-electrospray ionization (nESI) using Pt-coated, in-house 

pulled borosilicate capillaries. The capillary voltage on the nESI source was set between 1.1 

and 1.7 kV. The source temperature was set at 250 °C, and the S-lens RF level was set at 200. 

Other crucial instrument parameters corresponding to ion transmission are listed in Table S1. In 

the case of NIST mAb subunit fragmentation, individual charge states of the LC subunit (ranging 

from 6+ to 11+), the Fd’ subunit (ranging from 5+ to 9+), and the Fc/2 subunit (ranging from 5+ 

to 10+) were isolated in the quadrupole using a 20 m/z isolation window. For ADC subunit 

fragmentation, individual charge states of the LC-DM1 subunit (ranging from 7+ to 10+), the Fd’-

DM1 subunit (ranging from 7+ to 9+), and the Fc/2- DM1 subunit (ranging from 6+ to 9+) were 

isolated in the quadrupole using a 60 m/z isolation window. Following isolation, the ions were 

directed from the ExD cell into the HCD cell, where electron capture dissociation (ECD) took 

place. Optimization of a set of seven voltage parameters in the ExD cell (details in Figure S1) 
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controlling the emitting and confinement of electrons was performed to facilitate efficient 

electron capture by the protein ions in the HCD cell. Post-ECD collisional activation was applied 

to minimize the impact of electron capture without dissociation (ECnoD)50 with collision energy 

values ranging from 70 to 150V, depending on the isolated charge state. All ECD MS/MS 

spectra were collected with a noise threshold set at 3, a resolution of 200,000 at m/z 400, AGC 

target of 1e6, and maximum inject time of 200 ms. Each spectrum was averaged over 100 to 

200 scans. 

2.4. Data Analysis. 

2.4.1. Peak Assignments. 

All raw MS/MS spectra were deconvoluted using Thermo BioPharma Finder 5.0 (Xtract 

algorithm). Signal-to-noise ratio (S/N) was varied between 5 to 20 to maximize the ratio of the 

number of matched fragments to the number of deconvoluted peaks. The resulting 

deconvoluted mass lists were exported as .csv files for terminal and internal fragment 

assignment in ClipsMS.68 In fragment matching, the mass accuracy tolerance was set at 3 ppm, 

and the smallest internal fragment size was set at 5 amino acids. For NIST mAb subunit 

fragmentation, modifications associated with hydrogen transfer expected for ECD and neutral 

losses (water and ammonia) resulting from post-ECD collisional activation were considered. In 

the case of ADC subunit fragmentation, the modification of DM1 conjugation (956.36 Da, 

formula C47H61ClN4O13S) was included in the search parameters. Furthermore, for fragment 

assignments of the Fc subunit of both mAb and ADC, the three predominant types of N-

glycosylations (G0F, G1F, and G2F) were considered. All six types of terminal fragments (a, x, b, 
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y, c, z) and only cz internal fragment were considered. Priority was given to the assignment of 

terminal fragments including their modified forms (hydrogen transfer, neutral losses, etc) before 

considering internal fragments. Any overlapping internal fragments resulting from arrangement 

and/or frameshift ambiguity69 were subsequently eliminated. Following fragment assignments 

and duplicates removal, a two-step manual validation process was applied to further refine all 

matched internal fragments. First, the isotopic profile of each assigned internal fragment was 

examined to eliminate uncertain assignments with poor fit. Second, the assignment results were 

cross-referenced with theoretical fragment lists generated by ProteinProspector v6.4.2.76 This 

comparison aimed to further identify and eliminate any instances of potential overlap between 

assigned internal fragments and theoretical terminal fragments as well as all of their possible 

modified forms. The assignments result of an ECD data of NIST mAb LC subunit is shown as an 

example in Table S2. After manual validation, the assignment results for each isolated charge 

state of NIST mAb subunits were combined. Similarly, the assignment results for each isolated 

charge state of IgG1-DM1 ADC subunits were combined. 

2.4.2. Protein Sequence Coverage. 

Protein sequence coverage is determined by dividing the number of observed inter-residue 

cleavage sites by the total number of inter-residue sites on the protein backbone. 

 

3. Results and Discussion 

3.1. A Native Direct Infusion MD-MS Platform for the Characterization of mAbs and ADCs. 

We have developed an innovative native direct infusion MD-MS platform that integrates IdeS 
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digestion and TCEP reduction of mAbs and ADCs with nontraditional ExD fragmentation of 

direct-infused mAb/ADC subunit ions under native condition (Figure 1). The IdeS protease 

cleaves antibodies below the hinge region followed by disulfide bond reduction to produce 

approximately 25 kDa subunits (Figure 1A). Traditionally, these subunits are separated by RPLC, 

and subsequent MS/MS analysis generates sequence-informative fragment ions.52, 55, 58, 61 This 

well-established workflow can be operated with high automation, achieving efficient separation 

of all distinct reduced subunits and their variants of mAbs or ADCs. However, the use of ECD in 

RPLC-MS/MS can lead to decreased experiment efficiency due to the need to consider the 

chromatography run time during the delicate ECD parameter tuning step. 

As a result, optimizing ECD fragmentation becomes a time-consuming process. Therefore, 

we took an alternative approach to directly infuse reduced mAb/ADC subunits under native 

condition (Figure 1B). Contrary to RPLC-MS/MS, a long-lasting nano-electrospray provides 

increased flexibility and efficiency in fine-tuning ECD parameters to maximize fragmentation 

efficiency. The native condition also ensures that fewer charge states were generated for each 

subunit, enabling their separation in the m/z dimension in a single MS spectrum. Finally, by 

consolidating all validated ECD data from each isolated charge state (Figure 1C), we aim to 

design a comprehensive and fast workflow to obtain optimized fragmentation results. 
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Figure 1. A schematic showing the MD-MS workflow for the characterization of mAbs and ADCs. 
(A) Sample preparation. The intact NIST mAb and IgG1-DM1 ADC samples were digested by 
IdeS FabRICATOR and reduced by TCEP into LC, Fd’ and Fc/2 subunits. (B) High resolution 
MS and MS/MS after direct infusion by nano-electrospray under native condition. All subunits 
were separated in the m/z dimension followed by precursor isolation and ECD fragmentation. (C) 
Data analysis. Terminal and internal fragments were assigned using ClipsMS68 and manually 
validated for each ECD spectrum, followed by data integration from all isolated charge states of 
each subunit. 

 

3.2. Characterization of NIST mAb subunits. 

All three NIST mAb subunits, LC, Fd’, and Fc/2, can be effectively separated by native MS in 

the m/z dimension, allowing their subsequent isolation and ECD fragmentation (Figures 2A, 2B). 

Importantly, the major glycosylations occurring on the Fc/2 subunit were identified through 

native MS (Figure 2B). While these measurements offered a bird’s-eye view of the attributes of 

NIST mAb, it is necessary to unambiguously determine the sequence and PTMs of the antibody 
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by MS/MS, in which internal fragment analysis can play a significant role. To maximize 

sequence information obtained by MD-MS, ECD was applied on the most abundant charge 

states of all three subunits (Figures 3, S2, S3). Both terminal and internal fragments were 

generated by ECD on the NIST LC subunit, with numerous previously unassigned signals now 

assigned as internal fragment ions (Figure 3A). Notably, internal fragments largely complement 

the sequence information obtained by terminal fragments, covering the interior sequence that is 

largely inaccessible to terminal fragments (Figures 3B, 3C). Similar results were observed for 

the Fd’ and Fc/2 subunits, in which the incorporation of internal fragments substantially 

enhanced sequence information obtained for these subunits (Figures S2, S3). 
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Figure 2. Native MS and deconvoluted spectra of the reduced NIST mAb and IgG1-DM1 ADC. 
Native MS spectra of (A) the IdeS/TCEP reduced NIST mAb, (C) the IdeS/TCEP reduced IgG1-
DM1 ADC, and (E) the IdeS digested IgG1-DM1 ADC. Deconvoluted zero-charged spectra77 of 
(B) the IdeS/TCEP reduced NIST mAb, (D) the IdeS/TCEP reduced IgG1-DM1 ADC, and (F) the 
IdeS digested IgG1-DM1 ADC. All three subunits of the NIST mAb, all three subunits and their 
DM1-bound forms of the ADC can be separated and observed from our native direct infusion 
middle-down experiments. 
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Figure 3. MD-MS characterization of the NIST mAb LC subunit. 
(A) A representative ECD MS/MS spectrum of the NIST mAb LC subunit, [NIST-LC + 9H]9+, with 
a zoomed-in spectrum in the range from 1200 to 2500 m/z showing both terminal and internal 
fragments are generated. Theoretical isotope distributions are overlaid on representative 
terminal and internal fragment ions to confirm the assignments. (B) A sequence map showing 
the sequence coverage achieved by terminal (top panel) and internal (bottom panel) fragments. 
Deeper color indicates higher fragment intensity on the cleavage site. (C) A fragmentation map 
showing cleavage sites by terminal and internal fragments. Blue, red, and green cleavages on 
the protein backbone represent a or b/x or y terminal, c/z· terminal, and cz· internal fragments, 
respectively. The solid line above the sequence represents terminal fragment sequence 
coverage, while the solid line beneath the sequence represents internal fragment sequence 
coverage. The black dashed lines represent intrachain disulfide bonds, with the 
complementarity-determining regions (CDRs) covered in orange. 

 

By incorporating internal fragment assignments, we achieved near complete sequence 

coverage of NIST mAb LC, Fd’, and Fc/2 subunits. Through the integration of one optimized 

ECD data per charge state for each subunit, the sequence coverage increased from 74% to 95% 

for the LC subunit, 58% to 92% for the Fd’ subunit, and 55% to 92% for the Fc/2 subunit after 

considering internal fragments (Figure 4, Table S3). Unsurprisingly, this significant improvement 

is largely due to the ability of internal fragments to access the interior protein sequence. The 
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coverage increased from 76% to 100% for the LC subunit middle region (residues 71-142), 37% 

to 91% for the Fd’ subunit middle region (residues 79-158), and 37% to 89% for the Fc/2 subunit 

middle region (residues 70-140) with the inclusion of internal fragments (Figure 4). Furthermore, 

internal fragments possess two cleavage sites on the protein backbone, whereas terminal 

fragments only cleave the protein once. This difference enables internal fragments to inherently 

carry more sequence information than terminal fragments, contributing to the enhancement in 

sequence coverage. 

 
Figure 4. Sequence coverage analysis of NIST mAb subunits. 
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Sequence coverages of different sequence regions including the middle sequence (“Middle”), 
whole sequence (“Full”), and CDR sequence (“CDR”) before and after considering internal 
fragments of the (A) LC, (B) Fd’, and (C) Fc/2 subunits. 

 

The complementarity-determining regions (CDRs) play a vital role in defining the antigen 

specificity of mAbs; thus unambiguous determination of their sequences is necessary. In 

addition, the possible presence of problematic chemical liabilities such as deamidation, 

isomerization, and oxidation within the CDRs highlights the need to thoroughly characterize the 

CDRs sequences.78 Overall, the assignment of internal fragments improved sequence 

coverages of both LC CDRs, increasing from 70% to 100% (Figure 4A), and Fd' CDRs, 

increasing from 89% to 94% (Figure 4B). Only two missed cleavages, including K66|D67 within 

CDR2 of the Fd’ subunit, and R99|D100 at the beginning of CDR3 of the Fd’ subunit, were 

observed across all CDRs of the NIST mAb after including internal fragments. However, the first 

missed cleavage (K66|D67) can be covered by incorporating adjusted ECD data (vide infra), 

and the cleavage occurring at D100|M101 captures any potential chemical liability that may 

occur at residue D100 as R99 is not part of CDR3 of the Fd’ subunit. This demonstrates the 

power of incorporating internal fragments to comprehensively and unambiguously determine the 

CDRs sequence. Lastly, although with little automation and relatively low throughput, the high 

flexibility of our native direct infusion MDMS platform allowed for the integration of one or two 

additional adjusted ECD datasets per charge state of each subunit with minimal time loss. This 

further increased the sequence coverage of all three subunits even closer to 100% (98% for the 

LC subunit, 97% for the Fd’ subunit, and 97% for the Fc/2 subunit), with only one single missed 
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cleavage observed in the CDRs sequence (Table S4). 

In addition to enhancing sequence information, the assignment of internal fragments also 

contributes to identifying various types of prevalent N-glycosylations. By consolidating one ECD 

data per charge state, MD-MS of the NIST mAb Fc subunit generated a total of 21 terminal 

fragments containing G0F (11), G1F (4), and G2F (6) N-glycans, while 33 internal fragments 

were generated containing these three predominant N-glycosylations, with 19 containing G0F, 8 

containing G1F, and 6 containing G2F (Figure S4A). This highlights the value of analyzing 

internal fragments for N-glycosylation identification. The flexibility of tuning ECD parameters 

within our native direct infusion MD-MS platform further improved the detection of N-

glycosylations. By integrating one or two additional adjusted ECD datasets per charge state, we 

observed an increase of the number of assigned G0F/G1F/G2F-bound terminal and internal 

fragments to 42 and 50, respectively (Figure S4B). Internal fragments can potentially play a 

bigger role in identifying low-level problematic PTMs such as oxidation or deamidation, as these 

modifications may not be accessible by terminal fragments. 

3.3. Characterization of IgG1-DM1 ADC Subunits. 

The naked antibody of the IgG1-DM1 ADC used in this study contains a total of 90 putative 

conjugation sites, including 11 from the LC subunit, 16 from the Fd’ subunit, and 18 from the 

Fc/2 subunit. The large number of potential conjugation sites and the inherent random nature of 

lysine conjugation result in the high heterogeneity of this ADC. To determine the DM1 

conjugation sites of the ADC, we took a similar native direct infusion MD-MS approach by 

applying ECD on isolated DM1-bound subunit ions of the ADC. However, the close mass 



216 

similarity between the Fd’ and Fc/2 subunits of the antibody used in this ADC makes it 

challenging to isolate each subunit individually within a single spectrum due to potential peak 

overlaps. Therefore, we performed two reduction experiments, one involving both IdeS digestion 

and TCEP reduction (Figure 2C and D), and the other with IdeS digestion alone (Figure 2E and 

F), to produce Fd’ and Fc/2 subunits separately. Native MS of the reduced ADC offers a global 

overview of the conjugation level and reveals that DM1 is conjugated to all three subunits of the 

antibody, confirming the high heterogeneity of this ADC (Figures 2D, 2F). ECD on all three DM1-

bound subunits generated both terminal and internal fragments as well as their DM1-bound 

forms, providing direct evidence to determine the DM1 conjugation sites (Figures 5A, S5A, S6A). 

 
Figure 5. Middle-down characterization of the IgG1-DM1 ADC LC subunit. 
(A) A representative ECD MS/MS spectrum of the ADC LC subunit, [ADC-LC + 10H]10+, with a 
zoomed-in spectrum in the range from 1100 to 2400 m/z showing both terminal and internal 
fragments, and their DM1-bound forms are generated. A superscripted asterisk (*) indicates 
fragments that contain a DM1 payload. Theoretical isotope distributions are overlaid on 
representative terminal and internal fragments to confirm the assignments. (B) A fragment 
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location map of the ADC LC subunit showing all DM1-bound fragments after combining ECD 
data from all isolated charge states. Black vertical dashed lines represent lysine positions. 

 

Similar to our report on ADC characterization using TD-MS,34 here we define localizing a 

conjugation site as being able to specify the exact lysine residue where the conjugation occurs, 

while identifying a conjugation site refers to confirming the conjugation on several possible 

lysine residues without pinpointing the exact one. ECD analysis of the LC subunit generated 24 

DM1-bound terminal fragments and 43 DM1-bound internal fragments, enabling the localization 

of 6 conjugation sites and identification of 3 additional conjugation sites (Figure 5B). Assigning 

DM1-bound terminal fragments could only identify 2 conjugation sites without localizing any 

(Figure 5B). In contrast, adding DM1-bound internal fragments allowed us to localize 6 

conjugation sites (K46, K67, K106, K114, K133, K190) and identify 3 extra conjugation sites 

(Figure 5B). Specifically, the conjugation site at K46 was localized by 5 DM1-bound internal 

fragments (cz20-51, cz31-62, cz37-53, cz42-57, cz46-61), K67 by DM1-bound cz59-80, K106 by DM1-

bound cz104-109, K114 by 3 DM1-bound internal fragments (cz107-115, cz108-127, cz110-129), K133 by 

DM1-bound cz118-136, and K190 by DM1-bound cz184-206 (Figure 5B). Similar results were 

observed for the Fd’ and Fc/2 subunits (Figure S5 and S6). ECD of the Fd’ subunit generated 35 

DM1-bound terminal fragments and 30 DM1-bound internal fragments (Figure S5). Only 2 

conjugations sites were identified with terminal fragments alone, whereas 4 conjugation sites 

were localized (K13, K43, K67, K153) and 5 additional conjugation sites were identified with the 

inclusion of internal fragments (Figure S5). In the case of Fc subunit, 43 DM1-bound terminal 

fragments and 72 DM1-bound internal fragments were generated by ECD (Figure S6). The 
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assignment of internal fragments localized 5 conjugations sites (K98, K124, K134, K178, K203) 

and identified 8 other conjugation sites, significantly improved from 2 identified conjugation sites 

with terminal fragments alone (Figure S6). 

The determination status of each potential conjugation site across all three subunits is 

summarized in Figure 6. The identified but not localized conjugation sites were shown as blue-

colored residues (determined) on the lysine site closest to either terminus for illustration 

purposes. Terminal fragments mainly determined conjugations sites close to the termini while 

internal fragments largely improved the determination of interior conjugations sites (Figure 6). In 

total, the incorporation of internal fragments resulted in the determination of 62 conjugation sites 

(30 localized, 32 identified), covering 69% of all putative conjugation sites of the antibody (Table 

S5). Importantly, the flexibility of our native direct infusion MD-MS system shows promising 

value for characterizing the IgG1-DM1 ADC. By adding one or two ECD datasets per charge 

state for each subunit, we increased the number of determined conjugation sites from 62 to 72 

(44 localized, 28 identified), resulting in an 80% DM1 conjugation site coverage (Table S6). This 

result is comparable to the reported 83% coverage obtained from peptide mapping on the same 

ADC,1 demonstrating the immense value of analyzing internal fragments for characterizing 

ADCs by MD-MS, boosting its performance to a level close to that of peptide mapping. 
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Figure 6. A sequence map that shows the conjugation determination status of all 
potential conjugation sites. 
Conjugation determination status of each putative conjugation site for the (A) LC, (B) Fd’, and 
(C) Fc/2 subunit of the IgG1-DM1 ADC with only terminal fragments considered (top panel) and 
both terminal and internal fragments considered (bottom panel). All potential conjugation sites 
(all K residues and the N-terminus of the Fd’ subunit) are highlighted. Orange-colored residues 
represent undetermined conjugation sites and blue-colored residues represent determined 
conjugation sites. 

 

4. Conclusions 

Here we report the primary benefits of including internal fragments for the MD-MS 

characterization of the NIST mAb and a heterogeneous lysine-linked IgG1-DM1 ADC. We 

developed a native direct infusion MD-MS platform that provides high flexibility to maximize 
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ECD performance with high efficiency, which is difficult to achieve by traditional MD-MS 

methods using RPLC. The assignment of internal fragments increases the sequence coverage 

of all three NIST mAb subunits to nearly 100% by accessing the interior protein sequence that is 

challenging to probe by terminal fragments. Important N-glycosylation information can be 

elucidated by analyzing internal fragments, which opens the potential of applying internal 

fragments to identify other low-level PTMs, such as deamidation, oxidation, isomerization, and 

other unexpected PTMs. In addition, we show that assigning internal fragments significantly 

improves the determination of drug conjugation sites of a IgG1-DM1 ADC to achieve an 80% 

drug conjugation site coverage, comparable to the 83% coverage obtained from the routinely 

utilized bottom-up RPLC-MS/MS peptide mapping approach.1 

The results presented here build upon and demonstrate improvements from our previous 

work on applying internal fragments for native TD-MS characterization of intact mAbs and 

ADCs.34 Although TD-MS offers easier sample preparation, it cannot reach the extensiveness of 

MD-MS characterization in terms of sequence and drug conjugation coverage. Nonetheless, our 

TD-MS platform possesses a unique advantage in determining intra-chain disulfide connectivity 

which cannot be achieved by MD-MS.34 While bottom-up MS remains a well-established 

approach in the pharmaceutical industry, the MD-MS platform described in this study achieves 

comparable results and holds great potential if supported by robust automation (e.g., sample 

processing, nESI) and informatics tools. The reduced sample handling of MD-MS compared to 

bottom-up MS decreases the risk for introducing sample preparation-related artifacts. These 

findings highlight the potential of MD-MS and internal fragment analysis to enhance the 
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analytical capabilities of MS-based methodologies in characterizing biotherapeutic proteins. It 

also features the increasing role of native MS could play in therapeutic protein analysis. 

Furthermore, this study suggests that incorporating internal fragments into the bottom-up MS 

workflow could enable comprehensive characterization of mAbs and ADCs on a routine basis. 
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Chapter 5: Supporting Information 

Supplementary Figures 

 
Figure S1. ExD cell parameters. 
Four major sets of ExD cell parameters used for ExD fragmentation of LC, Fd’, and Fc/2 ions of 
reduced NIST mAb and IgG1-DM1 ADC. 
  



224 

 
Figure S2. Middle-down characterization of the NIST mAb Fd’ subunit. 
(A) A representative ECD MS/MS spectrum of the NIST mAb Fd’ subunit, [NIST-Fd’ + 8H]8+, with 
a zoomed-in spectrum in the range from 1100 to 3000 m/z showing both terminal and internal 
fragments are generated. Theoretical isotope distributions are overlaid on representative 
terminal and internal fragment ions to confirm the assignments. (B) A sequence map showing 
the sequence coverage achieved by terminal (top panel) and internal (bottom panel) fragments. 
Deeper color indicates higher fragment intensity on the cleavage site. (C) A fragmentation map 
showing cleavage sites by terminal and internal fragments. Blue, red, and green cleavages on 
the protein backbone represent a or b/x or y terminal, c/z· terminal, and by/cz· internal 
fragments, respectively. The solid line above the sequence represents terminal fragment 
sequence coverage, while the solid line beneath the sequence represents internal fragment 
sequence coverage. The black dashed lines represent intrachain disulfide bonds, with the 
complementarity-determining regions (CDRs) covered in orange.  
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Figure S3. Middle-down characterization of the NIST mAb Fc/2 subunit. 
(A) A representative ECD MS/MS spectrum of the NIST mAb Fc/2 subunit, [NIST-Fc/2 + 8H]8+, 
with a zoomed-in spectrum in the range from 1100 to 2500 m/z showing both terminal and 
internal fragments are generated. Theoretical isotope distributions are overlaid on 
representative terminal and internal fragment ions to confirm the assignments. (B) A sequence 
map showing the sequence coverage achieved by terminal (top panel) and internal (bottom 
panel) fragments. Deeper color indicates higher fragment intensity on the cleavage site. (C) A 
fragmentation map showing cleavage sites by terminal and internal fragments. Blue, red, and 
green cleavages on the protein backbone represent a or b/x or y terminal, c/z· terminal, and 
by/cz· internal fragments, respectively. The solid line above the sequence represents terminal 
fragment sequence coverage, while the solid line beneath the sequence represents internal 
fragment sequence coverage. The black dashed lines represent intrachain disulfide bonds, with 
the complementarity-determining regions (CDRs) covered in orange.  
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Figure S4. Fragment location maps of NIST mAb Fc/2 subunit showing fragments 
containing N-glycosylations. 
(A) One ECD data per charge state, (B) when one or two additional adjusted ECD datasets per 
charge state were added to the data shown in panel A. Each horizontal solid line represents a 
fragment containing an N-glycosylation modification. The blue-colored vertical dotted line 
indicates the position of asparagine (N) 61, the residue that is known to be highly glycosylated 
for the NIST mAb. 
  



227 

 
Figure S5. Middle-down characterization of the IgG1-DM1 ADC Fd’ subunit. 
(A) A representative ECD MS/MS spectrum of the ADC mAb Fd’ subunit, [ADC-Fd’ + 9H]9+, 
with a zoomed-in spectrum in the range from 1100 to 2800 m/z showing both terminal and 
internal fragments, and their DM1-bound forms are generated. Theoretical isotope distributions 
are overlaid on representative terminal and internal fragments to confirm the assignments. A 
superscripted asterisk (*) indicates fragments that contain a DM1 molecule. (B) A fragment 
location map of the ADC Fd’ subunit showing all DM1-bound fragments after combining ECD 
data from all isolated charge states. Black vertical dashed lines represent lysine positions. 
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Figure S6. Middle-down characterization of the IgG1-DM1 ADC Fc/2 subunit. 
(A) A representative ECD MS/MS spectrum of the ADC mAb Fc subunit, [ADC-Fc/2 + 8H]8+, 
with a zoomed-in spectrum in the range from 1100 to 3000 m/z showing both terminal and 
internal fragments, and their DM1-bound forms are generated. Theoretical isotope distributions 
are overlaid on representative terminal and internal fragments to corroborate the assignments. A 
superscripted asterisk (*) indicates fragments that contain a DM1 molecule. (B) A fragment 
location map of the ADC Fc/2 subunit showing all DM1-bound fragments after combining ECD 
data from all isolated charge states. Black vertical dashed lines represent lysine positions. 
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Supplementary Tables 

Table S1. Instrument parameters crucial for ion transmission of reduced NIST mAb and IgG1-

DM1 ADC ions. 

UHMR Instrument      

Detector m/z 
Optimization Low m/z Source DC Offset 

(V) 21 In-source 
Trapping (V) -100 

Ion Transfer Target m/z High m/z Injection Flatapole 
DC (V) 5 Inter Flatapole 

Lens (V) 4 

Bent Flatapole DC (V) 2 Transfer Multipole 
DC (V) 0 C-Trap Entrance 

Lens Inject (V) 1.8 

Extended Trapping (eV) 10 
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Table S2. The assignment result of an ECD data of NIST mAb LC subunit. 

Frag Type 
Unlocalized 

Mod 

Observed 

Mass 

Theoretical 

Mass 
Start AA End AA Error 

A 2H+ 1947.977 1947.980 1 19 -1.757 

A 2H+ 2162.107 2162.112 1 21 -2.389 

A None 2261.141 2261.144 1 22 -1.413 

A 2H+ 2524.245 2524.238 1 25 2.705 

A Water 2933.443 2933.446 1 29 -0.888 

A None 2951.462 2951.456 1 29 1.997 

A None 3008.478 3008.478 1 30 0.143 

A None 3439.637 3439.640 1 33 -0.958 

A None 3625.715 3625.720 1 34 -1.271 

B None 1546.746 1546.742 1 15 2.744 

B Water 1585.751 1585.753 1 16 -1.084 

B None 1718.791 1718.790 1 17 0.487 

B Water 2862.376 2862.372 1 28 1.360 

B None 8280.151 8280.148 1 78 0.375 

B H- 8491.206 8491.220 1 80 -1.623 

B 2H- 12396.122 12396.125 1 116 -0.216 

B 2H- 12543.181 12543.193 1 117 -0.964 

B 2H- 12939.346 12939.358 1 121 -0.896 

B 2H- 13437.62 13437.638 1 125 -1.324 

B 2H- 16243.068 16243.065 1 150 0.183 

B 2H- 17930.783 17930.794 1 166 -0.589 

B None 17932.776 17932.809 1 166 -1.852 

B 2H- 18260.937 18260.948 1 169 -0.575 

B H+ 22994.261 22994.300 1 212 -1.680 

C None 1563.769 1563.768 1 15 0.445 

C None 1620.792 1620.790 1 16 1.377 

C None 1735.818 1735.817 1 17 0.742 

C None 1891.916 1891.918 1 18 -0.964 

C None 1990.987 1990.986 1 19 0.383 

C None 2092.034 2092.034 1 20 0.040 
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C None 2205.117 2205.118 1 21 -0.444 

C None 2306.165 2306.166 1 22 -0.286 

C None 2409.174 2409.175 1 23 -0.350 

C None 2496.204 2496.207 1 24 -1.151 

C None 2567.245 2567.244 1 25 0.395 

C None 2654.273 2654.276 1 26 -1.136 

C None 2897.411 2897.409 1 28 0.636 

C None 2996.473 2996.478 1 29 -1.525 

C None 3053.498 3053.499 1 30 -0.339 

C None 3216.563 3216.562 1 31 0.198 

C None 3347.608 3347.603 1 32 1.539 

C None 3484.656 3484.662 1 33 -1.653 

C H- 3669.736 3669.733 1 34 0.750 

C None 3833.8 3833.804 1 35 -1.148 

C None 3961.865 3961.863 1 36 0.510 

C None 4372.082 4372.091 1 40 -2.001 

C None 4500.187 4500.186 1 41 0.286 

C 2H- 10354.99 10354.989 1 96 0.132 

C 2H- 10502.054 10502.057 1 97 -0.290 

C 2H- 10673.1 10673.121 1 100 -2.009 

C H- 10903.282 10903.272 1 102 0.926 

C H- 11002.325 11002.340 1 103 -1.392 

C 2H- 11243.464 11243.459 1 105 0.431 

C H- 11372.548 11372.562 1 106 -1.226 

C 2H- 12841.367 12841.357 1 120 0.763 

C 2H- 13326.56 13326.569 1 124 -0.704 

C H- 14056.959 14056.979 1 132 -1.445 

C H- 14614.233 14614.242 1 137 -0.649 

C 2H- 15305.577 15305.563 1 142 0.923 

C None 16946.395 16946.426 1 157 -1.849 

CZ H+ 1235.589 1235.589 54 67 0.066 

CZ None 1885.939 1885.939 167 184 0.034 

CZ 2H+ 2230.052 2230.053 20 38 -0.543 

CZ None 2332.184 2332.183 137 156 0.302 
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CZ H- 2532.254 2532.250 137 158 1.411 

CZ H+ 2553.268 2553.271 54 79 -1.001 

CZ None 2689.335 2689.336 169 192 -0.209 

CZ H+ 2817.396 2817.404 139 163 -2.850 

CZ H+ 2894.419 2894.427 117 142 -2.674 

CZ H+ 2977.466 2977.468 137 162 -0.569 

CZ H+ 3035.503 3035.508 48 77 -1.720 

CZ None 3076.518 3076.511 165 191 2.288 

CZ None 3110.53 3110.528 51 81 0.747 

CZ None 3121.543 3121.541 181 208 0.591 

CZ H+ 3124.534 3124.533 14 41 0.335 

CZ None 3203.581 3203.587 135 162 -1.829 

CZ None 3211.581 3211.575 50 81 1.758 

CZ H- 3248.59 3248.591 168 196 -0.176 

CZ H- 3264.591 3264.592 13 42 -0.162 

CZ None 3328.637 3328.633 51 83 1.141 

CZ None 3563.749 3563.739 161 192 2.864 

CZ None 3690.828 3690.833 128 160 -1.440 

CZ H+ 4593.243 4593.235 82 123 1.748 

CZ 2H- 4794.317 4794.307 68 111 2.033 

CZ 2H- 4866.337 4866.328 128 171 1.942 

CZ 2H+ 5150.522 5150.519 137 182 0.599 

CZ 2H- 6292.094 6292.093 112 168 0.129 

CZ H+ 7247.563 7247.575 46 114 -1.640 

CZ None 9026.355 9026.381 48 133 -2.864 

CZ 2H- 11447.581 11447.585 85 188 -0.310 

CZ 2H- 12558.247 12558.257 95 209 -0.766 

CZ 2H- 12639.24 12639.243 12 130 -0.255 

CZ H+ 15375.621 15375.665 2 144 -2.857 

X Water 1419.636 1419.632 201 213 2.670 

X 2H+ 1737.824 1737.822 198 213 0.883 

X 2H+ 1874.881 1874.881 197 213 -0.201 

X 2H- 13307.533 13307.537 93 213 -0.293 

X 2H- 13451.619 13451.590 91 213 2.127 
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X 2H- 22910.203 22910.164 3 213 1.695 

X 2H+ 22914.197 22914.195 3 213 0.067 

X Water 23007.293 23007.253 2 213 1.722 

X 2H- 23023.245 23023.248 2 213 -0.140 

Y None 1411.667 1411.663 201 213 2.519 

Y None 1581.772 1581.769 199 213 1.914 

Y 2H- 1707.812 1707.812 198 213 0.059 

Y None 1709.828 1709.828 198 213 0.263 

Y None 1846.887 1846.886 197 213 0.291 

Y None 2047.006 2047.003 195 213 1.683 

Y None 2176.045 2176.045 194 213 -0.068 

Y None 2350.091 2350.091 192 213 -0.191 

Y None 2513.155 2513.155 191 213 0.089 

Y None 2877.381 2877.377 188 213 1.367 

Y None 3005.472 3005.472 187 213 -0.010 

Y None 3297.581 3297.578 185 213 0.924 

Y None 3611.734 3611.737 182 213 -0.823 

Y None 4852.355 4852.356 170 213 -0.139 

Y None 5095.481 5095.478 168 213 0.671 

Y None 5182.507 5182.510 167 213 -0.504 

Y None 6870.233 6870.238 151 213 -0.750 

Y None 9675.677 9675.665 126 213 1.201 

Y None 10173.95 10173.946 122 213 0.434 

Y Water 10552.088 10552.100 118 213 -1.098 

Z H+ 1509.74 1509.737 200 213 2.246 

Z H+ 1566.761 1566.758 199 213 1.868 

Z H- 1692.799 1692.801 198 213 -1.182 

Z H+ 1694.817 1694.817 198 213 0.206 

Z H+ 1831.876 1831.876 197 213 0.239 

Z H- 1930.907 1930.908 196 213 -0.307 

Z H+ 2498.146 2498.144 191 213 0.849 

Z H+ 3282.567 3282.567 185 213 -0.016 

Z H+ 3397.596 3397.594 184 213 0.590 

Z H+ 3596.72 3596.726 182 213 -1.689 
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Z H+ 3683.759 3683.758 181 213 0.244 

Z H+ 4010.966 4010.974 178 213 -1.972 

Z H+ 4399.166 4399.170 174 213 -0.844 

Z H+ 4486.197 4486.202 173 213 -1.057 

Z None 4648.261 4648.257 172 213 0.808 

Z None 4749.293 4749.305 171 213 -2.510 

Z None 4836.341 4836.337 170 213 0.837 

Z H- 5078.449 5078.451 168 213 -0.401 

Z None 6854.216 6854.219 151 213 -0.501 

Z H- 12758.313 12758.315 97 213 -0.121 

Z None 12860.337 12860.370 96 213 -2.570 

Z None 22983.256 22983.266 2 213 -0.430 
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Table S3. Sequence coverage values of different sequence regions of the NIST LC, Fd’, and 

Fc/2 subunits when combining one ECD data per charge state. 

  LC (%) Fd’ (%) Fc/2 (%) 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Full 
sequence 74 95 58 92 55 92 

Middle 
sequence 76 100 37 91 37 89 

CDR 
sequence 70 100 89 94 / / 
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Table S4. Sequence coverage values of different sequence regions of the NIST LC, Fd’, and 

Fc/2 subunits when one or two additional adjusted ECD datasets per charge state of each 

subunit were added to the data shown in Table S2. 

  LC (%) Fd’ (%) Fc/2 (%) 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Full 
sequence 79 98 72 97 64 97 

Middle 
sequence 79 100 54 95 39 93 

CDR 
sequence 73 100 94 97 / / 
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Table S5. The number of potential, localized, and identified DM1 conjugation sites of the LC, Fd’, 

and Fc/2 subunits of the IgG1-DM1 ADC when combining one ECD data per charge state for 

each subunit. 

  LC Fd’ Fc/2 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Number of potential 
conjugation sites 11 16 18 

Number of localized 
conjugations sites 0 6 0 4 0 5 

Number of identified 
conjugations sites 2 3 2 5 2 8 
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Table S6. The number of potential, localized, and identified DM1 conjugation sites of the LC, Fd’, 

and Fc/2 subunits of the IgG1-DM1 ADC when one or two additional adjusted ECD datasets per 

charge state of each subunit were added to the data shown in Table S4. 

  LC Fd’ Fc/2 

 Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Without 
internal 

With 
internal 

Number of potential 
conjugation sites 11 16 18 

Number of localized 
conjugations sites 1 7 0 6 1 9 

Number of identified 
conjugations sites 2 2 2 7 2 5 
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Abstract 

Native mass spectrometry (MS) of proteins and protein assemblies reveals size and binding 

stoichiometry, but elucidating structures to understand their function is more challenging. Native 

top-down MS (nTDMS), i.e., fragmentation of the gas-phase protein, is conventionally used to 

derive sequence information, locate post-translational modifications (PTMs), and pinpoint ligand 

binding sites. nTDMS also endeavors to dissociate covalent bonds in a conformation-sensitive 

manner, such that information about higher-order structure can be inferred from the 

fragmentation pattern. However, the activation/dissociation method used can greatly affect the 

resulting information on protein higher-order structure. Methods such as electron capture/ 

transfer dissociation (ECD and ETD, or ExD) and ultraviolet photodissociation (UVPD) can 

produce product ions that are sensitive to structural features of protein complexes. For multi-

subunit complexes, a long-held belief is that collisionally activated dissociation (CAD) induces 

unfolding and release of a subunit, and thus is not useful for higher-order structure 

characterization. Here we show not only that sequence information can be obtained directly 

from CAD of native protein complexes but that the fragmentation pattern can deliver higher-

order structural information about their gas- and solution-phase structures. Moreover, CAD-

generated internal fragments (i.e., fragments containing neither N-/C-termini) reveal structural 

aspects of protein complexes.  
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Main Text 

Native top-down mass spectrometry (nTDMS) of gas-phase proteins yields product ions that 

can provide information on amino acid sequence,1,2 sites of modifications,3−5 and even higher-

order structure.6 Performing nTDMS with electron-based techniques such as electron capture 

dissociation (ECD) and electron transfer dissociation (ETD)7−11 and photon-based techniques 

such as infrared multiphoton dissociation (IRMPD) and ultraviolet photodissociation 

(UVPD)8,12−14 is generally favored, as it fragments the complex directly without disrupting the 

overall complex structure. In contrast, it has been generally assumed that collision-based 

fragmentation does not reveal higher-order structural information, as unfolding and ejection of 

monomer subunits (and ligands) occurs. However, we have found that direct fragmentation of 

native protein complexes with Orbitrap-based high-energy C-trap dissociation (HCD),15 a 

collision-based fragmentation technique performed with higher energy on a faster time scale 

than conventional collisionally activated dissociation (CAD), can uncover aspects of protein 

higher-order structure. For a variety of protein complexes, we show here that HCD can generate 

b-/y-type product ions that provide information on solvent-exposed regions and subunit 

interfaces. 

To investigate HCD fragmentation of protein complexes,16 complex-down MS (pseudo-

MS3)17,18 and nTDMS (Scheme 1) of yeast alcohol dehydrogenase (ADH) homotetramer (147 

kDa) were compared. Complex-down MS was performed by using in-source CAD to detach a 

monomer from the tetramer and to subsequently activate the 12+ charged monomer with HCD. 

The resultant MS/MS spectrum revealed both N-terminal b-fragments and C-terminal y-
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fragments of ADH (Figure S1A); 24 b-fragments and 18 y-fragments resulted in 11.8% total 

sequence coverage (Figure 1A). The fragmentation pattern also revealed the presence of N-

terminal acetylation, a V58T proteoform, and Zn2+ binding. The presence of near equal numbers 

of abundant b- and y-fragments from the complex-down MS workflow suggests that both termini 

of the ADH monomer subunit are easily accessed by HCD fragmentation, i.e., the in-source 

CAD process releases a low-structured monomer such that subsequent HCD products yield 

little information about the 3D structure of the native tetramer. 

 

Scheme 1. Complex-Down MS and nTDMS Workflows Used in This Study. 

For comparison, nTDMS results from HCD of the 25+ charged ADH tetramer were 

examined. Primarily b-products and surprisingly few peaks corresponding to released ADH 

monomers (Figure 1B, Figure S1B) were detected. We speculate that monomers were not 

ejected from the tetramer complex prior to covalent bond cleavage, i.e., the tetramer fragmented 

directly. To further support this claim, broadband fragmentation (of all ADH tetramer charge 
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states) with a range of HCD energies did not yield significant levels of released monomer 

signals (Figure S2). nTDMS of ADH yielded 60 N-terminal b-fragments, but only three C-

terminal y-fragments (17.6% sequence coverage) (Figure 1B). Numerous abundant N-terminal 

fragments produced by HCD resemble nTDMS products from electron-based7,8 and 

photodissociation techniques.8,12 Mapping the fragments onto the crystal structure of ADH 

shows that the N-terminal region is more solvent exposed than the C-terminal region, with the 

latter forming subunit−subunit interfaces of the complex (Figure S3). Our analysis indicates that 

fragments that cut at the interface of the tetramer (residues 240−310) accounted for only 8% of 

the fragment ion current. 

To further examine how collision-based fragmentation can reveal structural information from 

protein complexes, intact (rabbit) aldolase homotetramer (157 kDa) was fragmented with HCD. 

Much like ADH, aldolase did not release monomers upon HCD, but rather y-fragments including 

an especially abundant y74 ion (2+ to 5+ charged) (Figure S4). At low HCD energies, a large 

complementary fragment corresponding to the mass of the intact tetramer losing a y74 fragment, 

i.e., (4M − y74), was observed (Figure S5 and Table S1), indicating direct fragmentation of the 

tetramer. nTDMS yielded 35 C-terminal y-fragments but only eight N-terminal b-fragments (11.0% 

sequence coverage) (Figure 2). This result differs from the complex-down mass spectrum of 

aldolase, which shows a nearly equal proportion of N-terminal b-fragments (19) and C-terminal 

y-fragments (16) (Figure S6). 
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Figure 1. Fragment location maps for ADH representing b-/y-product ions measured by 
(top) complex-down MS and (bottom) nTDMS with HCD. 
Red lines indicate V58T mutation, green lines indicate Zn2+ binding, the vertical dotted line 
indicates N-terminal acetylation, and the size of the blue dots indicates the relative intensity of 
each fragment. Numbers in parentheses indicate the number of product ions detected. 

 

The HCD fragments from the aldolase tetramer mainly cover the solvent-exposed C-

terminus and are absent from the interface forming N-terminus (Figure 2). Our analysis 

indicates that fragments that cut at the interface of the tetramer (residues 110−224) accounted 

for only 1% of the fragment ion current. The relatively high proportion of C-terminal fragments 

present in the native HCD spectrum of aldolase is similar to that measured by ECD previously19 
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and further suggests that direct HCD fragmentation of some protein complexes can reveal 

regions of solvent accessibility. 

 
Figure 2. Fragment location map for nTDMS products of the 25+ charged precursor of 
aldolase homotetramer and its crystal structure. 
The size of the blue dots corresponds to the relative intensity of the fragments. The crystal 
structure shows that most cleavage sites lie on the solvent-exposed C-terminus (blue), rather 
than the interface forming N-terminus (red). The purple region is covered by both N-terminal and 
C-terminal fragments. 

 

NTDMS with HCD was performed on several other protein complexes. Complex-down 

fragmentation of the glutathione S-transferase A1 (GSTA1) dimer revealed 25 N-terminal b-

fragments and 20 C-terminal y-fragments (Figure S7A). In contrast, the native fragmentation 

spectrum of GSTA1 reveals five N-terminal b-fragments and 19 C-terminal y-fragments (Figure 

S7B), consistent with the GSTA1 crystal structure showing that the C-terminus is more solvent 

exposed than the N-terminus (Figure S7B). For the yeast enolase dimer, 27 b-fragments along 

with 18 y-fragments were measured by complex-down MS (Figure S8A). nTDMS revealed 48 N-

terminal b-fragments along with 51 C-terminal y-fragments without the appearance of abundant 
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monomer ions (Figure S8B). The crystal structure of enolase (Figure S8B) indicates that both N-

/C-termini are solvent exposed and are not involved in forming the dimer interface, consistent 

with the near equal proportion of b-/y-products measured by nTDMS. 

Some complexes did not release monomers from in-source CAD for complex-down 

fragmentation; however, HCD of the native complexes still returned structural information. 

Native HCD of the creatine kinase dimer revealed nine b- and 38 y-fragments, which suggests 

that the C-terminus is solvent exposed and the N-terminus forms the interface of the dimer; this 

aligns well with the crystal structure of creatine kinase (Figure S9). Similarly, HCD of 6-

phosphogluconate dehydrogenase (GND1) dimer generated 23 b-fragments but only six y-

fragments, consistent with the GND1 crystal structure showing the N-termini to be solvent 

exposed and the C-termini forming the dimer interface (Figure S10). 

There are some exceptions to this pattern of b-/y-product formation directly from intact 

native complexes under HCD. For example, HCD of the native membrane protein, aquaporin Z 

(AqpZ) homotetramer,20−22 yielded abundant monomer, dimer, and trimer products released from 

the intact complex (Figure S11A). This observation can be attributed to the weak hydrophobic 

binding interface between the monomer subunits of the AqpZ tetramer. Complexes such as 

aldolase and ADH are stabilized somewhat by salt bridges that strengthen greatly in the gas 

phase,23,24 potentially preventing monomer ejection during HCD (Figure S12). That monomer 

products are released when HCD is applied to native AqpZ complexes suggests that structural 

information (such as the locations of solvent-exposed regions and the tetramer interface) cannot 

be inferred from the resulting b-/y-fragments, at least assuming that the monomers likely eject 
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before covalent bonds cleave. This suggestion is supported by the fact that the nTDMS 

fragmentation pattern of AqpZ tetramers (65 b-fragments, 62 y-fragments, 38.4% sequence 

coverage; Figure S11A) does not differ significantly from the complex-down fragmentation 

pattern of isolated monomers (63 b-fragments, 60 C-terminal y-fragments, 34.6% sequence 

coverage; Figure S11B). Although HCD fragmentation of native AqpZ does not reveal significant 

higher-order structural information, it does suggest that the interaction between complex 

monomers in the gas phase is relatively weak. 

Monomer releases during HCD are not limited to membrane protein complexes. HCD 

fragmentation of the hemoglobin (Hb) tetramer revealed monomer and trimer peaks in addition 

to 10 b-fragments and eight y-fragments from the α-subunit and seven b-fragments and seven 

y-fragments from the β-subunit (Figure S13A). Fragmentation of the Hb dimer also revealed 

released monomer peaks in addition to 11 b-fragments and 16 y-fragments from the α-subunit 

and 10 b-fragments and four y-fragments from the β-subunit (Figure S13B). A similar HCD 

fragmentation pattern can be observed from complex-down MS of individual subunits (nine b- 

and 10 y-fragments and six b- and five y-fragments from the α- and β-subunits, respectively) 

(Figure S13C). Similarly, nTDMS of human transthyretin (TTR) tetramers by HCD releases 

monomer products in addition to two b- and 38 y-fragments (Figure S14A). The relative 

proportion of b-/y-product ions between the tetramer and monomer TTR is similar, with complex-

down of the TTR monomer yielding three b-fragments and 41 y-fragments (Figure S14B). The 

HCD results for all of the complexes included in the study are listed in Table S2. 

Lastly, we investigated the utility of internal fragments (i.e., product ions containing neither 
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N-/C-termini that result from at least two bond cleavage events)1,25−30 for structure determination 

of protein complexes. Preliminary data show that HCD fragmentation of ADH tetramers reveals 

numerous internal fragments spanning residues 178−236 (Figure S15A), which correspond to a 

solvent-exposed region (Figure S15B). More work will extend this concept further, but it 

demonstrates that HCD-derived internal fragments can deliver structural information on protein 

assemblies. 

Although other studies have noted the detection of b-/y-products with concurrent subunit 

release from CAD31 and HCD16 of protein complexes, we have found that collision-based 

fragmentation with HCD can reveal higher-order structure information for several multi-subunit 

protein complexes that appear to be stabilized through the presence of salt bridges.23 These 

complexes fragment directly by HCD without significant monomer release. The resulting 

products map to solvent-exposed areas, while regions delivering fewer fragments likely 

comprise subunit interfaces. Other weak gas-phase complexes eject monomers upon HCD. 

Nonetheless, it is currently unclear what differences between HCD and other beam-type CAD 

experiments are responsible for the unique fragmentation behavior. 

An assumption carried over from small-molecule dissociation studies to macroion 

decompositions is that, on the experimental time scale, activation from collisions always 

randomizes fully to steer collision-induced decompositions along the lowest energy pathways. 

However, those assumptions fail to consider that entropically demanding, slow rearrangements 

might be essential to releasing a subunit, e.g., to reposition salt bridges tethering one subunit to 

others.23 In cases where the number of collisions and/or energy per collision are insufficient to 
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stumble on the rare configuration ejecting a subunit within the experimental time frame, 

alternative rearrangements to eject smaller polypeptide fragments (with fewer tethers) may be 

competitive. Nevertheless, we show that HCD can be a powerful biophysical tool to probe the 

structure of proteins without the need for other electron- and photon-based 

activation/dissociation methods. 
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Chapter 6: Supporting Information 

Materials and Methods 

Proteins samples were obtained from Sigma Aldrich (St. Louis, MO, USA), dissolved in 

200mM ammonium acetate, and desalted with 10K Amicon filters from Sigma Aldrich. The 

samples were then diluted to 10μM and sprayed on a Thermo UHMR (Thermo Fisher Scientific, 

San Jose, CA) with voltages of 1-2kV. To fragment native complexes, HCD energies of 125-

280V were applied. Lower voltages were applied for select applications. Complex-down MS 

experiments were performed by applying 5-150V of in-source CAD or -60V of desolvation 

voltage to eject monomers and then applying 100V-177V of HCD energy to subsequently 

activate those monomers. For internal fragment analysis, the ADH the tetramer was fragmented 

with 215V of collision energy with argon as the collision gas. 

Deconvolution was performed with BioPharma Finder 3.2 and the resulting deconvoluted 

peak list was run through ClipsMS.1 b- and y-fragments were matched to protein sequences 

with an error tolerance of 5ppm and unlocalized modifications included the addition of a 

hydrogen atom and the abstraction of a water molecule were added to the theoretical masses. 

For ADH, additional modifications including an N-terminal acetylation, a V58T mutation, and a 

Zn2+ ion were added to theoretical fragments. by internal fragments of ADH were searched with 

ClipsMS with an error tolerance of 5ppm. To deconvolute large complementary fragments, 

UniDec was used.2 Fragments were mapped onto crystal structures of protein complexes using 

Pymol 2.5.4. The ADH pymol code used was 4W6Z, the aldolase pymol code used was 1ADO, 

the enolase pymol code used was 1EGB, the GSTA1 pymol code used was 1GSD, and the 
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creatine kinase pymol code used was 1U6R, and the aquaporin Z pymol code used was 1RC2. 
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Supplementary Figures 

 
 
Figure S1. (A) Complex-down fragmentation mass spectrum and (B) native TDMS 
spectrum of ADH. 

 

 
Figure S2. Broadband nTDMS spectra of ADH at various HCD voltages. 
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Figure S3: The structure of ADH with the region covered by the N-terminal fragments 
labeled in red and the region covered by the C-terminal fragments labeled in blue. 
Fragmentation occurs in the solvent exposed regions and does not occur in the subunit-subunit 
interface region (green). 

 

 
Figure S4: Native top-down mass spectrum of the 25+ charged aldolase homotetramer. 
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Figure S5: Native top-down mass spectrum of the 25+ charge state of the aldolase 
homotetramer showing multiple charge states of an abundant y74 fragment and high m/z 
peaks corresponding to charge states of the (4M - y74) product ion. 

 

 
Figure S6: A complex-down mass spectrum (12+ monomer) and the corresponding 
fragment location map for aldolase. 
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Figure S7: Complex-down vs. native top-down of the human GST A1 dimer. 
(A) A complex-down mass spectrum (11+ monomer) with the corresponding fragment location 
map and (B) a native top-down mass spectrum with the corresponding fragmentation location 
map for the 12+ charged human GST A1 dimer. The inset shows the structure of GST A1 with 
the region covered by N-terminal fragments labeled in red, the region covered by C-terminal 
fragments labeled in blue, and the region covered by N- and C-terminal fragments labeled in 
purple. 
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Figure S8: Complex-down vs. native top-down of the enolase dimer. 
(A) A complex-down mass spectrum (13+ monomer) with the corresponding fragment location 
map and (B) a native top-down mass spectrum with the corresponding fragmentation location 
map for the 19+ charged enolase dimer. The inset shows the structure of enolase with the 
region covered by N-terminal fragments colored in red and the region covered by C-terminal 
fragments colored in blue (and green indicates no fragment coverage). 
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Figure S9: A native top-down mass spectrum with the corresponding fragmentation 
location map for 17+ charged creatine kinase dimer. 
The inset shows the structure of creatine kinase with the region covered by N-terminal 
fragments colored in red and the region covered by C-terminal fragments colored in blue (and 
green indicates no fragment coverage). 

 

 
Figure S10: A native top-down mass spectrum with the corresponding fragmentation 
location map for the 20+ charged GND1 dimer with the vertical dotted line representing 
N-terminal acetylation. 
The inset shows the structure of GND1 with the region covered by N-terminal fragments colored 
in red and the region covered by C-terminal fragments colored in blue (and green indicates no 
fragment coverage). 
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Figure S11: Complex-down vs. native top-down of the AqpZ tetramer. 
(A) A native top-down mass spectrum (18+ charged tetramer) with the corresponding fragment 
location map and (B) a complex-down mass spectrum (8+ monomer) with the corresponding 
fragmentation location map for AqpZ. 
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Figure S12: Crystal structures of rabbit aldolase and AqpZ tetramers. 
(A) The crystal structures of rabbit aldolase and (B) aquaporin Z with positively charged amino 
acids (Lys and Arg) labeled in blue and negatively charged amino acids (Glu and Asp) labeled in 
red. The black lines indicate the complex interface. Aldolase contains many charged residues at 
the interface of the protein complex and aquaporin Z does not, which may explain why 
aquaporin Z releases monomers and aldolase does not when HCD is applied to the intact 
complex. 
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Figure S13: Complex-down vs. native top-down of the hemoglobin tetramer and dimer. 
(A) nTDMS spectrum of the 16+ charged hemoglobin tetramer with the corresponding fragment 
location maps for the α-subunit and β-subunit, (B) a nTDMS mass spectrum of the 12+ charged 
hemoglobin dimer with the corresponding fragmentation location maps for the α-subunit and β-
subunit, and (C) complex-down fragmentation mass spectra and the corresponding fragment 
location maps for the 6+ charged α-subunit and β-subunit. 
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Figure S14: Complex-down vs. native top-down of the TTR tetramer. 
(A) Native top-down mass spectrum (15+ tetramer) with the corresponding fragment location 
map and (B) a complex-down mass spectrum (6+ monomer) with the corresponding 
fragmentation location map for the TTR tetramer. 
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Figure S15: Terminal and internal fragment analysis of nTDMS of the ADH tetramer. 
(A) A heatmap representing terminal and internal fragment analysis of the 24+ charged ADH 
tetramer and (B) the structure of the ADH tetramer with an internal fragment hotspot (residues 
178-236) highlighted in blue. Notice how this region of the ADH tetramer is solvent exposed. 
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Supplementary Tables 

Table S1. Molecular weights of species present in a low HCD spectrum of aldolase tetramer. 

 
 

Table S2. Information on the complexes analyzed in this study. 

 
 

Species MW (Da)
Measured Molecular weight of Aldolase 156,982
Measured Molecular Weight Higher m/z Peaks 149,088
Molecular Weight Difference 7,894
Theoredical Mass of Y74 7,896

Table S1: Molecular weights of species present in a low 
HCD energy spectrum of aldolase. The high m/z ions in 
the spectrum correspond to the aldolase tetramer-y74.

Name of Complex Type of Complex MW Complex (Da) MW Monomer (Da) Monomer Release with HCD # N-Term Frags # C-Term Frags Sequence Coveage Monomer Release with CAD # N-Term Frags # C-Term Frags Sequence Coverage
ADH Tetramer 147,472 36,738 No 60 3 18% Yes 25 21 12%

Aldolase Tetramer 156,748 39,187 No 8 35 11% Yes 19 16 8%
GSTA1 Dimer 51,000 25,500 No 5 19 11% Yes 25 20 21%

Enolase Dimer 93,312 46,656 No 48 51 18% Yes 27 18 8%
Creatine Kinase Dimer 86,224 43,112 No 9 38 13% No NA NA NA

GND1 Dimer 106,003 52,957 No 23 6 6% No NA NA NA
AqpZ Tetramer 24,269 97,076 Yes 65 62 38% Yes 63 60 35%

Hemoglobin Tetramer 61,986 α=15,126 β=15,867 Yes α=10 β=7 α=8 β=7 α=13% β=10% Yes α=9 β=6 α=10 β=6 α=13% β=8%
Hemoglobin Dimer 30,993 α=15,126 β=15,867 Yes α=11 β=10 α=16 β=4 α=19% β=10% Refer to row above Refer to row above Refer to row above Refer to row above
Transthyretin Tetramer 55,044 13,761 Yes 2 38 33% Yes 3 41 36%

General Inforamtion Native TD-MS Fragmentation Complex-Down Fragmentation
Table S2: Information on the complexes analyzed in this study. 
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Chapter 7: Conclusions and Outlook 

1. Conclusions 

This work explores the utility of protein internal fragment ions generated by top-down and 

middle-down mass spectrometry (TD-MS and MD-MS), from both fundamental and application 

perspectives, for more efficient and comprehensive sequence, structure, and PTM 

characterization of proteins of biological and therapeutic significance. 

In chapter 2, the fundamental formation mechanism of internal fragments was established. 

We first demonstrated that many previously unassigned mass spectral signals can be assigned 

as internal fragments and can provide additional and complementary protein sequence 

information. We then summarized and compared the fragmentation propensities of over 3200 

terminal and internal fragments generated from TD-MS of a series of polypeptides. The similar, 

yet slightly suppressed preferential cleavages at certain amino acid residues of internal 

fragments suggest that they should come from subsequent cleavages of terminal fragments and 

the formation of internal fragments can be correlated to the well-known mobile proton model. 

This sequential fragmentation event results in more readily available mobile protons to generate 

internal fragments, leading to a more evenly distributed fragmentation propensities across all 

residues for internal fragments compared with terminal fragments. This chapter enhances our 

understanding of the formation of internal fragments and is beneficial for the development of 

protein sequencing algorithms to assign internal fragments more accurately and reliably. As a 

direct result, it provided valuable insights into the development of ClipsMS, a python-based 

program designed for internal fragment analysis developed by my co-worker. 
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We delved into the application of internal fragments for disulfide-intact protein 

characterization in chapter 3. By analyzing four standard disulfide-intact proteins including β-

lactoglobulin (2 disulfide bonds), lysozyme (4 disulfide bonds), ribonuclease A (4 disulfide 

bonds), and α-lactalbumin (4 disulfide bonds), we demonstrated that internal fragments could 

access the interior protein sequence constrained by multiple disulfide bonds that cannot be 

reached by terminal fragments to increase the protein sequence coverage by 20-60% to 

achieve almost 100% sequence coverage. In addition, internal fragments mainly cleave interior 

disulfide bonds while terminal fragments cleave more disulfide bonds located on the exterior of 

the protein, establishing a correlation between the relative position of disulfide bonds and the 

number of internal fragments responsible for each disulfide cleavage. Importantly, we show that 

internal fragments that retain intact disulfide bonds can be used to directly determine the 

disulfide connectivity. This chapter serves as a proof-of-concept for applying internal fragments 

to elucidate disulfide bridges and pave the way for utilizing internal fragments for the 

characterization of proteins with more complex disulfide linkage patterns such as mAb based 

biotherapeutics. 

Inspired by the work presented in chapter 3, we applied TD-MS with the analysis of internal 

fragments to characterize highly heterogeneous intact mAbs and ADCs in chapter 4. The 

assignment of internal fragments significantly increases the sequence coverage of intact NIST 

mAb to over 75% by accessing the highly disulfide-bonded sequence regions that are hardly 

covered by terminal fragments. The sequence coverage reported here is the highest value 

achieved by TD-MS alone on an intact mAb. In addition, important PTM information including 
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disulfide connectivity patterns and N-glycosylations, can be obtained by analyzing internal 

fragments. This shows the promise of applying internal fragments to better identify and localize 

potential modification liabilities such as oxidation and deamidation. By applying this workflow to 

characterize an IgG1-DM1 lysine linked ADC, we demonstrated that the assignment of internal 

fragments is beneficial for pinpointing drug conjugation sites which cannot be achieved by 

analyzing terminal fragments alone. The analytical workflow presented in this chapter promises 

to be incorporated into the biopharma industry once robust automation and computational 

support can be established. This chapter also suggests the potential of integrating internal 

fragment analysis into bottom-up and middle-down workflows to push the characterization of 

mAb based therapeutics to a near complete level on a routine basis. 

The TD-MS work presented in chapter 4 shows great potential, yet the results were still far 

from ideal and has plenty of room to improve. The MD-MS work presented in chapter 5 built 

upon and demonstrated significant improvement from the TD-MS project presented in chapter 4. 

We developed an innovative MD-MS platform using direct infusion instead of traditional online 

rpLC for sample introduction. This allows us to take advantage of the high flexibility of direct 

infusion to maximize the ECD fragmentation efficiency to achieve nearly 100% sequence 

coverage of all three subunits of NIST mAb by accessing the interior protein sequence. Again, 

important N-glycosylation information can be elucidated by assigning internal fragments, laying 

the foundations for applying internal fragments to identify low-level PTMs. The same IgG1-DM1 

ADC used in chapter 4 was analyzed using this novel native direct infusion MD-MS workflow 

and 80% of DM1 conjugation sites were confirmed, comparable to the 83% achieved by the 
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peptide mapping method. Overall, we demonstrated that using our MD-MS workflow, similar 

characterization results on both mAbs and ADCs can be achieved compared to the bottom-up 

peptide mapping method. This chapter highlights the potential of MD-MS and internal fragment 

analysis to advance the MS technology for the characterization of mAb based therapeutics.  

In chapter 6, we demonstrated that in contrary to the long-standing belief that collision-

based fragmentation cannot produce conformation-sensitive fragments to reveal higher-order 

structure of protein assemblies, HCD on an orbitrap instrument yields fragmentation patterns 

that agree well with the solvent-accessible or interface regions of several multi-subunit protein 

complexes. HCD-derived internal fragments played a critical role in this aspect by delivering 

structural information of alcohol dehydrogenase tetramers. This chapter proves that HCD can 

be a powerful biophysics tool to probe protein structures without the need of less accessible 

electron- and photon-based fragmentation techniques. 

This work shows the potential and sets the stage for incorporating internal fragment 

analysis into the mainstream MS technology for the interrogation of protein primary sequence, 

important PTMs, ligand binding, and higher order structure which is crucial for understanding 

protein function in biological systems. 

2. What’s next for research on internal fragments? 

Further developments in internal fragments research mainly lies on informatics to improve the 

confidence and reduce the false positive rate of assigning these informative yet hard-to-assign 

mass spectral signals. There are a few steps within the workflow that need to be improved. 

Firstly, deconvolution remains problematic and a more robust and reliable deconvolution tool is 
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needed to reduce the possibility of falsely assigning noise as real signals. This has been an 

issue in TD-MS for a long time but is specifically jeopardizing the accuracy of assigning internal 

fragments as the theoretical possibility of internal fragments is much higher than terminal 

fragments, and all the wrongly deconvoluted noise could be more likely assigned as internal 

fragments. In addition, building a mature scoring system like what we have in the well-

established bottom-up workflow to assess the assignment result is another potential 

development. Currently, all internal fragment assignments need to be manually validated which 

is not only time-consuming and manual heavy, but also subjective and can cause plenty of inter-

laboratory variations. Therefore, a robust scoring system to streamline and automate the data 

analysis workflow is needed. This also significantly increases the throughput of the workflow. 

Lastly, as mentioned in the introduction, a universal nomenclature system of internal fragments 

needs to be established. This would first require a full understanding of the formation 

mechanism of all types of internal fragments generated from various common fragmentation 

techniques; our TD-MS community need to discuss and agree upon a widely accepted notation 

of all types of internal fragments afterwards. Our group is actively working with other labs to 

achieve this goal. 

Internal fragments research can also benefit from the advancements in mass spectrometry 

instrumentation. For example, higher mass accuracy and resolution can significantly improve 

the assignment confidence. Furthermore, adapting more complicated MS workflows on 

instruments like Thermo tribrids which has the capability of multistage tandem mass 

spectrometry and Waters Cyclic IM-MS which has high resolution ion mobility can also further 
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internal fragments research. I believe the future of the application of internal fragments is bright 

and can possibly bloom once the informatics basics can be established.  
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