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ABSTRACT 

Established in recent years as an important approach to unraveling the 

heterogeneity of intact monoclonal antibodies, native mass spectrometry has 

been rarely utilized for sequencing these complex biomolecules via tandem mass 

spectrometry. Typically, top-down mass spectrometry has been performed 

starting from highly charged precursor ions obtained via electrospray ionization 

under denaturing conditions (i.e., in the presence of organic solvents and acidic 

pH). Here we systematically benchmark four distinct ion dissociation methods – 

namely higher-energy collisional dissociation, electron transfer dissociation, 

electron transfer dissociation/higher-energy collisional dissociation, and 213 nm 

ultraviolet photodissociation – in their capability to characterize a therapeutic 

monoclonal antibody, trastuzumab, starting from denatured and native-like 

precursor ions. Interestingly, native top-down mass spectrometry results in 

higher sequence coverage than the experiments carried out under denaturing 

conditions, with the exception of ultraviolet photodissociation. Globally, electron 

transfer dissociation followed by collision-based activation of product ions 

generates the largest number of backbone cleavages in disulfide protected 

regions, including the complementarity determining regions, regardless of 

electrospray ionization conditions. Overall, these findings suggest that native 

mass spectrometry can certainly be used for the gas-phase sequencing of whole 

monoclonal antibodies, although the dissociation of denatured precursor ions 

still returns a few backbone cleavages not identified in native experiments. 

Finally, a comparison of the fragmentation maps obtained under denaturing and 
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native conditions strongly points towards disulfide bonds as the primary reason 

behind the largely overlapping dissociation patterns. 
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INTRODUCTION 

First introduced in 1986, therapeutic monoclonal antibodies (mAbs) have 

grown as a new class of biological drugs due to their high specificity and 

efficacy.1, 2 In 2022, over 115 mAbs and biosimilars have been approved by 

regulatory agencies, such as US Food and Drug Administration (FDA) and the 

European Medicine Agency (EMA), with more than 800 seeking approval.3, 4 

These biomolecules aid in treating many diseases, including cancer,5, 6 

autoimmune disorders,7 and even coronavirus infection.8 

Mostly based on the human immunoglobulin G (IgG) scaffold, therapeutic 

mAbs are currently modeled after one of three different subclasses of IgGs (IgG1, 

IgG2, or IgG4), with IgG1 being the most common subclass used.9 Each mAb is 

a ~150 kDa biomolecule comprised of two light (Lc, ~25 kDa) and two heavy 

chains (Hc, ~50 kDa), held together by intra- and inter-molecular disulfide 

bridges,10 the arrangement of which is subclass-dependent.11 Historically, two 

functional IgG subunits have been identified: the antigen-binding fragment (Fab) 

and the fragment crystallizable (Fc). The Fab is present in two identical copies 

(F(ab’)2) in an IgG and includes the whole Lc and the N-terminal half of the Hc. 

Each of these polypeptides encompasses both variable and constant regions. 

Among the variable regions, three short amino acid sequences, called 

complementarity determining regions (CDRs), are directly responsible for the 

recognition of a specific antigen. The Fc subunit contains the C-terminal portions 

https://doi.org/10.26434/chemrxiv-2024-kn0jg ORCID: https://orcid.org/0000-0001-6334-1046 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kn0jg
https://orcid.org/0000-0001-6334-1046
https://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

of the Hc (which is N-glycosylated) and is primarily in charge of receptor 

recognition.12 

 The regulatory agencies require thorough characterization of all drug 

products. For therapeutic IgGs, this includes the determination of the intact 

mass and localization of certain chemical modifications. This level of 

characterization faces major difficulties for mAbs due to their large size, complex 

structure, and the presence of post-translational modifications (PTMs), including 

deamidation, oxidation, and glycosylation.13, 14 Referred to as critical quality 

attributes (CQAs),15 these modifications add to the structural complexity and 

can impact the efficacy, stability, and immunogenicity of mAbs.16, 17 Due to these 

heterogeneities, comprehensive structural characterization, from the general 

amino acid sequence to evaluation of different proteoforms,18 is essential.  

 Mass spectrometry (MS) is an analytical technique that can be used to 

monitor all stages of mAb production, providing information on the primary 

structure, PTM localization, and higher order structures.19-22 While proteolysis-

based approaches to the MS analysis of mAbs are typically preferred, an 

alternative methodology, referred to as top-down mass spectrometry (TDMS),23 

relies on limited sample handling and investigates the biomolecule in its intact 

form. This allows for the determination of the mAb intact mass and the 

simultaneous characterization of Lc and Hc – preserving the so-called chain 

pairing information.24, 25 TDMS of mAbs has historically utilized Fourier 

transform and time-of-flight mass analyzers26, 27 to detect with high resolving 
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power and mass-over-charge (m/z) accuracy the product ions generated by 

different ion activation techniques,28 offering crucial proteoform-level 

information.  

 TDMS can rely on electrospray ionization performed under either 

denaturing (dTDMS) or near-native (nTDMS) conditions. Under dTDMS, the 

sample is unfolded using organic solvents and non-neutral pH conditions 

(typically acidic).29 While dTDMS provides insight into the amino acid sequence 

and PTM localization, information on (biologically relevant) higher-order 

structures is lost.30 Conversely, nTDMS is carried out using ionization solutions 

composed of an MS-compatible salt (usually ammonium acetate) at near neutral 

pH, preserving noncovalent interactions and thus higher-order structure.31-33  

Traditionally, TDMS of mAbs has been performed under denaturing 

ionization conditions.34-36 Over the past fifteen years, multiple ion dissociation 

techniques have been applied to the dTMDS of mAbs, including collision-induced 

dissociation (CID),37 higher-energy collisional dissociation (HCD),38 ultraviolet 

photodissociation (UVPD) with 157, 193 and 213 nm photons,39 and radical-

driven fragmentation techniques, namely electron capture (ECD)40 and electron 

transfer dissociation (ETD)41, as well as hybrid techniques such as electron 

transfer dissociation/higher-energy collisional dissociation (EThcD).42 Given the 

different fragmentation mechanisms behind collision, high-energy photon, and 

electron-based techniques,37, 43, 44 a more comprehensive characterization of 

IgGs has been obtained by combining results derived from the use of two or more 
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“orthogonal” ion activation methods. When possible, UVPD-based results are 

coupled to those from radical-driven techniques to maximize mAb sequence 

coverage.24, 45 

 Conversely, native ionization has been mostly leveraged to simplify intact 

mass analysis, taking advantage of the reduced charge state of mAb ions, which 

in turn leads to limited overlap among proteoforms (particularly, glycoforms) in 

the m/z space.46, 47 When coupled to separation techniques that do not use 

organic solvents, native MS has also been leveraged to distinguish mAb charge 

variants.48 However, a few notable examples of the application of nTDMS to mAbs 

exist. The body of work by Heck and co-workers provided an overview of the 

fragmentation pattern of ~50 kDa Fab subunits of various types of 

immunoglobulins via ECD under native ionization conditions.49, 50 While 

technically produced by limited proteolysis, Fab and ~100 kDa F(ab’)2 subunits 

demonstrate a fragmentation behavior similar to that observed on whole mAbs 

due to the presence of intact disulfide bonds, as discussed by Kline et al.51 Zhang 

et al. reported the characterization of a native-like antigen-Fab complex using 

collision-, electron-, and infrared photon-based dissociation.52 Similarly, by 

using 193 nm UVPD nTDMS, Mehaffey et al. investigated the binding of 

Hemagglutinin A (HA) to a specific intact mAb. While the focus of this study was 

the mapping of the epitopes of HA, the authors reported a notable 45% and 37% 

sequence coverage for the antibody Lc and Hc, respectively.53 Recently, ECD has 

been used to perform nTDMS on a ~600 kDa pentameric IgM antibody,54 and on 

an intact IgG1. The latter study by Loo and co-workers likely represents the most 

https://doi.org/10.26434/chemrxiv-2024-kn0jg ORCID: https://orcid.org/0000-0001-6334-1046 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kn0jg
https://orcid.org/0000-0001-6334-1046
https://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

comprehensive attempt to the gas-phase sequencing of a mAb ionized under 

native-like conditions to date, where canonical termini-containing product ions 

have been assigned along with internal fragments.55  

Despite the promising results obtained in the gas-phase sequencing of 

mAbs via nTDMS, a systematic comparison of the fragmentation results from 

multiple ion activation techniques on the same mAb ionized under denaturing 

and native conditions has yet to be accomplished. Herein, we discuss the results 

of the analysis of a therapeutic mAb, trastuzumab, carried out under denaturing 

and native conditions on a tribrid Orbitrap instrument with extended m/z range 

(Orbitrap Eclipse).56 We benchmark the performance of multiple ion activations 

– namely HCD, ETD, EThcD and 213 nm UVPD – in dTDMS and nTDMS 

experiments, with specific focus on the cleavage of backbone bonds within 

cysteine residues involved in intra-molecular disulfide bridges.57 These regions, 

which include CDRs 1 and 2, are of key importance in antibody 

characterization.58 Our results demonstrate that, contrary to common beliefs, 

nTDMS can even outperform dTDMS, likely due to reduced spectral congestion 

that facilitates product ion assignment. 
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EXPERIMENTAL SECTION 

Sample preparation – Trastuzumab (commercially sold as Herceptin; 

Genentech, South San Francisco, CA) was desalted in two consecutive steps 

using micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA). The sample was buffer 

exchanged to a final concentration of ~5 µM. For dTDMS, the spray solution 

consisted of 49.9%/49.9%/0.2% water, acetonitrile and formic acid (v/v/v); 

samples for nTDMS were electrosprayed in a 50 mM solution of ammonium 

acetate, with pH adjusted to ~7.4. 

Orbitrap mass spectrometry – All MS measurements were performed on an 

Orbitrap Eclipse tribrid mass spectrometer (Thermo Scientific, San Jose, CA) 

equipped with HMRn option to allow ion detection up to m/z 8000. Samples were 

ionized via direct infusion using coated borosilicate emitters fitted onto a 

Nanospray Flex ionization source (Thermo Scientific). Spray voltage was set to 

1700-2100 V. Ion desolvation was facilitated by setting the heated inlet capillary 

temperature at 350 °C, while declustering and adduct removal was obtained via 

in-source CID (set to 50-100 V). Measurements were carried out in “standard” 

pressure mode for both dTDMS and nTDMS. Broadband MS spectra (MS1) were 

collected at resolving power (RP) of 15,000 or 30,000 (at m/z 200). Tandem MS 

spectra (MS2) were collected at 240,000 RP (at m/z 200) over an m/z 300-8000 

window. For MS2 experiments, a single charge state was isolated in the linear 

ion trap (LTQ), with isolation centered at m/z 3026 for dTDMS (corresponding to 

the 49+ charge state; isolation width: 60 m/z units) and at m/z 5490 for nTDMS 
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(27+ charge state; isolation width: 100 m/z units). 10 time-domain transients 

(i.e., “microscans”) were averaged per mass spectrum, and data collection was 

carried out in “full profile” mode (i.e., without noise thresholding). ETD and 213 

nm UVPD durations and HCD normalized collision energies (NCE) were varied 

during acquisition, and these parameters were differentiated for dTDMS and 

nTDMS (specific values are indicated in Table S1). 

Data analysis – MS2 spectra utilized for analysis were obtained by 

averaging 25 individual spectra (corresponding to 250 transients) in 

QualBrowser (Thermo Scientific). Product ion matching and manual validation 

was performed using TDValidator (Proteinaceous, Inc, Evanston, IL),45 which 

uses an isotope fitting algorithm to match experimental ion isotopic clusters 

against in silico generated ion isotopic clusters based on the molecular formulae 

of theoretical fragment ions. The following settings were used: peak picking 

signal-to-noise ratio (S/N) threshold of 10; fragment ion tolerance, 10 ppm; inter-

isotopic tolerance, 3 ppm; product ion maximum charge state, +25; minimum 

similarity score, 0.5. During manual validation, a minimum of 4 isotopologues 

of large ion clusters (i.e., corresponding to fragments >5 kDa) had to be matched 

for the product ion to be included in the validated list. The following ion types 

were searched for these ion activation methods: HCD, b– and y–ions; ETD, c– 

and z–ions; EThcD, b–, c–, y– and z–ions; UVPD, 9 ions types (namely a–, a+–, 

b–, c–, x–, x+–, y–, y-–, and z– ions) as previously described.59 Product ion 

abundance (PIA) analysis comprised only validated fragments and was performed 

as previously described.35 Briefly, all fragment ions referring to the same 
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backbone cleavage were grouped, and intensities (obtained from the TDValidator 

report) were divided over the related product ion’s charge state. Then, charge-

normalized intensities of each group were summed. Finally, backbone cleavage 

intensities were expressed as relative percentages of the backbone cleavage with 

the highest intensity. PIA analysis was performed in Excel (Microsoft, Redmond, 

WA) and histograms were generated using GraphPad Prism 9 (GraphPad 

Software, San Diego, CA). 
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RESULTS AND DISCUSSION 

Features of different ion dissociation techniques in dTDMS versus nTDMS 

experiments – The selection of precursor ions in this comparative analysis 

reflected the differences in the charge state envelopes obtained for trastuzumab 

under denaturing and native electrospray ionization (Figure S1). For dTDMS, 

the 49+ charge state (m/z 3026) was selected being the most intense charge state 

within the broad charge state distribution (spanning from 26+ to 62+). In the 

case of nTDMS, the 27+ charge state (m/z 5490) was isolated using a 100 m/z-

wide isolation window. We opted for the use of broad isolation windows to 

maintain good ion isolation efficiency in the LTQ in the high m/z range.  

Figure 1 shows a selection of the analyzed MS2 spectra acquired under 

denaturing (left column) and native (right column) conditions. As reported in 

Table S1, for both dTDMS and nTDMS experiments, ETD and UVPD data were 

collected using three different durations. Represented in Figure 1 is a single 

duration (details in the figure caption).  
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Figure 1. MS2 spectra of trastuzumab recorded from precursors obtained under 

denaturing (left column) and native (right column) electrospray ionization 

conditions. The original precursor m/z position is indicated by colored bars. ETD 

spectra were acquired at duration of 5 ms (dTDMS) and 30 ms (nTDMS). UVPD 

spectra show the result of a 30 ms irradiation period for both dTDMS and 

nTDMS. 
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The most striking observation is the overall similarity of the spectra 

produced by a given fragmentation method under denaturing and native 

conditions. In other words, once fragmentation parameters were adjusted to 

account for the different charge state of the precursor, each ion dissociation led 

to MS2 spectra that share several key features in dTDMS and nTDMS. In the 

case of HCD, NCE had to be substantially increased passing from denaturing to 

native conditions (for the reported spectra, the value was increased from 60% to 

150%). Still, both the dTDMS and nTDMS spectra show the presence of lowly 

charged, low m/z species (largely absent or of substantially lower intensity in the 

MS2 spectra generated by the other tested ion fragmentation methods, with the 

exception of EThcD), followed by another sub-population of highly charged 

product ions that is distinctly positioned in the m/z space (centered around m/z 

1500 for dTDMS and m/z 2000 for nTDMS). The presence of two distinct ion 

populations is reflected in the violin plots describing the distribution of charge 

states of identified fragments (Figure S2). ETD shows a single population of 

sequence informative product ions (i.e., not including charge reduced species), 

centered around m/z values that increase with the applied ion-ion duration. As 

expected, EThcD spectra combine features from both ETD and HCD, and they 

generally include highly charged product ions (spread across a broader range 

than in ETD spectra) together with a sub-population of low m/z fragments 

(similarly to HCD spectra). Finally, UVPD generates a narrow m/z distribution of 

product ions, regardless of the duration of photon irradiation. Notably, optimal 

results for both dTDMS and nTDMS were obtained using the same three UVPD 
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duration times (namely 20, 30 and 40 ms). This leads us to hypothesize that the 

gas-phase cross-section of a highly charged, “denatured” IgG1 and of its “native-

like” counterpart are not dramatically different. Reports from ion mobility mass 

spectrometry analysis of whole IgGs seem to support this hypothesis. A study by 

Campuzano et al. on the NIST standard mAb ionized under native conditions 

demonstrated that collisional cross-section values of various charge states 

within the same charge state envelope differ in a measurable fashion, but such 

differences are <5% (e.g., the ΩN2 was calculated as 7223 Å2 for the 21+ charge 

state of the NIST mAb, and as 7275 Å2 for the 22+, a relative difference of 0.7%).60 

Additionally, a recent study by Gozzo et al. showed that differences in collisional 

cross-section between immunoglobulins of different classes (i.e., IgG1 versus 

IgG4) increase as the charge state of the ions is reduced via cation-to-anion 

proton-transfer reactions. However, the same study also documented that other 

intact proteins, such as bovine serum albumin, suffer larger changes in 

collisional cross-section compared to both IgG1 and IgG4 as their charge state 

is reduced via deprotonation.61 Taken together, these data suggest that mAb 

denaturation likely occurs when, by using organic solvents and low pH, the 

degree of protonation increases, but the variation in cross-section among charge 

states is likely limited by the network of intra- and inter-molecular disulfide 

bonds.  

Table 1 summarizes the sequencing results of dTDMS and nTDMS 

experiments. Surprisingly, fragmentation performed under native-like conditions 

outperformed the corresponding dTDMS experiments for HCD and ETD, while 

https://doi.org/10.26434/chemrxiv-2024-kn0jg ORCID: https://orcid.org/0000-0001-6334-1046 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kn0jg
https://orcid.org/0000-0001-6334-1046
https://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

EThcD returns essentially identical numbers. UVPD, on the other hand, 

benefitted from the isolation of a highly charged precursor. However, the effect 

is noticeable only on the Hc, where UVPD returns 6% higher sequence coverage 

in dTMDS than in nTDMS, reaching 25% (the highest value of any ion 

dissociation method for the Hc) thanks to a series of large product ions derived 

from the rupture of backbone cleavages in the center of the polypeptide chain. 

Conversely, the Lc sequence coverage was higher in nTDMS. 

Table 1. Sequence coverage obtained after manual validation of dTDMS and 

nTDMS tandem mass spectra. Values are reported for the Lc, the Hc, and the 

antibody as a whole. 

 

This finding is mirrored by the number of unique matched product ions, 

which are often higher in nTDMS experiments (Table S1). The only exception to 

this trend is again UVPD. As mentioned, UVPD led to the formation of sequence 

informative product ions with the highest average mass of any tested ion 

dissociation technique in dTDMS (Table S2), and the average mass of UVPD 

fragments for Lc and Hc remains essentially unchanged in nTDMS experiments 

(where ETD produced the largest fragments). The relative frequency of the 9 
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product ion types generated by UVPD is also essentially identical in dTDMS and 

nTDMS (Figure S3). This, together with the fact that increased irradiation times 

in nTDMS experiments resulted only minor differences in sequence coverage, 

likely indicates that the observed differences in sequence coverage between 

denaturing and native UVPD experiments are to be ascribed at least in part to 

the charge state of the precursor: additional fragmentation channels may be 

available in the case of precursors with higher charge density, particularly for 

the Hc. This hypothesis is supported by the analysis of matched product ions by 

irradiation time (Figure S4). UVPD nTDMS experiments produce largely the 

same product ions regardless of irradiation time, especially in the case of the Lc. 

Conversely, significant changes are induced by the variation of ultraviolet photon 

irradiation time in the case of dTDMS, for both the light and the heavy chain. 

When considering the overall sequence coverage for the whole IgG, UVPD 

provided by far the highest sequence coverage of any ion fragmentation method 

in dTDMS experiments (27%), but just in line with the other methods in nTDMS 

(23.3%), where EThcD outperformed it (24.6%). 

Comparatively, in ETD the variation of ion-ion reaction times (3, 5 and 10 

ms for dTDMS; 10, 20 and 30 ms for nTDMS) led to modest differences in the 

assigned product ions (Figure S5). The increase in sequence coverage achieved 

by moving from ETD dTDMS to ETD nTDMS was notable: the light chain 

sequence coverage went from 19% to 26%, and from 17% to 19% in the case of 

the heavy chain.   
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HCD results largely mimic those of ETD. The increase in sequence 

coverage was significant moving from denaturing to native conditions (light chain 

sequence coverage: from 17.4% to 32.9%; heavy chain: from 14.5% to 20.5%). 

Surprisingly, HCD outperformed ETD in overall sequence coverage under native-

like conditions (24.6% and 21.3% for HCD and ETD, respectively), but produced 

the lowest coverage of any fragmentation method in dTDMS (15.5%). This 

seemingly confirms previous reports demonstrating an inverse correlation 

between sequence coverage produced via HCD and charge density of the intact 

protein precursor ion.59, 62 Notably, the optimal HCD NCE for trastuzumab in 

both dTDMS and nTDMS was higher than for a typical intact protein, at 60% 

and 150%, respectively. This presumably reflects the relatively compact 

conformation that IgG ions maintain in the gas-phase due to the presence of 

disulfide bridges. 

EThcD has been proven previously to produce sequencing results similar 

to ETD for intact mAbs, but also to produce additional fragment ions compared 

to ETD.35 In this test, EThcD carried out with a single set of parameters (i.e., one 

ETD duration and one HCD voltage for supplemental activation of ETD products) 

returned high sequence coverage and was outperformed only by the combination 

of three UVPD experiments with varying durations in dTDMS (total sequence 

coverage of 22.9% for EThcD, versus 27% for UVPD). In nTDMS, mAb sequencing 

results were closer among three of the four fragmentation methods, with EThcD, 

UVPD and HCD resulting in 22.3%, 23.2%, and 24.6% global sequence coverage, 

respectively. Curiously, the collisional re-activation of product ions generated by 

https://doi.org/10.26434/chemrxiv-2024-kn0jg ORCID: https://orcid.org/0000-0001-6334-1046 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kn0jg
https://orcid.org/0000-0001-6334-1046
https://creativecommons.org/licenses/by-nc-nd/4.0/


19 
 

ETD is reflected in the relatively low averaged mass of matched product ions (the 

lowest of any considered ion activation, as detailed in Table S2 and displayed in 

Figure S2), which is likely not explained solely by the relatively long ETD 

duration applied (i.e., 10 ms for dTDMS, the highest duration used in regular 

ETD experiments; 30 ms for nTDMS, the middle value of the three used for 

regular ETD). Arguably, product ions with reduced mass and low charge state 

are less prone to overlap in the m/z space, facilitating their assignment.  

Overall, the sequence coverage obtained by a given ion dissociation method 

did not change dramatically between dTDMS and nTDMS, with perhaps the only 

exception of HCD. However, this observation does not fully recapitulate possible 

differences in the actual fragmentation patterns. In Figure 2, Venn diagrams 

compare unique product ions (as neutral masses) assigned under denaturing 

and native-like experimental conditions, demonstrating that, in general, a large 

fraction of assigned fragments are unique for either dTDMS or nTDMS. However, 

differences exist among ion dissociation methods. Specifically, ETD led to similar 

fragmentation between the two tested conditions, but mainly because the 

population of product ions matched in nTDMS is substantially larger than the 

dTDMS counterpart and includes most of the fragments identified in dTMDS 

experiments. The only cases when half or more of the total number of identified 

fragments was shared between dTDMS and nTDMS experimental sets were for 

ETD (Lc: 52.7%; Hc: 58.8%) and for the Lc analyzed via UVPD (50%). While the 

fact that ETD (as well as HCD) produces mainly just two ion types (i.e., c- and z-

ions) may favor a higher degree of similarity between the fragmentation patterns 
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observed in dTDMS and nTDMS, the homogeneity of ETD fragmentation 

regardless of precursor ion characteristics is still remarkable when considering 

that a total of six different ion-ion reaction durations were employed in ETD 

experiments.  

 

Figure 2. Venn Diagram of unique product ions of each ion activation method. 

Red shows native-only product ions, blue shows denatured-only product ions, 

and orange shows shared product ions. Product ions were considered as neutral 

masses; hence, differences in charge states of assigned fragments are not 

accounted for in the Venn diagrams. 

In general, at least 39% of matched fragments are shared between dTDMS 

and nTDMS. Such results support the notion that fragmentation in intact 

antibodies is primarily driven by the position of disulfide bonds, as previously 

reported.35, 45 In the case of EThcD, fragments uniquely identified in one of the 
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experimental sets are evenly distributed between dTDMS and nTDMS. A simple 

visual comparison of the EThcD dTDMS and nTDMS spectra shows that many 

of the most abundant product ions are identical (i.e., not only derived from the 

same backbone position, but also having the same charge state), while the 

differences primarily involve low abundant fragments (Figure S6).  

Global antibody sequencing results – The slightly reduced product ion 

signal overlap may explain also the overall higher sequence coverage obtained 

by the nTDMS experiments. By combining the assigned backbone cleavages from 

all individual experiments, the sequence coverage for the whole antibody reaches 

37.7% and 43.6% for dTDMS and nTDMS, respectively (Table S1). The total 

sequence coverage obtained by merging dTDMS and nTDMS data is 49.3% 

(Tables 1 and S1). As shown in the combined fragmentation map in Figure 3, 

the overall sequence coverage for the light chain is 60%, with particularly high 

coverage of the region preceding the third Cys residue (Cys134).  
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Figure 3. Combined fragmentation maps of the light and heavy chain of 

trastuzumab including all matched product ions from dTDMS and nTDMS 

experiments. Color scheme: green, a/x-ions; blue, b/y-ions; red, c/z-ions. 

The relatively high sequence coverage obtained for the heavy chain can be 

attributed mostly to the experiments performed under native-like conditions, 

which allow for the assignment of backbone cleavages positioned within two 

portions of the Hc not well characterized by dTDMS. The first of these regions is 

the central portion of the Hc, between residues Cys203 and Cys264. Figure S7, 

which compares the global fragmentation results for dTDMS versus nTDMS 
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experiments, shows 26 matched backbone cleavages from dTDMS versus 30 

from nTDMS within that region. The second region will be discussed below. 

Characterization of CDRs and disulfide protected regions – CDRs are part 

of the variable domains of both Lc and Hc. Both denaturing and native-like top-

down MS experiments led to extensive sequencing of CDR3,24, 45, 49 which is part 

of the loop positioned between the first and second disulfide-protected regions of 

either mAb chain. On the contrary, being protected by a disulfide bond, CDRs 1 

and 2 are usually harder to characterize. The present study confirms this trend, 

with the only fully sequenced CDR of trastuzumab being CDR3 (Table 2). ETD, 

EThcD, and UVPD were equally capable of returning 100% sequence coverage of 

the CDR3 in the Hc (amino acid residues 100-110), while electron-based 

fragmentation methods reached only 75% coverage of CDR3 in the Lc (amino 

acid residues 89-97) due to the presence of two consecutive Pro residues. 

Unfortunately, HCD was incapable of producing good sequencing of any CDR of 

either chain of trastuzumab.  

Table 2. Sequence coverage of CDR regions per fragmentation method under 

denaturing and native conditions. 
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CDRs 1 and 2 are not only located within a disulfide bond, but CDR2 of 

the Hc is also particularly long (residues 50-66). In dTDMS, the only ion 

activation technique that led to acceptable characterization of these regions was 

EThcD, which struggled only with the above mentioned CDR2 of the Hc (6.3% 

coverage, equivalent to only 1 assigned backbone cleavage out of 16). UVPD 

produced results only for CDR1 of the Lc and CDR2 of the Hc. Overall, the 

regions corresponding to CDRs 1 and 2 of the Hc are poorly sequenced in 

dTMDS. In agreement with the globally higher coverage obtained under native-

like conditions, CDR characterization improved in nTDMS experiments. 

However, CDR sequence coverage did not increase equally for all ion 

dissociations. UVPD could not lead to the liberation of fragments from CDR2 

even in nTDMS. The most substantial improvements were demonstrated by HCD 

and ETD, with the former achieving partial sequencing of all CDRs except CDR2 

of the Lc. Overall, CDR2 of Lc and Hc proved the hardest to characterize even in 

nTDMS, with ≤50% coverage under either ionization condition. EThcD was by 

far the most successful ion dissociation for sequencing CDR2 of Lc and Hc, 

outperforming not only ETD and UVPD in our experiments, but also improving 

over the results obtained via ECD in previous studies.49 This emphasizes the 

relevance of supplemental activation in electron-based ion dissociation to reach 

deeper sequencing of disulfide-protected regions.63 

Despite this being a controversial topic, there is substantial evidence that 

vibrational energy-threshold dissociation techniques like HCD can induce the 

cleavage of S-S bonds. As in previous reports,64, 65 the present results also 
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demonstrate that fragment ions were produced from disulfide protected regions 

by collisional dissociation (i.e., HCD), both in dTDMS and nTDMS. Figure 4 

shows clear examples of such fragment ions, which unsurprisingly were 

produced by the rupture of backbone bonds in proximity of Pro or Asp residues.59 

 

Figure 4. Selected fragment ions from the disulfide protected region within 

residues 370-428 of the Hc produced by HCD under denaturing conditions. Good 

match with theoretical isotopologues’ m/z positions and relative abundances is 

observed. 

Surprisingly, for any tested ion dissociation technique, the number (Table 

S3) and relative abundance (Figures S8-11) of identified fragments from 

disulfide protected regions are always higher in native-like experiments 

compared to dTMDS. The only partial exception is UVPD, for which the total 

number of matched fragments increases moving from dTMDS to nTDMS, but not 
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for both antibody chains (nTDMS returns +4 fragments from the Lc and -2 from 

the Hc compared to dTMDS). Following the same trend discussed with regard to 

the sequencing of CDRs, EThcD is the dissociation method that in general 

produced the highest number of fragment identifications from disulfide protected 

regions, including 23 just from the Lc in nTDMS experiments. Figure 5 

exemplifies the capability of EThcD of inducing the formation of both b/y- and 

c/z-type product ions from S-S protected regions.  
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Figure 5. Product ion abundance analysis highlighting fragment ions generated 

by nTDMS located within the disulfide bond between residues 23-86 of the Lc. 

Green lines represent a/x-type ions, blue b/y-type ions, and red c/z-type ions. 

Black dashed lines represent disulfide bonded residues. Low abundant ions are 

indicated by the presence of arrows. 

Product ion abundance analysis (PIA) demonstrates that, on average, the 

relative intensity of product ions from these regions remains low regardless of 

the ion activation method. However, UVPD and EThcD resulted in backbone 

cleavages that, for a few amino acid pairs, reached a total fragment intensity 

≥20% relative to the cleavage sites with the most abundant product ions of the 

respective experiments. 

CONCLUSIONS 

Although often considered as not optimal for polypeptide sequencing, 

nTDMS was proven here to be globally superior to dTDMS for the 

characterization of intact mAbs. This is likely due to two intertwined factors: the 

first is that the fragmentation of whole antibodies is drastically limited by the 

presence of disulfide bonds, which prevent complete unfolding of precursor ions 

even when denaturing conditions are applied. Second, in dTDMS the higher 

protonation of precursor ions results primarily in a broader distribution of 

charge states of the same abundant fragments derived from the cleavage of 

disulfide-free regions compared to nTDMS. Conversely, nTDMS spectra suffer 

less from ion signal overlap and allow for the identification of lowly abundant 
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product ions. This is demonstrated by the percentage of unique product ion 

masses over the total number of identified product ions. It is apparent that in 

nTDMS fewer charge states of the same fragment are generated (Table S4). This 

holds true for every scenario except in the case of the Hc sequenced via UVPD 

and ETD, where dTDMS produced a higher percentage of unique fragments. 

In summary, monoclonal antibodies represent a structurally peculiar class 

of proteins for which native MS could and possibly should be used not only for 

intact mass determination, but also for gas-phase sequencing. This does not 

mean that dTDMS necessarily generates fewer fragment ions than nTDMS, but 

most likely the former would benefit from spectral simplification (for instance, 

obtained via the application of proton transfer reactions combined with ion 

parking)66 in order to show its full potential. 

SUPPORTING INFORMATION 

Sequence coverage and unique ion count of trastuzumab for each fragmentation 

experiment; summary of unique product ion count and average mass (Da) per 

fragmentation technique; average mass and count of unique product ions per 

fragmentation technique located within disulfide-protected regions; fraction of 

unique product ions per fragmentation method; MS1 spectra of trastuzumab 

ionized under denaturing and native conditions; mass distribution of matched 

product ions; fragment ion count from UVPD MS2 experiments under denaturing 

and native ionization conditions; Venn diagrams comparing unique ion counts 

of individual UVPD experiments with different durations; Venn diagrams 
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comparing unique ion counts of individual ETD experiments with different 

durations; comparison of EThcD MS2 spectra obtained under denaturing and 

native conditions; global fragmentation maps obtained from dTDMS and nTDMS; 

product ion abundance histograms of HCD-produced product ions of each mAb 

chain; product ion abundance histograms of ETD-produced product ions of each 

mAb chain; product ion abundance histograms of EThcD-produced product ions 

of each mAb chain; product ion abundance histograms of UVPD-produced 

product ions of each mAb chain. 
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