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ABSTRACT 

Gas-phase sequencing of large intact proteins (>30 kDa) via tandem mass spectrometry 

is an inherently challenging process that is further complicated by the extensive overlap 

of multiply charged product ion peaks, often characterized by a low signal-to-noise ratio. 

Disulfide bonds exacerbate this issue because of the need to cleave both the S-S and 

backbone bonds to liberate sequence informative fragments. Although electron-based 

ion activation techniques such as electron transfer dissociation (ETD) have been proven 

to rupture disulfide bonds in whole protein ions, they still struggle to produce extensive 

sequencing when multiple, concatenated S-S bonds are present on the same large 

polypeptide chain. Here, we evaluate the increase in sequence coverage obtained by 

combining activated-ion ETD (AI-ETD) and proton transfer charge reduction (PTCR) in 

the analysis of 66 kDa human serum albumin, which holds 17 disulfide bridges. We 

also describe the combination of AI-ETD with supplemental post-activation of the ETD 

reaction products via higher-energy collisional dissociation – a hybrid fragmentation 

method termed AI-EThcD. AI-EThcD leads to a further improvement compared to AI-

ETD in both the global number of cleaved backbone bonds and the number of ruptured 

backbone bonds from disulfide protected regions. Our results also demonstrate that the 

full potential of AI-ETD and AI-EThcD is unveiled only when combined with PTCR: 

reduction in overlap of ion signals leads to a sequence coverage as high as 39% in a 

single experiment, highlighting the relevance of spectral simplification in top-down mass 

spectrometry of large proteins.  
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INTRODUCTION  

Top-down mass spectrometry (TD MS) is an emerging analytical approach in which 

proteins are interrogated in the gas-phase after being ionized without passing through 

proteolysis.1,2 Theoretically, this method can provide unique advantages compared to 

the analysis of proteolytic peptides, including avoiding the protein inference problem3 

and allowing the identification of individual proteoforms.4,5 However, to fully take 

advantage of TD MS, sources of heterogeneity in proteoforms like single amino acid 

substitutions and post-translational modifications (PTMs) should be unambiguously 

identified and localized, which can only be accomplished through extensive gas-phase 

sequencing resulting from ion activation during tandem mass spectrometry (MS2).6 

Three major obstacles to obtaining high sequence coverage of whole proteoforms >30 

kDa can be identified: first, the selected ion dissociation method should allow the 

fragmentation of virtually any backbone cleavage, regardless of the nature of the paired 

amino acid residues, producing both small and large fragments that should both be 

detected with similar efficiency – a scenario that is rarely observed. Second, the 

dissociation of large proteins inevitably results in multiply charged fragments that often 

have low abundance and whose signals overlap within a limited region of the mass-over-

charge (m/z) space, complicating spectral interpretation.7 Third, in order to characterize 

proteoforms’ original chemical composition, including PTMs occurring on Cys residues, 

the fragmentation should ideally be performed without including chemical reduction 

during sample preparation – a practice that is typically employed. If S-S bonds are 

retained, obtaining extensive backbone fragmentation becomes harder, since two 

covalent bonds (Cys-Cys bond and backbone bond) need to be cleaved to liberate a 

fragment from disulfide-protected portions of the amino acid sequence. Additionally, not 

all available ion dissociation techniques are known to efficiently cleave S-S bonds.  
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To address these issues, research on improving the fragmentation of intact proteins 

has been conducted in recent years. Dissociation techniques based on vibrational 

excitation such as collision-induced dissociation (CID)8 and infrared multiphoton 

dissociation (IRMPD)9 cleave at the most labile bonds and have well-documented 

fragmentation preferences (e.g., cleavage at the N-terminal side of Pro and at the C-

terminus of Asp residues).10–13 On the other hand, ultraviolet photodissociation (UVPD) 

has been shown to lead to high sequence coverage of intact proteins. 14–16 UVPD has 

been proven effective in obtaining disulfide bond cleavage,17–19 outperforming some 

alternative techniques in sequence coverage obtained for disulfide-containing proteins. 

Still, UVPD suffers from a considerably low S/N of product ions in MS2 mass spectra 

when compared to alternative fragmentation techniques.20 This is primarily due to the 

diverse population of fragment ions UVPD generates, which can also result in congested 

mass spectra. In addition, fragmentation efficiency (defined as fraction of precursor ion 

current converted into product ion current) is not particularly high in UVPD, and 

unfragmented precursor dominates MS2 spectra, particularly when using irradiation 

times short enough to avoid the production of second and higher generations of 

fragments.21  

Alternatively, radical-driven dissociation techniques, particularly electron capture 

dissociation (ECD)22 and electron transfer dissociation (ETD),23 provide extensive 

backbone cleavage producing primarily c- and z∙-ions. However, while these techniques 

have demonstrated capabilities for the cleavage of disulfide bonds,24,25 there are 

increasing difficulties in obtaining sequence information as the number of disulfide 

bonds enclosing a large polypeptide chain increases.26 Furthermore, electron-based 

fragmentation methods become increasingly ineffective as the precursor charge density 

decreases, likely due to the presence of residual intramolecular noncovalent interactions 

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


 
5 

 

in the precursor ions.27 First-generation product ions can be held together by these 

noncovalent interactions and appear in MS2 spectra as non-dissociative electron 

capture/transfer products (ECnoD and ETnoD, respectively),28,29 which are not 

sequence-informative. To circumvent these problems, various solutions have been 

proposed, including the isolation of ETnoD species in ion traps followed by their mild 

activation using resonant (or trap-type) collision-induced dissociation, a method known 

as ETciD.30 In another approach, termed EThcD, all ETD products are transferred to a 

collision cell for reactivation via beam-type or higher-energy collisional dissociation 

(HCD).31,32 The latter method typically increases the number of identified c- and z∙-ions 

and produces b- and y-ions at collision voltages high enough to reach the vibrational 

energy threshold for backbone bond rupture. Both of these effects improve the overall 

sequence coverage. Alternatively, Horn et al. developed activated-ion ECD (AI-ECD), 

which originally relied on in-beam collisional activation of precursor cations before the 

ECD reaction33 to induce unfolding of protein ions prior to their electron-based 

fragmentation. Later, AI-ECD was performed by applying cation pre-activation via 

absorption of IR photons (10.6 µm) produced by a CO2 laser.34,35 A similar concept was 

applied to ETD (AI-ETD),36–39 with the most recent development being the irradiation of 

protein cations with IR photons in a linear ion trap occurring at the same time of the 

ETD reaction.40 Notably, Riley et al. have implemented this method to benchmark the 

characterization of bovine serum albumin (BSA, 66 kDa), a typically difficult protein to 

fragment due to the presence of multiple disulfide bonds. In that study, AI-ETD 

outperformed regular ETD in sequencing results, achieving 25% sequence coverage 

compared to the 19% obtained from ETD. 41 In another study, AI-ETD was reported to 

to attain >60% sequence coverage of the intact NIST standard monoclonal antibody,42 

whose structure includes both intra and intermolecular disulfide bonds.23,24 
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Despite the improvements in fragmentation technologies, spectral congestion 

remains a concern for experiments focused on large intact proteins.6 Therefore, in recent 

years, the utilization of ion-ion proton transfer reactions has been gaining momentum 

within the TD MS community.43,44 The reaction occurs via the interaction between 

reagent anions (typically perfluorinated species) and multiply charged cations.45 As the 

reaction proceeds, cations are deprotonated, while anions become neutral and are 

unable to interfere with m/z analysis. Proton transfer reactions are now commercially 

available as proton transfer charge reduction (PTCR)46 in Orbitrap instruments with 

tribrid architecture.47 PTCR was proven to successfully decongest the spectra in MS3 

experiments (where fragments generated in MS2 events are isolated and subjected to 

deprotonation) and improve the detection of sequence informative products derived from 

intact proteins.48–53  

Here, we benchmark the effectiveness of AI-ETD performed on a Orbitrap Tribrid 

mass spectrometer (Orbitrap Eclipse) in sequencing a large protein, and we also 

introduce a novel hybrid fragmentation technique where AI-ETD products are re-

activated via HCD similar to EThcD, a method we termed AI-EThcD. As a sample, we 

used human serum albumin (HSA), the most abundant protein in serum. Upon 

processing, HSA is a single polypeptide chain composed of 585 amino acids with a 

molecular weight of ~66 kDa and is responsible for regulating plasma oncotic pressure 

and transporting biologically relevant compounds such as hormones or fatty acids – 

serving as an established biomarker in many medical conditions such as inflammatory, 

cardiovascular, and glycemic diseases.54–56 35 of the 585 amino acids are cysteines, 

forming 17 disulfide bridges that stabilize the protein’s structure.57 Importantly, our 

investigation of intact HAS demonstrates that the true protein sequencing capabilities 

of AI-ETD and AI-EThcD become fully apparent only when PTCR is applied to facilitate 
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spectral interpretation. In combination with PTCR, AI-EThcD led to the assignment of 

almost 90 backbone cleavages coming from disulfide-protected regions of HSA. 

 

EXPERIMENTAL SECTION 

Sample Preparation: Recombinant human albumin (catalog no. 9803) was purchased 

from Albumin Bioscience (Huntsville, AL) and desalted via buffer exchange using Zeba 

spin columns (Thermo Scientific, Rockford, IL) following the manufacturer’s suggested 

protocol. 

MS Instrumentation and Methods: Mass spectrometry measurements were performed 

on a modified Thermo Scientific Orbitrap Eclipse™ Tribrid™ mass spectrometer (Thermo 

Scientific, San Jose, CA) equipped with a 10.6 μm CO2 laser. The sample was directly 

infused using a NanoFlex electrospray source at ~2 µM concentration in 49.8% 

acetonitrile (v/v) and 0.2% acetic acid (v/v). Tandem mass spectrometry (MS2) was 

carried out in low pressure intact protein mode (2 mTorr N2 in IRM) by quadrupole-

selecting the 43+ charge state of HSA (isolation width: 5 m/z units; center: m/z 1543) 

that was fragmented via: ETD, ETD with HCD post-activation of product ions (EThcD), 

ETD with concurrent IR irradiation (AI-ETD), and AI-ETD with HCD post-activation (AI-

EThcD). AI-ETD was optimized by setting the laser energy at values immediately below 

the onset of significant vibrational activation. PTCR MS3 experiments applied proton 

transfer reaction durations of 7-30 ms, using a single wide isolation window in the linear 

ion trap for trapping all MS2-generated product ions (over the 500-2000 m/z region) as 

previously described.58 MS2 and corresponding PTCR MS3 spectra were recorded in full 

profile mode at 240,000 resolving power (at m/z 200) by averaging 300 or 600 time-

domain transients. 
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Data Analysis: Fragmentation maps were obtained after manual validation of assigned 

product ions using TDValidator (Proteinaceous Inc., Evanston, IL), which includes an 

isotope fitting algorithm that matches the experimental ion isotopic m/z peak clusters 

from the original .raw spectrum against theoretical isotopologue clusters generated 

using fragment ions’ molecular formulae. All experiments were searched for b/y and c/z 

ions. The S/N threshold for peak picking was set to 10. The fragment tolerance was set 

to 10 ppm, while the inter-isotopic tolerance within a single isotopic cluster was set to 

3 ppm. The maximum charge state for fragment ions was set to +20. The minimum 

score threshold was set to 0.5. Fragmentation spectra were off-line calibrated in 

TDValidator. Plots were generated using GraphPad Prism 9 (GraphPad Software, San 

Diego, CA). 

RESULTS AND DISCUSSION  

The instrument configuration used in our study has been described previously 

and consists of an Orbitrap Eclipse modified to allow the irradiation of ions trapped in 

the linear ion trap (LTQ) with IR photons.59 We benchmarked AI-EThcD against ETD, 

EThcD, and AI-ETD in its ability to fragment 66 kDa human serum albumin (HSA). HSA 

represents an important test bed due to its 17 disulfide bonds. The four fragmentation 

techniques were evaluated based on the overall sequence coverage and the number of 

matched backbone cleavages from disulfide-protected regions. First, these ion activation 

techniques were compared in MS2 experiments. Later, corresponding PTCR MS3 

experiments were conducted. For every experiment, a single, quadrupole-selected 

precursor charge state (43+, m/z 1543) of HSA was dissociated for the acquisition of 

MS2 fragmentation spectra. In PTCR MS3 experiments, all fragmentation products were 
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isolated with a single, wide isolation window in the LTQ to decongest mass spectra using 

up to 30 ms PTCR (Figure S1).  

 MS2 fragmentation experiments. We first validated the capability of AI-ETD to 

improve fragmentation over conventional ETD and EThcD, as documented in previous 

works.41,42,60–62 We evaluated the number and type of unique matched fragments, 

sequence coverage (calculated as identified unique backbone bond cleavages divided by 

total backbone bonds), fragment ion mass distribution and number of cleavages derived 

from disulfide protected regions (Figure S2 and Table S1).  We observed that the use of 

longer ETD durations is beneficial for sequencing HSA, likely due to the need of multiple 

ETD fragmentation events to both unravel its extensive disulfide bond network as well 

as produce backbone fragment ions. For any tested duration, AI-ETD enhanced the 

detection of product ions over ETD, resulting in a sequence coverage of 17% for 15 ms 

duration, adding 4.3% extra coverage over ETD (Figure S2A). Using EThcD, sequence 

coverage and fragment count were improved over ETD and surprisingly not far from the 

values achieved via AI-ETD. Regarding product ions derived from disulfide-protected 

regions, AI-ETD largely outperforms both ETD and EThcD, with 24 backbone cleavages 

versus 2 and 8, respectively. These observations suggest that effectively accessing amino 

acid sequence information through the rupture of S-S bonds requires supplemental 

activation, but with an important distinction: IR unfolding of precursor ions concurrent 

with ETD is substantially more effective than HCD activation of ETD products, despite 

the IR laser power being tuned to minimize the generation of b/y-ions in AI-ETD.  

We then performed AI-ETD with HCD post-activation, herein referred to as AI-

EThcD. Interestingly, 15 ms AI-EThcD yielded sequencing results completely in line with 

AI-ETD (17% versus 17.2% for AI-ETD and AI-EThcD, respectively), detecting 1 less 
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product ion compared to AI-ETD, with counts of 109 and 108 respectively (Figure S2B, 

Table S1). AI-EThcD also produced 22 backbone cleavages from S-S protected regions 

in a single 15 ms experiments. Notably, AI-EThcD shows fragment ion type and mass 

distributions that are also very close to those of AI-ETD (Figure S2B and C). Conversely, 

EThcD shows a higher percentage of b/y-ions. This seems to reflect the capability of IR 

precursor unfolding in both AI-ETD and AI-EThcD to favor the release of c/z∙-ions 

otherwise not liberated in ETD and EThcD due to residual non-covalent interactions or 

S-S bonds. The reduced presence of matched fragment ions at particular mass ranges 

(for instance, around the 18 kDa mark) likely reflects the fact that MS2 experiments 

mainly sequenced disulfide-free regions of HSA, while entire disulfide-protected regions 

remained uncharacterized (Figure S3). Considering the concatenation of disulfide 

bridges in HSA, the 17 S-S bonds result in 9 disulfide-protected regions (i.e., with the 

first S-S bond forming a distinct region, and the remaining 16 grouped in pairs into 

additional 8 regions). Of these, 2, 5, 8, and 7 were partially characterized (i.e., with at 

least 1 matched fragment falling within the region) via ETD, EThcD, AI-ETD, and AI-

EThcD, respectively (Figure S4 and Table S2). Importantly, the superior performance 

of AI-ETD and AI-EThcD in liberating fragments from S-S protected regions is further 

demonstrated from the analysis of the combined results from experiments using 3, 7 

and 15 ms ETD durations (Table S3), which show that at the MS2 level AI-ETD and AI-

EThcD return a total of 45 and 40 fragments, versus 25 and 10 for EThcD and ETD, 

respectively. 

MS3 fragmentation experiments. Ion signal overlap represents an important 

issue in MS2 spectra of HSA, due to the presence of multiply charged ions that are 

primarily positioned around the m/z of the precursor, as readily apparent when 

observing the MS2 spectra obtained (Figure S1). While AI-EThcD produced the highest 
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sequence coverage among all tested MS2 experimental conditions, improvements over 

regular ETD were surprisingly insubstantial, particularly in comparison to AI-ETD. We 

posit these limited improvements to be artificial, and specifically be the result of 

excessive spectral congestion that does not allow the experimenter to truly appreciate 

subtle yet relevant differences produced by related ion dissociation methods at the MS2 

level in the case of a protein composed of more than 500 amino acid residues.  

However, the addition of PTCR MS3 to MS2-generated product ions proved to 

greatly enhance the sequence coverage across all fragmentation techniques, and fully 

unveiled the actual sequencing capabilities of AI-EThcD (Figure 1). The reduction of 

spectral congestion had to be optimized to produce a sufficient degree of deprotonation 

of larger fragments to unveil the presence of otherwise undetectable smaller, lowly 

charged product ions, without reducing signal intensity too significantly (Figure 2). 

PTCR durations of 15-30 ms were found to be optimal for HSA, allowing for proper 

redistribution of fragment ions across a broader m/z range, up to roughly 6000 m/z 

(Figure S1). Under these PTCR conditions, the average charge state of matched 

fragment ions across all PTCR-MS3 experiments falls between 5+ and 10+ as opposed to 

the 7+ to 15+ of the MS2 experiments (Figure S5). By applying PTCR, a distinction 

between the fragmentation methods lacking IR activation of precursor ions (ETD and 

EThcD) versus those based on IR photon unfolding of precursor ions concurrent with 

ETD (AI-ETD and AI-EThcD) becomes strikingly apparent. PTCR enabled increased 

fragment ion identifications and, consequently, sequence coverage across all tested ion 

activation methods. However, the degree of improvement was not consistent between all 

techniques. (Figure 1). For both ETD and EThcD, PTCR improved the sequence coverage 

adding an additional ~7% (from 12.7% to 19% for ETD, and from 14.8% to 22.3% for 

EThcD), while in the case of 15 ms AI-ETD the sequence coverage passed from 17% to 
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32.4%. In this scenario, AI-EThcD demonstrated a marked superiority over AI-ETD. The 

fragmentation maps in Figure 3 show the over two-fold increase in sequence coverage 

obtained for the 15 ms AI-EThcD experiment when PTCR is applied, providing the 

highest sequencing results across the study. Thanks to the reduction of spectral 

congestion, the detection of product ions was greatly improved – the highest sequence 

coverage from AI-EThcD MS2 experiments (obtained with 15 ms ETD duration) 

amounted to 17.2.%, whereas the highest PTCR MS3 result reached 38.9% (Figure 3).   

Notably, we also observed a significant increase in detected product ions from 

disulfide-protected regions after implementing PTCR (Figure 1C). Curiously, while the 

sequence coverage obtained setting the ion-ion reaction duration at 15 ms (optimal 

value) is similar between ETD and EThcD, the latter produced a good increase in 

fragment ions from S-S bond-protected regions over the former. In general, though, HCD 

supplemental activation does not seem as advantageous as IR photon concurrent 

activation in promoting S-S bond cleavage. Combining the effects of precursor unfolding 

and HCD re-activation of ETD products, AI-EThcD MS2 – PTCR MS3 provided an almost 

4-fold increase over the MS2 results, with 85 ions from disulfide-protected regions 

compared to 22 (Figure 1C). As shown in Figure 3 and Table S2, this translated into 

superior global sequence coverage of S-S protected regions with 24.1%, versus 6.3% of 

the MS2 experiments. Fragment ion distribution plots clarify that a substantial gain of 

PTCR MS3 experiments over the MS2 counterparts lies in the identification of relatively 

small fragments, while comparatively smaller gains were obtained for product ions >20 

kDa (Figures 1D and S3). This is confirmed by the fragmentation maps in Figures 3 

and S6, which show improved coverage of HSA termini in PTCR MS3 experiments.  
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Finally, when all the fragments derived from various ETD durations in AI-EThcD 

MS2 – PTCR MS3 experiments were combined, the sequence coverage improved to 43.6% 

(Figure S7). This boosts the sequence coverage by adding approximately 5% when 

compared to the single experiment at 15 ms. These results coincide with reports by Riley 

et al. about AI-ETD experiments conducted at the MS2 level on bovine serum albumin, 

where the increase in sequence coverage from combining data is attributed to each ETD 

duration contributing distinct product ions.41 Moreover, the number of product ions 

detected within disulfide-protected regions also improved, reaching 100 compared to 

the 85 obtained from the single 15 ms AI-EThcD MS2 – 30 ms PTCR MS3 experiment.  

Similarities and differences between AI-ETD and AI-EThcD. While previous 

reports had already emphasized the role that concurrent IR photon activation plays in 

enabling the sequencing of disulfide-protected regions in ETD experiments,41 results 

from this study suggest that collisional activation of ETD products also facilitate the 

rupture of S-S bonds, albeit to a certainly more limited extent. This is not entirely 

surprising since a few reports have already proposed that ion dissociation methods 

based on vibrational energy-threshold like HCD could also produce the rupture of S-S 

bonds.63,64 This prompted us to further investigate the differences between AI-ETD and 

AI-EThcD, starting from the product ions we could identify from each of these methods. 

Interestingly, AI-ETD and AI-EThcD show a large number of non-shared matched 

fragments, 92 at the MS2 and 90 at the MS3 level. However, while the MS2 experiments 

show an even distribution of unique and shared fragments (shared: 62; unique to AI-

ETD: 46; unique to AI-ETchD: 46), at the MS3 level the vast majority of AI-ETD fragments 

are also detected in the AI-EThcD experiment (Figures 4 and S8). AI-EThcD is 

characterized by a significantly higher number of unique product ions, both b/y-type 

and, for the most part, c/z-type (Figure S8E). Only 20 ions are unique to AI-ETD, 
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compared to 70 for AI-EThcD. Once more, we attribute the differences in the results of 

MS2 and MS3 experiments to spectral congestion, which PTCR reduces substantially. 

Importantly, the advantage of AI-EThcD in liberating additional product ions over AI-

ETD is not limited to a specific mass range (Figure 4D). As exemplified in Figure S9, in 

addition to generating new b/y-type ions, one of the effects of HCD post-activation of 

AI-ETD products in AI-EThcD experiments is to improve ion statistics for low abundant 

fragments that are likely generated with low frequency during the AI-ETD event, making 

these ion products identifiable with good confidence.   

CONCLUSION  

This work describes the MS sequencing of 66 kDa HAS via gas-phase precursor 

unfolding with IR photons followed by sequential ion-ion reactions. Particular focus was 

placed on the characterization of disulfide-protected regions of HSA. We show that the 

newly introduced AI-EThcD provided the greatest sequence coverage over regular ETD, 

EThcD, and even AI-ETD. In addition, we demonstrated the obvious advantages of 

performing PTCR following fragmentation to reduce spectral congestion and improve 

confidence in the identification of product ions. The combination of AI-EThcD and PTCR 

provided the highest sequence coverage reported for intact HSA with its 17 disulfide 

bridges, suggesting potential future applications for characterizing other large intact 

proteins that include disulfide bonds.  
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FIGURE LEGENDS 

Figure 1. Summary of results of MS3 experiments. (A) Sequence coverage of all 

experiments at 3, 7, and 15 ms ETD durations. The sequence coverage obtained was 

directly correlated with the increase in ETD duraton time. (B) Type of ions detected (at 

15 ms ETD duration) for all MS3 experiments. (C) Number of product ions detected in 

disulfide protected regions at the MS2 and MS3 level. (D) Mass distribution plots of the 

product ions detected using the different ion dissociation methods (15 ms ETD 

duration).  

Figure 2. Spectral decongestion following PTCR. (A) Zoomed-in region (1950-2000 

m/z) of the 15 ms AI-EThcD MS2 mass spectrum. Highly charged and overlapping 

product ions are apparent. (B) Zoomed-in region (1950-2000 m/z) of the 15 ms AI-

EThcD MS2 – 30 ms PTCR MS3 mass spectrum. Charge states are reduced, and the 

signal overlap substantially decreased.  

Figure 3. Fragmentation maps of AI-EThcD MS2 and AI-EThcD MS2 – PTCR MS3. 

Cysteine residues involved in S-S bonds are indicated by a grey square. c-/z-ions are 

represented by red lines and b-/y-ions are represented by blue lines. Disulfide-protected 

regions are highlighted in blue. Sequence coverage improved over two-fold with PTCR. 

Figure 4. Comparative analysis of the distribution of b-/y- and c-/z- ions between 

AI-ETD and AI-EThcD experiments. (A) Venn diagram of b-/y-ions in AI-ETD (green) 

and AI-EThcD (red) experiments. (B) Venn diagrams of c-/z-ions in AI-ETD (yellow) and 

AI-EThcD (blue). (C) Comparison of charge state distribution between AI-ETD and AI-

EThcD b-/y- and c-/z-ions at the PTCR-MS3 level. (D) Mass distribution of different 

fragment ion types for the two ion dissociation methods.   
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