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Abstract: (250 words) 

Maleimide thiol chemistry is widely used for the synthesis of conjugate vaccines and 

antibody-drug-conjugates. Proteolysis of a conjugate vaccine mainly generates linear 

and type 2 peptides (cross-linked peptides) with a thiosuccinimide linker and its 

stabilized forms (thiazine, and/or hydrolyzed thiosuccinimide). Type 2 peptides contain 

valuable information on the conjugation sites. Cleavable crosslinkers could make more 

reliable the conjugation sites identifications, but based on a different chemistry, they are 

used to study protein-protein interactions and not in the synthesis of bioconjugates. 

Hydrolysis not only stabilizes the thiosuccinimide linker, but also turns it into a cleavable 

crosslinker via a gas phase metastable fragmentation observed in MALDI- and ESI-

MS/MS analysis. The carboxyl group in the hydrolyzed thiosuccinimide linker provides a 

mobile proton that destabilizes the nearest pseudopeptide bond and, through the 

rearrangement of a five-membered ring intermediate, yields two intense linker fragment 

ions named here as P+71 and C+98. Specific 18O-labeling of the hydrolyzed 

thiosuccinimide linker confirms that P+71 ion, has the epsilon amino group of Lys 

modified by a β-alanine residue while C+98 ion has the Cys residue S-alkylated by a 

succinic anhydride molecule. P+71 and C+98 provide information on the molecular 

masses of the crosslinked peptides pair, decrease the number of unassigned signals in 

the MS/MS spectra; and their backbone fragment ions increased the sequence 

coverage and make more reliable the assignment of conjugation sites. Stepped HCD is 

the fragmentation method of choice because in a single MS/MS spectrum several linker 

fragment ions and bn/yn ions were observed.  
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Introduction: 

The maleimide-thiol chemistry [1] is widely used to synthesize bioconjugates, including 

conjugate vaccines and antibody drug conjugates (ADC) [2]. The resultant 

thiosuccinimide linker in these bioconjugates, (Figure 1, structure III) is unstable in vivo 

due to the retro-Michael reaction [3]. Molecules with free thiols that are available in 

appreciable concentrations in vivo, react with the thiosuccinimide linker, releasing the 

antigen or the drug that is linked to the carrier protein. This process known as thiol 

exchange [4] could have a negative impact for the biological activity and cytotoxicity for 

the synthesized bioconjugate [5]. 

One strategy to overcome this limitation is the stabilization of the thiosuccinimide linker 

by its conversion into more stable forms that are resistant to the retro-Michael addition 

through two reactions known as transcyclization [6, 7] or hydrolysis [8] (Figure 1).  

The transcyclization reaction transforms the thiosuccinimide linker into a thiazine linker 

[6, 7] (Figure 1, structure IV). This reaction also generates a new pseudopeptide bond 

in the thiazine linker structure (highlighted in red in Figure 1). For the transcyclization 

reaction the cysteine residue involved in the thiosuccinimide linker should be located at 

the N-terminal end of the peptide; and its amino terminal group should be free, and non-

protonated [6]. 

The five-membered ring of the thiosuccinimide linker can be also hydrolyzed by two 

different pathways to yield two positional isomers of the thiosuccinamic acid thioether 

(Figure 1, structures I and II) [9]. Both positional isomers have in the linker, a newly 

formed pseudopeptide bond (highlighted in red in Figure 1) and a carboxylic group. 

This reaction takes place independently the position of the Cys residue within the 
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peptide sequence that is linked to the succinimide ring. The hydrolysis of the 

thiosuccinimide linker is favored at basic pH [8]. Both reactions, hydrolysis and 

transcyclization, proceed during sample processing prior to LC-MS/MS analysis [10] 

generally carried out at basic pH and 37oC.  

All the linker forms have a common pseudopeptide bond (highlighted in blue, Figure 1) 

and its fragmentation when detected in the MS/MS spectra provides information on the 

molecular mass of the crosslinked peptides. 

The fragmentation in gas phase of the newly generated pseudopeptide bond present in 

the thiazine and the hydrolyzed thiosuccinimide linkers (Figure 1) generates an ion 

(named here as P+71) with identical molecular mass, and 71.0347 Da mass higher that 

the unmodified Lys containing peptide [7]. This linker fragment ion has been proposed 

for the differentiation by mass spectrometry of isobaric type 2 peptides cross-linked by a 

thiosuccinimide and thiazine linkers [7, 10].  

The identification of the conjugation sites is a quality attribute of conjugate vaccines and 

ADC because it provides information on the conjugation efficiency; the linkage positions 

of the payload and it could modulates other properties such as the stability, toxicity, and 

pharmacokinetics [11, 12].  

When a conjugate vaccine is digested with specific proteases a complex mixture of 

peptides is generated [13]. The type 2 peptides [14] are those that contain useful 

information on the conjugation sites [10, 15, 16]. They are composed by two cross-

linked peptides, one derived from the carrier protein and the other from the antigen 

covalently linked by the thiosuccinimide linker or its stabilized forms (Figure 1). To 

identify the conjugation sites of conjugate vaccines by the LC-MS/MS analysis we have 
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used [10, 15, 16] the same software [17-21] that assign MS/MS spectra to type 2 

peptides [22]. 

The identification of the conjugation sites and the studies of protein-protein interactions 

based on the chemical crosslinking and mass spectrometry share some challenges 

because both rely on the identification of type 2 peptides. According to a recent 

collaborative study [23] the automatic assignment of the MS/MS spectra to type 2 

peptides although filtered by FDR criteria requires manual inspection even though this 

process has a subjective nature and it is a time-consuming task. This validation process 

is mainly based on the sequence coverage observed in the MS/MS spectra for both 

crosslinked peptides. When this validation process is supported by additional criteria, 

such as the extracted ion chromatograms [10], specific isotope labeling at MS level [24, 

25]; and/or other pattern of signals observed in the MS/MS spectra, the output becomes 

more reliable. 

The usage of cleavable cross-linkers for MS/MS analysis [26] also aims to this goal [27]. 

In general, these cross-linkers contain a very labile bond that is fragmented very 

efficiently in gas phase to yield intense signals of reporter ions detected in a silent 

region of the MS/MS spectra [28, 29]. Cleavable cross-linkers have also been designed 

with two labile bonds in their structures to yield a signal signatures in the MS/MS 

spectra that provides information on the molecular masses of the cross-linked peptides 

[26, 30]. With the same goal, other option has been the development of cross-linkers 

that introduces an spacer containing peptide bonds that can be easily cleavable in CID 

conditions such as the cases of Asp-Pro [31, 32] or Gly-Pro [33].  
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Although most of these cleavable cross-linkers are commercially available and have a 

tremendous analytical value in the context of studies of protein-protein interactions, they 

are not affordable for producing a veterinary conjugate vaccines, characterized by their 

low prices [34]. In addition, most of these cleavable cross-linkers have been designed to 

react with two primary amino groups separated by certain distance constrains, in the 

context of a 3D structure of multi-protein complexes, and they react randomly in a non-

controlled manner and in single step. This uncontrolled reactions conditions could 

disrupt the linear and conformational epitopes in the antigen which could be deleterious 

for the biological activity of a conjugate vaccine. In addition, to our knowledge there are 

not previous toxicology records and clinical experiences using the above-mentioned MS 

cleavable cross-linkers in conjugate vaccines or ADC. 

Rarely, a crosslinker reagent for human conjugate vaccines had been designed 

simultaneously to have a high efficiency in the chemical conjugation reaction and also to 

facilitate the analytical characterization of the conjugation sites. 

In our group we have been working on the development of a broad spectrum veterinary 

vaccine against ticks [15, 16, 35] based on the chemical conjugation of a conserved 

antigenic P0 peptide (1CAAGGGAAAAKPEESKKEEAK21) [36] to three carrier proteins. 

For the synthesis of these vaccine candidates we have used different synthetic 

strategies [35, 37], including the maleimide-thiol chemistry [15, 16]. In the latter, we 

used BMPS (N-(β-maleimidopropyloxy)succinimide ester), a crosslinker reagent that 

have been used previously in the synthesis of effective human conjugate vaccines 

against H. influenzae type B [38], shiguellosis [39], and more recently against SARS-

CoV-2 [40, 41].  
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BMPS allows the synthesis of conjugate vaccines by two well-controlled steps [15, 16]. 

In a first step, BMPS introduces several N-propionyl maleimide groups in the carrier 

protein, via the primary amino groups. In the second step, the maleimide groups react 

with the added Cys1pP0 peptide containing a free thiol group at the N-terminal cysteine. 

By this procedure the structural integrity of the pP0 peptide is preserved being linked to 

the carrier protein by a thiosuccinimide linker.  

In the LC-MS/MS analysis of conjugates where two stabilization pathways coexist 

(Figure 1) we noticed that the number of the conjugation sites based on the 

identification of type 2 peptides with the hydrolyzed thiosuccinimide linker and thiazine 

linkers were very similar [16]. However, the number of MS/MS assigned to type 2 

peptides with the hydrolyzed linker increased considerably the number of supporting 

MS/MS spectra thus allowing a more reliable identification of the conjugation sites [16].  

For these reasons in this work we studied the fragmentation of type 2 peptides with the 

hydrolyzed thiosuccinimide linker in gas phase for a more reliable characterization of 

the conjugate vaccines by LC-MS/MS analysis.  
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Experimental 

BMPS crosslinker reagent (N-(β-maleimidopropyloxy)succinimide ester) was purchased 

from MERCK. Bm86 carrier protein (P20736) from R. microplus [42] was cloned and 

expressed in P. pastoris at the Center for Genetic Engineering and Biotechnology 

(CIGB) in Havana, Cuba [43]. Other solvent and reagents were analytical grade and 

were purchased from recognized suppliers. 

Peptide synthesis and specific partial 18O-labelling of the type 2 peptides with the 

hydrolyzed thiosuccinimide linkers 

The Ac-Cys1pP0 peptide (CH3CO-1CAAGGGAAAAKPEESKKEEAK21) derived from 

Rhipicephalus sp. ticks (AJQ18906) acetylated at the N-terminal end was synthesized in 

the Peptide Synthesis Laboratory at CIGB [44]. Peptide was purified by preparative rp-

HPLC and analytical fractions with a purity higher than 95 % were pooled and the 

identity was verified by ESI-MS using an experimental setup reported previously [45]. 

Other peptides P1 (AAAGGGAAAAK), P2(CAAGGGAAAAK), P3 (NCAGHK) and P4 

(CH3CO-GANAPKEPQR) as well as their derived type 2 peptides with the 

thiosuccinimide linker (P1-P2, P3-P4, P2-P4 and P1-P3) were synthesized as described 

previously [46]. Type 2 peptides with thiosuccinimide linker were purified by rp-HPLC, 

dried in the speed-vac, reconstituted in 100 mM Tris/HCl, pH=8.3 prepared alternatively 

with normal water or with 30 % (v/v)18O-labeled water (98 % APE, Taiyo Nippon Sanso 

Corporation, Japan) and later incubated for 24 hours at 37oC. The resultant type 2 

peptides with thiazine and/or hydrolyzed thiosuccinimide linkers, were purified by 

analytical rp-HPLC and their identities were confirmed by MALDI-MS and MS/MS 

analyses [46] as shown in Table S1. 
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Synthesis of the Bm86-Ac-Cys1pP0 conjugate vaccine 

The broad-spectrum conjugate vaccine against ticks, Bm86-Ac-Cys1pP0, was 

synthesized by the maleimide thiol chemistry using a procedure similar to the one 

described previously [15]. Very briefly, in a first step, the Bm86 carrier protein [43] was 

modified by adding an excess of BMPS crosslinker reagent to introduce several N-

propionyl maleimide groups in lysine residues and at N-terminal end. In a second step, 

the activated carrier protein reacted with the Cys1pP0 peptide acetylated at the N-

terminal end (Ac-Cys1pP0). The conjugate was purified by size exclusion 

chromatography to discard excess of reagents and dimeric Ac-Cys1pP0 generated as a 

byproduct of the synthesis.  

Processing of Bm86-Ac-Cys1pP0 conjugate vaccine before LC-MS/MS analysis 

The lyophilized conjugate vaccine Bm86-Ac-Cys1pP0 was dissolved in 1% (w/v), 

pH=8.3 ammonium bicarbonate solution and was heated at 37oC during 12 hours to 

transform the thiosuccinimide linker in the hydrolyzed form [9]. The resultant conjugate 

was reduced and S-alkylated by using a standard protocol [16] and later digested in 

tandem with Lysyl-endopeptidase (LEP, Wako, Japan) overnight and trypsin for 

additional six hours at the same temperature. The mixture of proteolytic peptides was 

acidified with 2 % of formic acid, desalted by using C18-Ziptip from Millipore following 

manufacturer instructions. The peptides eluted in an 60 % acetonitrile/1 % of formic acid 

solution were freeze and lyophilized, and kept at -20oC until LC-MS/MS analysis. 

LC-MS/MS analysis  

LC-MS/MS analysis was carried out at the mass spectrometry facility RPT02H/Carlos 

Chagas Institute–Fiocruz Paraná. The runs were performed on an Ultimate 3000 nLC 
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Thermo Scientific coupled with an Orbitrap Fusion Lumos Mass Spectrometer (Thermo 

Scientific). The peptide mixture was resuspended in formic acid 0.1% and quantified by 

absorbance in nanodrop (Thermo Scientific). Then, 0.5 µg was loaded on a 15 cm length, 

75 µm I.D. emitter, packed in-house with ReproSil-Pur C18-AQ 3 µm resin (Dr Maisch 

GmbH HPLC) for peptide separation. The column was equilibrated with 250 nL/min of 

95% of mobile phase A (0.1% formic acid in water) and the mobile phase B (0.1% formic 

acid, 5% water in acetonitrile) was increased linearly up to 40% during 60-minutes 

gradient. The instrument was set to data-dependent acquisition mode with time between 

master scans set to 2 s. Only the potential type 2 peptides derived from Bm86-Ac-

Cys1pP0 included in a list (Table S2) were targeted for MS/MS analysis by using a 

normalized collision energy of 30 in collision induced dissociation (CID) and higher-

energy collisional dissociation (HCD) fragmentation modes. Survey scans (300–2000 

m/z) were acquired in the Orbitrap system with a resolution of 60,000 at m/z 200. The 

fragment ions were analyzed with a resolution of 15,000 at 200 m/z. The general mass 

spectrometric conditions were as follows: 2.30 kV spray voltage, capillary temperature of 

175 ºC, predictive automatic gain control (AGC) set to 250% on MS1 and 220% for MS2. 

Identification of type 2 peptides with the hydrolyzed thiosuccinimide linker in the Bm86-

Ac-Cys1pP0 conjugate: 

The identification of type 2 peptides was carried out by pLink2 software [17] in the LC-

MS/MS analysis of the tryptic peptides derived from Bm86-Ac-Cys1pP0 conjugate. The 

elemental composition of the hydrolyzed thiosuccinimide linkers was C7H7O4N. The 

definition for the crosslinked amino acids were the primary amino groups and a modified 

amino acid (named Z) with the elemental composition (C5H7NO2S) corresponding to the 
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N-terminal acetylated Cys residue. A 5% FDR and other search parameters such as 

mass error tolerance, limits for molecular masses, fixed and variable modifications, and 

maximum and minimum length of type 2 peptides were the same as we described 

previously [16]. The set of MS/MS spectra assigned to type 2 peptides were manually 

validated by considering the sequence coverage of both crosslinked peptides in the 

MS/MS spectra and also the presence of an intense y”n fragment ion at the N-terminal 

side of Pro12 residue [47] revealing the size of the cysteinyl peptide (Ac-Cys1pP0) [16] 

as well as the XIC patterns of all type 2 peptides identified [10]. Additionally, in the 

validation process, the fragmentation of the pseudopeptide (P+71, and C+98 ions) and 

thioether bonds (P+169, P+203, C-SH and C-34 ions) in the hydrolyzed thiosuccinimide 

linker were considered. In addition to this, in the manual validation other backbone 

fragment ions derived from the linearized crosslinked peptides containing the modified 

lysine and cysteine residues were also considered. 

MALDI-MS and MS/MS analysis 

MALDI-TOF MS was carried out with a 4800 MALDI-TOF/TOF mass spectrometer from 

Applied Biosystems (Framingham, MA, USA). All mass spectra were obtained by 

averaging 2500 laser shots from each sample well in the positive-ion mode. The 

instrument was controlled using 4000 series Explorer software (version 3.6; Applied 

Biosystems). Data were processed by using Data Explorer software (version 4.8; 

Applied Biosystems). The calibration of the instrument in MS and MS/MS modes were 

carried out by using the ions derived from mixture of several synthetic peptides as 

described previously [46]. Two MALDI-MS/MS spectra were acquired for all type 2 

peptides with and without the CID gas (air). Peptides dissolved in water/acetonitrile/TFA 
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solutions (0.5 μL) were mixed with the matrix solution (0.5 μL), (the supernatant of a 50 

% acetonitrile solution saturated with α–cyano-4–hydroxycinnamic acid), and then air 

dried on the flat surface of a stainless-steel plate. The ions were generated by 

irradiating the sample area with the output of a Nd/YAG laser at a wavelength of 355 

nm, and generated ions were accelerated at 20 kV potential in the ion source. 
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Results and Discussions. 

Metastable origin of the pseudopeptide bond fragmentation in type 2 peptides 

crosslinked by a hydrolyzed thiosuccinimide linker 

The MALDI-MS/MS spectra of the P1-P2 type 2 peptide crosslinked by a thiazine ((P1-

P2)T) and hydrolyzed thiosuccinimide ((P1-P2)H) linkers were acquired with and without 

collision gas (Figure 2).  

The MALDI-MS/MS spectra of (P1-P2)T fragmented by collision induced dissociation 

(Figure 2a) allowed a full-sequence coverage of both crosslinked peptide sequences 

(Fig. S1). The fragmentation of the pseudopeptide bond newly generated by the 

transcyclization reaction [6, 7] (Figure 1) generates two ions at m/z 886.37 and m/z 

927.30 that were tentatively assigned as (P1+71) and (P2+80), respectively (highlighted 

in red, see Figures 2a and 2e). The intensities of these fragment ions (Figure 2a) were 

comparable to other backbone fragment ions (bn or yn) of P1 and P2 peptides. The 

expanded region (m/z 804-1034) of these two MALDI-MS/MS spectra (Figure 2a and 

2b) are shown in Fig. S2.  

The linker fragment ions generated by the dissociation of the other pseudopeptide bond 

between the amino terminal group of P1 and the thiazine linker were detected at m/z 

815.31 and m/z 998.34 and they were assigned to P1 and P2+151 (see empty and filled 

rhombuses in Figure 2a, and 2e), respectively. These linker fragment ions P1 and 

P2+151), have intensities lower than the ones (P1+71 and P2+80) generated by the 

fragmentation of the other pseudopeptide bond in the thiazine linker, and newly 

generated after the transcyclization reaction [6, 7]. P1+71 is approximately 2.3 times 

more intense than P1, while P2+80 and P2+151 have similar intensities (Figure 2a). 
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In the MALDI-MS/MS spectrum of (P1-P2)T acquired without collision gas (Figure 2b), 

the sequence coverage decreased as expected (Fig. S1a) showing almost no fragment 

ions in the low-mass region.  

In this condition, where only metastable fragment ions are detected (Figure 2b), it is 

evident that all backbone fragment ions as well (P1+71) and (P2+80), have a similar 

contribution of a metastable origin. In particular, (P1+71) linker fragment ion has an 

intensity 0.61 times lower than the signal (m/z 1684.54) assigned to the C-terminal 

rearrangement of peptides (b10α+H2O and b10β+H2O) generated mainly by a metastable 

fragmentation as reported previously by Gaskell et al. [48]. 

The MALDI-MS/MS spectra of (P1-P2)H acquired with (Figure 2c) and without (Figure 

2d) collision gas yield linker fragment ions P1+71 (m/z 886.46) and P2+98 (m/z 945.40) 

confirmed the sequences of P1 and P2 peptides crosslinked by a hydrolyzed 

thiosuccinimide linker (Fig. S1b). In particular (P1+71) and (P2+98) were the two-most 

intense fragment ions in both MALDI-MS/MS spectra (Figures 2c and 2d). In fact, 

(P1+71) linker fragment ion was 9.6 times more intense than the C-terminal 

rearrangement ions (b10α+H2O and b10β+H2O) [48].  

Linker fragments derived from the other pseudopeptide bond (m/z 815.31 and m/z 

1016.35) were detected as a very low-intense fragment ions (Figures 2c and 2d), 

suggesting that their formation is less favorable than the pseudopeptide bond newly 

generated after linker hydrolysis (highlighted in red, see Figures 2c and 2d). 

The P1+71 and P2+98 fragment ions in the MALDI-MS/MS acquired without collision 

gas (Figure 2d) were considerably more intense than other linker fragment ions 

detected at m/z 984.46 and m/z 1018.44 and tentatively assigned to P1+169 and 
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P1+203. These linker fragment ions are originated by the fragmentation of the thioether 

bond in the hydrolyzed thiosuccinimide linker [46] (Figure 2f and 2g) and their tentative 

structures are shown in Fig. S3a. 

The results obtained for three other type 2 peptides with the hydrolyzed thiosuccinimide 

linker ((P2-P4)H, (P1-P3)H, and (P3-P4)H) and analyzed by MALDI-MS/MS with and 

without collision gas (Fig. S4 – S8) confirmed the results obtained for (P1-P2)H (Figures 

2c and 2d). In all of them Pn+71 were the most intense signal in the MALDI-MS/MS 

spectra. The relative intensity of Pn+71 and Pn+98 in all MALDI-MS/MS spectra seems 

to be modulated by the relative basicity of the C-terminal amino acids present in the two 

crosslinked peptides. 

Although the linker structures for (P1-P2)T and (P1-P2)H are different (Figures 2e and 

2f), the structure of the resultant P1+71 fragment ions should be identical, however, the 

result shown in Figure 2 led us to conclude that a metastable fragmentation generated 

more favorably P+71 in (P1-P2)H than the case of (P1-P2)T.  

Considering that P1-P2 with thiosuccinimide linker does not have this pseudopeptide 

bond in its linker structure we could say that hydrolysis turns the thiosuccinimide linker 

into a cleavable crosslinker in MALDI-MS/MS analysis.  

Mechanism that could explain the metastable linker fragmentation in type 2 peptides 

with the hydrolyzed thiosuccinimide linker 

To explain origin of the metastable fragmentation that generates intense P1+71 and 

P2+98 fragment ions (Figure 2c, 2d) in (P1-P2)H (Figures 2c and 2d) we hypothesized 

that the proton located at the linker carboxyl group become mobile and migrates 

spontaneously to the nearest carbonyl group in the newly formed pseudopeptide bond 
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by hydrolysis (highlighted in red, see Figure 3). This process destabilizes favorably this 

pseudopeptide bonds in a similar way that protonation does the same for Asp-Pro linker 

peptide bonds in linear peptides to generate backbone fragment ions (Figure 3) [49, 

50]. 

Next, an spontaneous internal rearrangement of a cyclic five-membered ring 

intermediate leads to the dissociation of this destabilized linker pseudopeptide bond 

(Figure 3) to yield the two intense signals assigned to (P1+71) and (P2+98) in (P1-P2)H 

(Figures 2c and 2d). Both linearized peptides P1 and P2 contain modified amino acids 

that reveal information on the conjugation site. The P+71 fragment ion contains a β-

alanine amino acid linked by a pseudopeptide bond to the epsilon amino group of the 

crosslinked lysine residue (Figure 3). In the case of P2+98 fragment ion, the formerly 

crosslinked cysteine residue, is alkylated by a succinic anhydride structure (Figure 3). 

This rearrangement proposed for the hydrolyzed thiosuccinimide linker shares 

similarities with the described by Soberblom et al. for an Asp-Pro cleavable crosslinker 

[31, 32].  

Although the mobile proton provided by the linker carboxyl group could also be 

transferred to the other pseudo peptide bond in the linker (between the amino terminal 

group of P1) or any peptide bond (P1-P2)H, its fragmentation seems to be not equally 

favored. Probably, the linker carboxyl group involved in the internal rearrangement and 

other amide bonds are distant in the structure and could not yield a five membered ring 

intermediate required for this metastable fragmentation (Figure 3). 

Thiazine linker does not have any source of mobile protons in their structure that 

promote its own destabilization therefore the metastable fragmentation for (P1-P2)T is 
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not favored. The formation P1+71 is probably also mediated by another mobile proton 

available in (P1-P2)T. In this sense, this pseudopeptide bond and other peptide bonds in 

(P1-P2)T seem to have a similar affinity for protonation taking into account their similar 

intensities observed in the MALDI-MS spectra (Figures 2a and 2b).  

Complementary linker fragment ions (P1+203 and P2-34) and (P1+169 and P2-SH) 

generated by the thioether bond fragmentation also have a metastable component for 

their origin (see filled and empty circles and stars, Figures 2d, 2f, 2g). However, their 

formation seems to be not so favored like the cases P1+71 and P2+98 in (P1-P2)H 

(Figures 2c and 2d) and probably other mechanisms involving beta elimination and 

proton transfer mediated their formation [46, 51] (Fig. S9 and Fig. S10). 

MALDI-MS/MS analysis of type 2 peptides partially labeled with 18O in the hydrolyzed 

thiosuccinimide linker 

Figures 4a and 4b show the isotopic ion distribution of (P1-P3)H obtained in a buffer 

prepared with normal and 30 % of 18O-labeled water, respectively. The MALDI-MS/MS 

spectrum (Figure 4c) of the 18O-labeled (P1-P3)H shows that P1+71 (m/z 886.38) and 

P3+98 (m/z 727.29) are the two-most intense fragment ions. The isotopic ion 

distributions of the backbone fragment ions were pooled into two groups: (1) signals 

showing their natural isotopic ion distribution (with no linker in their structures), and (2) 

showing the incorporation of 18O in the linker-containing fragment ions (Fig. S11).  

All the 18O-labelling is retained in P3+98 linker fragment ion, specifically in the succinic 

anhydride group (Figure 3) that is alkylating the Cys (Figure 4d) while P1+71 shows its 

natural isotopic ion distribution (Figure 4e). This difference agrees with the 

fragmentation mechanism depicted in Figure 3 and the structures proposed for both 
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linker fragment ions. The reduced P3 peptide (P3-SH, m/z 629.20) does not contain the 

linker in their structure in consequence showed its natural isotopic distribution (Figure 

4d). Other linker fragment ions generated by the thioether bond fragmentation detected 

at m/z 984.34 and m/z 1018.38 and assigned as P3+169 and P3+203, respectively, 

showed isotopic ion distributions that evidenced the incorporation of 18O like the ion 

detected at m/z 940.32 assigned as b2α (Figure 4f). The linker fragment ions P3+169 

and P3+203 contain the hydrolyzed thiosuccinimide linker (Fig. S9 and S10). 

These results evidenced that the hydrolysis of the thiosuccinimide linker turns it into a 

cleavable crosslinker in MALDI-MS/MS analysis. Like other cleavable crosslinkers with 

similar structural characteristics [31, 32], this attribute could be conveniently used to 

perform a more reliable identification of the conjugation sites.  

The MALDI-MS of the three other type 2 peptides synthesized with the thiosuccinimide 

linker in a buffer prepared with 30 % of 18O-labeled water (Fig. S12-S14) showed similar 

characteristics (Figure 4).  

Detection of the pseudopeptide bond fragmentation in LC-MS/MS experiments: CID vs 

HCD 

Most of the conjugate vaccines and ADC, owing to their complexity are analyzed by LC-

MS/MS and not by MALDI-MS. Considering that the multiply-charged ions in ESI-MS 

have a greater availability of mobile protons, we wonder which of these regularities 

described above for the type 2 peptides with a hydrolyzed thiosuccinimide linker can be 

extended to LC-MS/MS analysis. 

We synthesized Bm86-Ac-Cys1pP0 conjugate as a model to study the fragmentation 

type 2 peptides with the hydrolyzed thiosuccinimide linker. In this conjugate the 
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hydrolysis is the only stabilization pathway allowed for the thiosuccinimide linker (Figure 

1) because the N-terminal end of the cysteinyl peptide (Ac-Cys1pP0) is blocked with an 

acetyl group. This conjugate was incubated at basic pH to promote the linker hydrolysis 

and after reduction and S-alkylation it was digested with trypsin and analyzed by LC-

MS/MS. The precursor ions of thirty-two 32 different type 2 peptides (see Table S2) with 

the hydrolyzed thiosuccinimide linker were fragmented by CID and HCD in two 

independent scans using the same normalized collision energy of 30. 

The MS/MS spectra of the of the precursor ion detected at m/z=1222.56, 3+ were 

assigned by pLink2 software to a type 2 peptide [70A-K87]-(1Z-K16) with the hydrolyzed 

thiosuccinimide linker when fragmented by CID (Figure 5a) and by HCD (Figure 5b) 

were used. 1Z means an N-terminal acetylated Cysteine residue in Cys1pP0 peptide.  

In the MS/MS spectrum shown in Figure 5a the two-most intense fragment ions 

detected at m/z=1085.01, 2+ and m/z=1557.69, 1+ were not assigned automatically by 

pLink2. In addition, the poor sequence coverage of the peptide [70A-K87] make this 

assignment questionable. Knowing the lability of the hydrolyzed thiosuccinimide linker in 

gas phase (Figure 3) the signals detected at m/z=1085.01, 2+ and m/z=1557.69, 1+ 

were manually assigned to the linker fragment ions ([70A-K87]+71)2+ and ((1Z-K16)+98)1+, 

respectively. Also the third-most intense signal detected at m/z=779.34, 2+ was 

assigned to ((1Z-K16)+98)2+. All these linker fragment ions were also more intense than 

the signal detected at m/z=589.28, 1+ and assigned to the βy5, which is originated by 

the fragmentation of a very labile peptide bond at the N-terminal of proline [47]. This 

result confirms that hydrolyzed thiosuccinimide linker is also cleavable in ESI-MS 

analysis when CID is used.  
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The fragmentation of the other pseudopeptide bond present in the linker between the 

epsilon amino group of Lys and the β-Ala residue in the hydrolyzed linker (highlighted in 

blue, see Figure 1) that would yield the ([70A-K87]+nH)n+ and ((1Z-K16)+169+nH)n+ 

fragment ions were not observed. It confirms that despite they are also a pseudopeptide 

bond itd fragmentation by CID is not favored like the cases of ([70A-K87]+71)2+ and ((1Z-

K16)+98)1+.  

The MS/MS spectrum of this triply-charged peptide (m/z= 1222.56) fragmented by HCD 

(Figure 5b) was also assigned automatically by pLink2 to [70A-K87]-(1Z-K16). Only four 

backbone fragment ions (b3, b4, b6 and y2) derived from the eighteen amino acids 

peptide [70A-K87] were automatically assigned and several signals remained 

unassigned. 

This assignment could be also questionable despite of a more efficient fragmentation 

method such as HCD was used [52, 53]. In this MS/MS spectrum, the most intense 

fragment ion (m/z=1557.69, 1+) was also assigned manually to (1Z-K16)+98)1+. The 

intense signal detected at m/z=1085.01, 2+ and assigned to ([70A-K87]+71)2+ in Figure 

5a decreased considerably the intensity in Figure 5b, suggesting that it was further 

fragmented by HCD. When this possibility was considered the sequence coverage of 

([70A-K87]+71)2+ was improved by matching new eleven *yn ions (from *y14 to *y4) 

containing a β-alanine modified lysine (conjugation site at Lys85) with the molecular 

mass increased by 71Da (Figure 5b). Also four *bn fragment ions (from *b6 to *b9) of the 

peptide (1Z-K16)+98)1+ were assigned manually after considering the backbone fragment 

ions derived from this linearized peptide containing a cysteine residue alkylated by a 

succinic anhydride molecule (Figure 3). 
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The linker fragment ion ([70A-K87]+71)2+ was additionally fragmented more efficiently 

than (1Z-K16)+98)1+ probably because it is a doubly-charged ions with more availability of 

mobile protons. Considering the favorable cleavability of the hydrolyzed thiosuccinimide 

linker, when multiply-charged precursor ions are fragmented the number of protons 

attached to the resultant P+71 and C+98 linker fragment ions could not be evenly 

distributed and in consequence their relative fragmentation efficiency could be different.  

Although the additional fragmentation of P+71 and C+98 linker fragment ions could 

affect their detection in the MS/MS spectra, their derived fragment ions contain very 

valuable information on the conjugation site, decrease the number of non-assigned 

signals in the MS/MS spectra and increase the sequence coverage, an important aspect 

in the data validation. This phenomenon was more noticeable in HCD (Figure 5b) than 

CID (Figure 5a), because HCD is more efficient CID fragmentation method. 

The assignment of the fragment ions derived from the linearized peptides should be 

included in the scoring methods and algorithms of software dedicated to the 

identification of type 2 peptides improve the confidence of the results and to rescue 

some dubious assignments such as the depicted in Figure 5.  

Influence of the number of mobile protons on the intensities of the P+71 and C+98 linker 

fragment ions of peptides fragmented by sHCD 

Figure 6 shows the MS/MS spectra same type 2 peptide ([192T-K200]-(Ac-1C-K16)) with 

different precursor charge states (from 2+ to 4+) fragmented by sHCD at a normalized 

collision energies of 27, 30 and 33. 

In the MS/MS spectrum of the 2+ precursor ion (Figure 6a) the two-most intense 

signals detected at m/z 1110.55, 1+ and m/z 1557.69, 1+ were assigned to linker 
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fragment ions ([192T-K200]+71)+ and ((1Z-K16)+98)+, respectively. Both signals were more 

intense that the y5α (m/z 589.28, 1+), a fragmentation of a very labile peptide bond at 

the N-terminal end of proline [47].  

The scarce source of mobile protons in ([192T-K200]-(1Z-K16))2+ precursor ion makes the 

newly generated carboxyl group as the most prominent source of a mobile proton, 

therefore it destabilizes the pseudopeptide bond (Figure 3) and in consequence linker 

fragment ions ([192T-K200]+71)+ and ((1Z-K16)+98)+ were detected as the two-most 

intense in the MS/MS spectrum (Figure 6a). The sequence coverage of (1Z-K16) was 

very modest (40 %). When the MS/MS is dominated by intense signals of the 

crosslinked peptide pair due to the linker fragmentation, the sequence coverage 

deduced from the backbone fragment ions is compromised. In this MS/MS spectrum 

other linker fragment ions ([192T-K200]+169)+, ([192T-K200]+203)+, (1Z-K16)+ and ((1Z-K16) -

34)+, generated by the thioether bond fragmentation [46], as well as the fragmentation 

of the other linker pseudopeptide bond (highlighted in blue, see Figure 1) were not 

observed. 

In the MS/MS spectra of 3+ (Figure 6b) and 4+ (Figure 6c) precursor ions, the intensity 

of ([192T-K200]+71)+ and ((1Z-K16)+98)+ decreased, although their corresponding doubly-

charged ions were also detected and with intensities comparable to other backbone 

fragment ions (see also Table S3 and S4).  

As expected, this result confirms that a higher availability of mobile protons activates 

multiple fragmentation pathways [49] and it is not favorable for the detection of the linker 

fragment ions [192T-K200]+71)+ and ((1Z-K16)+98)+ which require only the exclusive 

fragmentation of the pseudopeptide bond in the hydrolyzed thiosuccinimide linker. 
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In addition, in Figure 6b and 6c the ([192T-K200]+203)+ linker fragment ion generated by 

the thioether bond fragmentation (m/z = 1242.55, 1+) was detected and with an intensity 

comparable to the linker fragment ions [192T-K200]+71)2+ and ((1Z-K16)+98)2+. The 

MS/MS spectra of the same precursor ions fragmented by HCD at a collision energy of 

30 showed similar characteristics (Fig. S15, Table S5-S7). 

All these linker fragment ions have an analytical value by confirming the presence of the 

hydrolyzed thiosuccinimide linker and providing information on the molecular masses of 

the crosslinked peptides.  

  

https://doi.org/10.26434/chemrxiv-2024-80jqw ORCID: https://orcid.org/0000-0002-8875-3642 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-80jqw
https://orcid.org/0000-0002-8875-3642
https://creativecommons.org/licenses/by/4.0/


Conclusions: 

Hydrolysis turns the resultant thiosuccinimide linker into a cleavable crosslinker in 

MALDI-MS/MS and ESI-MS/MS analysis. Type 2 peptides with the hydrolyzed 

thiosuccinimide linker undergoes a linker fragmentation of a metastable origin in gas 

phase. This fragmentation is initiated by a proton transfer of the newly generated linker 

carboxyl group to the nearest pseudopeptide bond. The destabilized amide bond in the 

linker undergoes an internal rearrangement through a five-membered ring that 

generates two linker fragment ions named here as P+71 and C+98. P+71 ion contains a 

β-Ala residue linked to the epsilon amino group of the conjugated lysine residue. In the 

structure of C+98 ion, the cysteine residue is S-alkylated by a succinic anhydride 

molecule. 

These linker fragment ions provide information on the molecular mass of the two 

crosslinked peptides and their structures have two modified amino acids (lysine and 

cysteine) residues involved in the crosslinking reaction.  

The assignment of backbone fragment ions derived from P+71 and C+98 ions increases 

the sequence coverage; decreases the number of unassigned signals in the MS/MS 

spectra and also provides valuable information on the position in the sequence of the 

conjugation site.  

sHCD could be the most appropriated fragmentation method to analyze the type 2 

peptides with a hydrolyzed thiosuccinimide linker because in the same MS/MS spectra, 

we observed a high sequence coverage of the crosslinked peptide pair as well as linker 

fragment ions generated by a metastable fragmentation and others requiring collision-

activated decomposition for their detection. 
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The fragmentations described here for the hydrolyzed thiosuccinimide linker as well as 

their derived backbone fragment ions must be incorporated in the scoring methods and 

algorithms of software developed to assign the MS/MS spectra of type 2 peptides to 

obtain a more reliable assignment of the conjugation sites of conjugate vaccines.  

The regularities observed here could be also applicable to bioconjugates synthesized by 

using self-hydrolyzing maleimides that have developed for an efficient stabilization of 

the bioconjugates through linker hydrolysis. 
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Figure 1. Structures of thiosuccinimide (III), thiazine (IV) and hydrolyzed 

thiosuccinimide linkers (I and II). Highlighted in red, the newly formed pseudopeptide 

bonds, generated by transcyclization and hydrolysis reactions, are indicated. The 

thiosuccinimide ring has two possible pathways for hydrolysis denoted here as (a) and 

(b) to yield two positional isomers of the hydrolyzed thiosuccinimide linker (structures I 

and II). Highlighted in blue the other pseudopeptide bond common for all the linker 

structures shown in this figure. 
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Figure 2. Metastable and collision-activated fragmentation origin of P1+71, P2+80 and 

P2+98 fragment ions of a type 2 peptide crosslinked by a thiazine ((P1-P2)T) and 

hydrolyzed thiosuccinimide ((P1-P2)H) linkers in MALDI-MS/MS experiments. MALDI-

MS/MS spectra in (a) and (b) correspond to the (P1-P2)T acquired with and without 

collision gas, respectively. MALDI-MS/MS spectra in (c) and (d) correspond to the (P1-

https://doi.org/10.26434/chemrxiv-2024-80jqw ORCID: https://orcid.org/0000-0002-8875-3642 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-80jqw
https://orcid.org/0000-0002-8875-3642
https://creativecommons.org/licenses/by/4.0/


P2)H acquired with and without collision gas, respectively. The structures shown in (e) 

and (f) correspond to (P1-P2)T and (P1-P2)H, respectively. The newly pseudopeptide 

bond generated by the transcyclization and hydrolysis are highlighted in red in (e) and 

(f). The signals labeled with a red triangle in (c), (d) and (f) correspond to the P2+98 

linker fragment ion. The nomenclature of the fragment ions agrees with the reported by 

Schilling et al [14]. The m/z of all fragment ions of the hydrolyzed thiosuccinimide linker 

is shown in the legend (g). 

 

 

Figure 3. Proposed mechanism for the metastable fragmentation of the hydrolyzed 

thiosuccinimide linker that yields two fragment ions C+98 and P+71 corresponding to 

the cysteine- and lysine-containing peptides, respectively. The structure on the left 

represents the lysine and cysteine residues linked by a hydrolyzed thiosuccinimide 

linker. The red asterisk indicates the incorporation of 18O upon hydrolysis of the original 

thiosuccinimide linker in a buffer prepared with 30 % (APE) of H218O water. The 
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mechanism shown in this figure is common for the two positional isomers generated by 

the hydrolysis of the thiosuccinimide linker (structures I and II, Figure 1). 
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Figure 4. Isotopic ion distributions of (P1-P3)H generated by the hydrolysis of the 

original P1-P3 with the thiosuccinimide linker in a 100 mM Tris/HCl pH=8 buffer 

prepared with normal water (a) and 18O-labeled water (30 % APE) (b). (c) MALDI-

MS/MS of the (P1-P3)H partially labeled with 18O at the newly carboxylic group 

generated upon hydrolysis of the succinimide ring. The expanded regions (m/z 621-

740), (m/z 881-894) and (m/z 931-1029) of the MALDI-MS/MS spectrum in (c) are 

shown in (d), (e) and (f), respectively. (g) An schematic representation of the structures 

of the two positional isomers of (P1-P3)H shows the linker fragment ions of the 

hydrolyzed thiosuccinimide linker. The m/z of all fragment ions of the hydrolyzed 

thiosuccinimide linker is shown in the legend (h). The nomenclature of the fragment ions 

agrees with the reported by Schilling et al [14]. 
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Figure 5. The MS/MS spectra assigned by the pLink2 software to a tryptic type 2 

peptide [70ASCVCEASDDLTLQCKIK87]-(1ZAAGGGAAAAKPEESK16) (m/z=1242.5640, 

3+) of the Bm86-Ac-Cys1pP0 conjugate with the hydrolyzed thiosuccinimide linker. The 

MS/MS spectra shown in (a) and (b) were acquired when this peptide was fragmented 

by CID and HCD, respectively by using a normalized collision energy of 30. In the 

amino acid sequences of the type 2 peptides, Cys residues highlighted in red are 

carbamidomethylated. Z indicates an N-terminal acetylated of the cysteinyl peptide Ac-

Cys1pP0 peptide crosslinked to lysine 85 in the sequence of the Bm86 carrier protein. 

The signals detected at m/z 1085.01 and m/z 1557.69 were assigned to the linker 

fragment ions ([70A-K81]+71)2+ and (Ac-1C-K16) + 98)+, respectively. Backbone fragments 
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highlighted in green and red correspond to the alpha [70ASCVCEASDDLTLQCKIK87] 

and beta (1ZAAGGGAAAAKPEESK16) peptides, respectively. Fragments highlighted in 

blue as *(α/β)yn and *(α/β)bn) were manually assigned and they are derived from either 

the alpha of beta peptides containing a lysine and cysteine with their molecular masses 

increased by 71 and 98 Da, respectively. Broken lines in (b) indicate the fragment ions 

that were generated by the fragmentations of the pseudopeptide bond in the linker and 

a peptide backbone in one of the crosslinked peptides. The nomenclature for the other 

backbone fragment ions agrees with the reported by Schilling et al [14]. 
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Figure 6. MS/MS spectra of the type 2 peptide [192T-K200]-(1Z-K16) with different charge 

states (2+ (a), 3+ (b) and 4+ (c)) and fragmented by stepped HCD using normalized 

collision energies of 27, 30 and 33. The fragment ions assigned as ([192T-K200]+71)n+, 

and ((1Z-K16)+98)n+, were originated by a metastable fragmentation of the linker 

pseudopeptide bond (see Figure 3). The amino acid indicated as Z corresponds to an 

N-terminal acetylated cysteine residue in Ac-Cys1pP0 peptide. The sequence 

coverages obtained from each MS/MS spectrum. Other linker fragment ions ([192T-
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K200]+203)+, ([192T-K200]+169)+, and (1Z-K16)+) generated by the thioether bond 

fragmentation were only observed in (b) and (c).  
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Fig. S1. Summary of the fragment ions observed in the MALDI-MS/MS spectra of the type 2 peptides (a) 
(P1-P2)T and (b) (P1-P2)H crosslinked by thiazine and the hydrolyzed thiosuccinimide linkers, 
respectively. The amino acid sequences of P1 and P2 are βAAAGGGAAAAK and CAAGGGAAAAK, 
respectively. The m/z values highlighted in bold correspond to fragment ions observed when the MALDI-
MS/MS was acquired in presence and absence of a collision gas while non-bold characters correspond to 
fragment ions that were only detected when the collision gas was ON. In the linker structures the new 
pseudopeptide bond generated by the transcyclization (a) and hydrolysis (b) are highlighted in red. To 
simplify the figure, in (b) the represented linker structure corresponds to only one of the two possible 
positional isomers of (P1-P2)H. 
 

 
 

  

https://doi.org/10.26434/chemrxiv-2024-80jqw ORCID: https://orcid.org/0000-0002-8875-3642 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-80jqw
https://orcid.org/0000-0002-8875-3642
https://creativecommons.org/licenses/by/4.0/


4 
 

Fig. S2. Expanded regions (m/z 804-1034) in (a) and (b) correspond to the MALDI-MS/MS spectra of type 
2 peptide (P1-P2)T acquired by using and not using collision gas, respectively. The nomenclature and the 
proposed structures for the observed fragment derived from the linker are in agreement with previous 
manuscript [1]. 
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Fig. S3. Expanded regions (m/z 804-1034) in (a) and (b) correspond to the MALDI-MS/MS spectra of type 
2 peptide (P1-P2)H with the hydrolyzed thiosuccinimide linker acquired by using and not using collision 
gas, respectively. The nomenclature and the proposed structures for the observed fragment derived 
from the linker are in agreement with previous manuscript [1]. The fragment ion represented as P2= 
corresponds to P2 peptide with the N-terminal Cys residue transformed as a dehydroalanine residue. 
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Fig. S4. MALDI-MS/MS analysis of the type 2 peptides (P2-P4)T and (P2-P4)H crosslinked by a thiazine and 
the hydrolyzed thiosuccinimide linkers, respectively. The amino acid sequences of P2 and P4 are Ac-
GANAPKEPQR and CAAGGGAAAAK, respectively, where Ac- means an acetyl group at the N-terminal end 
of the P4 peptide. The figure also shows a comparison of the MS/MS spectra acquired with collision gas 
(see (a) and (c)) and without collision gas (see (b) and (d)). The fragment ions P4+71, P2+80 and P2+98 
generated by the fragmentation of the new pseudopeptide bond present in linkers is highlighted in red. 
The fragment ion assigned as b10β+H2O present in all MS/MS spectra corresponds to a C-terminal 
metastable fragmentation of the (M+H)+ parent ions as described previously [2, 3]. The fragment ions 
y3α and y10α are originated by a favorable yn fragmentation at the N-terminal of the two proline residues 
present in the sequence of P4 peptide [4]. The fragment ion indicated as P4 correspond to a 
fragmentation of the pseudopeptide bond between the lysine residue in P4 peptide and the linkers, 
either thiazine or hydrolyzed thiosuccinimide. The fragment ions labeled with an empty and filled circles 
correspond the P4+169 and P4+203, respectively [1]. The fragment ions labeled with an empty and filled 
stars correspond the reduced P2 peptide (P2-SH) and also to the P2 peptide with the Cys residue 
transformed as a dehydroalanine, respectively [1]. The nomenclature of the fragment ions is in 
agreement with the proposed by Schilling et. al. for the crosslinked peptides [5]. The legend in (e) 
indicates the assignment as well as the m/z of the corresponding ions. 
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Fig S5. Structures of thiazine (a) and the positional hydrolyzed thiosuccinimide linkers (b) in the (P2-P4)T 
and (P2-P4)H type 2 peptides, respectively and their corresponding fragmentations observed in the 
MALDI-MS/MS spectra shown in Fig. S4. The legend in (c) shows the assignment of the fragment ions 
derived from both linkers. 
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Fig. S6. Summary of the backbone fragment ions observed in the MALDI-MS/MS spectra of the type 2 
peptides (a) (P2-P4)T and (b) (P2-P4)H crosslinked by thiazine and the hydrolyzed thiosuccinimide linkers, 
respectively. The amino acid sequences of P2 and P4 are Ac-GANAPKEPQR and CAAGGGAAAAK, 
respectively, where Ac- means an acetyl group at the N-terminal end of P4. The alpha and beta peptides 
are indicated in (a) (P2-P4)T and (b) (P2-P4)H. The m/z values highlighted in bold correspond to fragment 
ions observed when the MALDI-MS/MS was acquired in presence and absence of a collision gas. The 
legend in (c) corresponds to the linker fragment ions observed in Fig. S5. In the linker structures the new 
pseudopeptide bond generated by the transcyclization (a) and hydrolysis (b) are highlighted in red. To 
simplify the figure, in (b) the represented linker structure corresponds to only one of the two positional 
isomers of (P2-P4)H. 
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Fig. S7. MALDI-MS/MS analysis of the type 2 peptides (P1-P3)H with the hydrolyzed thiosuccinimide 
linker acquired with collision gas (a) and without collision gas (b). The amino acid sequences of P1 and 
P3 are CAAGGGAAAAK and NCAGHK, respectively. The fragment ions P1+71 and P3+98 generated by the 
fragmentation of the newly generated pseudopeptide bond after the hydrolysis of the thiosuccinimide 
linker is highlighted in red. The isobaric fragment ion assigned as b10α+H2O and b4β+H2O present in all 
MS/MS spectra corresponds to a C-terminal metastable fragmentation of the (M+H)+ parent ions as 
described previously [2, 3]. The fragment ions labeled with an empty and filled circles correspond the 
P1+169 and P1+203, respectively [1]. The fragment ions labeled with an empty and filled stars 
correspond the reduced P3 peptide (P3-SH) and also to the P3 peptide with the Cys residue transformed 
as a dehydroalanine, respectively [1]. The structures of these fragment ions are the same shown in Fig. 
S3. The m/z values of all fragment ions are summarized in (e). The nomenclature of the fragment ions is 
in agreement with the proposed by Schilling et. al. for the crosslinked peptides [5]. The legend in (d) 
indicates the assignment as well as the m/z of the linker fragment ions. (e) Summary of the fragment 
ions observed in the MALDI-MS/MS spectra of the type 2 peptide (P1-P3)H crosslinked by a hydrolyzed 
thiosuccinimide linker. The alpha and beta peptides are indicated in (e). The m/z values highlighted in 
bold correspond to fragment ions observed when the MALDI-MS/MS was acquired in presence and 
absence of a collision gas. To simplify the figure, in (b) the represented linker structure corresponds to 
only one of the two positional isomers of (P1-P3)H. 
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Fig. S8. MALDI-MS/MS analysis of the type 2 peptides (P3-P4)H with the hydrolyzed thiosuccinimide 
linker acquired with collision gas (a) and without collision gas (b). The amino acid sequences of P3 and 
P4 are NCAGHK and CH3CO-GANAPKEPQR, respectively, where CH3CO- at the N-terminal end of P4. The 
fragment ions P4+71 and P3+98 generated by the fragmentation of the new pseudopeptide bond 
generated after the hydrolysis of the thiosuccinimide linker is highlighted in red. The isobaric fragment 
ion assigned as b9α+H2O and b5β+H2O present in both MS/MS spectra ((a) and (b)) correspond to a C-
terminal metastable fragmentation of the (M+H)+ as described previously [2, 3]. The linker fragment ions 
labeled with an empty and filled circles in both MS/MS spectra correspond the P4+169 and P4+203 ions, 
respectively [1] as indicated in (c). The fragment ions labeled with an empty and filled stars correspond 
the reduced P3 peptide (P3-SH) and also to the P3 peptide with the Cys residue transformed as a 
dehydroalanine, respectively [1]. The structures of these fragment ions are the same shown in Fig. S3. 
The m/z values of all fragment ions are summarized in (e). The nomenclature of the fragment ions is in 
agreement with the proposed by Schilling et. al. for the crosslinked peptides [5]. The legend in (d) 
indicates the assignment as well as the m/z of the corresponding ions. (e) Summary of the fragment ions 
observed in the MALDI-MS/MS spectra of the type 2 peptide (P3-P4)H crosslinked by a hydrolyzed 
thiosuccinimide linker. The alpha and beta peptides are indicated. The m/z highlighted in bold 
correspond to fragment ions observed when the MALDI-MS/MS was acquired in presence and absence 
of a collision gas. To simplify the figure, in (e) the represented linker structure corresponds to only one 
of the two positional isomers of (P3-P4)H. 
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Fig. S9. Fragmentation of the thioether bond in a hydrolyzed thiosuccinimide linker between a lysine 
and cysteine residue. The Lysine and Cysteine residues in this structure represent the P1 and P2 
peptides crosslinked by a hydrolyzed thiosuccinimide linker ((P1-P2)H). The fragmentation of the 
thioether bond by a beta elimination and a proton transfer yields two linker fragment ions designed 
here as P1+169 Da and the reduced P2-SH.  
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Fig. S10. Fragmentation of the thioether bond in a hydrolyzed thiosuccinimide linker between a lysine 
and cysteine residue. The Lysine and Cysteine residues in this structure represent the P1 and P2 
peptides crosslinked by a hydrolyzed thiosuccinimide linker ((P1-P2)H). The fragmentation of the 
thioether bond by a beta elimination and a proton transfer yields two linker fragment ions designed 
here as P1+203 Da and the reduced P2-34 Da.  
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Fig. S11. Summary of the backbone fragment ions (bn and yn) observed in the MALDI-MS/MS spectrum 
of the partially 18O-labeled (P1-P3)H at the new carboxyl group generated upon hydrolysis of five-
membered ring in a buffer prepared with 30 % (v/v) of H2

18O. Backbone fragment ions, either the bn and 
yn, written in bold are those that showed in the MALDI-MS/MS an isotopic ion distribution that 
evidenced the incorporation of 18O in their structures. A red asterisk indicates in the structure of (P1-
P3)H the position where the 18O was incorporated. In (P1-P3)H the alpha and beta peptides are P1 and 
P3, respectively. To simplify the figure, the structure of only one of the two positional isomers of the 
hydrolyzed thiosuccinimide linker was represented.  
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Fig. S12. Isotopic ion distributions of generated by the hydrolysis of the original P3-P4 with the 
thiosuccinimide linker in a 100 mM Tris/HCl pH=8 buffer prepared with normal water (a) and with 18O-
labeled water (30 % APE) (b). (c) MALDI-MS/MS of the (P3-P4)H partially labeled with 18O at the new 
carboxylic group generated upon hydrolysis of the succinimide ring. The expanded regions (m/z 1177.3-
1186.3), (m/z 1267-1323) and (m/z 585-739) of the MALDI-MS/MS spectrum in (c) are shown in (d), (e) 
and (f), respectively. (g) An schematic representation of the structures of the two positional isomers of 
(P3-P4)H indicate the linker fragment ions (P4+71 and P3+98) as well as the thioether fragment ions 
(P4+169, P4+203, P3-SH and P3-34). (h) Legend of the linker fragment ions observed in (c). (i) Summary 
of the backbone fragment ions (bn and yn) observed in the MALDI-MS/MS spectrum of the partially 18O-
labeled (P3-P4)H at the new carboxyl group generated upon hydrolysis of five-membered ring in a buffer 
prepared with 30 % (v/v) of H2

18O. Backbone fragment ions, either the bn and yn, and linker fragment 
ions highlighted in bold characters showed in the MALDI-MS/MS an isotopic ion distribution that 
evidenced the incorporation of 18O in their structures. A red asterisk indicates in the structure of (P3-
P4)H the position where the 18O was incorporated. In (P3-P4)H the alpha and beta peptides are P4 and 
P3, respectively. To simplify the figure the structure of only one of the two positional isomers of the 
hydrolyzed thiosuccinimide linker was represented. 
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Fig. S13. Isotopic ion distributions of (P2-P4)H generated by the hydrolysis of the original P3-P4 with the 
thiosuccinimide linker in a 100 mM Tris/HCl pH=8 buffer prepared with normal water (a) and with 18O-
labeled water (30 % APE) (b). (c) MALDI-MS/MS of the (P2-P4)H partially labeled with 18O at the new 
carboxylic group generated upon hydrolysis of the succinimide ring. The expanded regions (m/z 1173-
1196), (m/z 1274-1323) and (m/z 837-957) of the MALDI-MS/MS spectrum in (c) are shown in (d), (e) 
and (f), respectively. (g) An schematic representation of the structures of the two positional isomers of 
(P3-P4)H indicate the linker fragment ions (P4+71 and P2+98) as well as the thioether fragment ions 
(P4+169, P4+203, P2-SH and P2-34). (h) Legend of the linker fragment ions observed in (c). (i) Summary 
of the backbone fragment ions (bn and yn) observed in the MALDI-MS/MS spectrum of the partially 18O-
labeled (P2-P4)H at the new carboxyl group generated upon hydrolysis of five-membered ring in a buffer 
prepared with 30 % (v/v) of H2

18O. Backbone fragment ions, either the bn and yn, and linker fragment 
ions highlighted in bold characters showed in the MALDI-MS/MS an isotopic ion distribution that 
evidenced the incorporation of 18O in their structures. A red asterisk indicates in the structure of (P2-
P4)H the position where the 18O was incorporated. The alpha and beta peptides are P4 and P2, 
respectively. To simplify the figure the structure of only one of the two positional isomers of the 
hydrolyzed thiosuccinimide linker was represented. 
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Fig. S14. Isotopic ion distributions of (P1-P2)H generated by the hydrolysis of the original P1-P2 with the 
thiosuccinimide linker in a 100 mM Tris/HCl pH=8 buffer prepared with normal water (a) and with 18O-
labeled water (30 % APE) (b). (c) MALDI-MS/MS of the (P1-P2)H partially labeled with 18O at the new 
carboxylic group generated upon hydrolysis of the succinimide ring. The expanded regions (m/z 1173-
1196), (m/z 1274-1323) and (m/z 837-957) of the MALDI-MS/MS spectrum in (c) are shown in (d), (e) 
and (f), respectively. (g) An schematic representation of the structures of the two positional isomers of 
(P1-P2)H indicate the linker fragment ions (P1+71 and P2+98) as well as the thioether fragment ions 
(P1+169, P1+203, P2-SH and P2-34). (h) Legend of the linker fragment ions observed in (c). (i) Summary 
of the backbone fragment ions (bn and yn) observed in the MALDI-MS/MS spectrum of the partially 18O-
labeled (P1-P2)H at the new carboxyl group generated upon hydrolysis of five-membered ring in a buffer 
prepared with 30 % (v/v) of H2

18O. Backbone fragment ions, either the bn and yn, and linker fragment 
ions highlighted in bold characters showed in the MALDI-MS/MS an isotopic ion distribution that 
evidenced the incorporation of 18O in their structures. A red asterisk indicates in the structure of (P1-
P2)H the position where the 18O was incorporated. The alpha and beta peptides are P1 and P2, 
respectively. To simplify the figure the structure of only one of the two positional isomers of the (P1-
P2)H was represented. 
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Fig. S15. MS/MS spectra of the type 2 peptide [192T-K200]-(1Z-K16) with different charge states (2+ (a), 3+ 
(b) and 4+ (c)) and fragmented with the same normalized collision energy of 30. The amino acid 
indicated as Z corresponds to the acetylated N-terminal cysteine residue. The fragment ions assigned as 
([192T-K200]+71)n+, and ((Ac-1C-K16)+98)n+, were originated by a metastable fragmentation of the linker 
pseudopeptide bond, respectively (see Figure 3). Fragments ions *(α/β)yn and *(α/β)bn) highlighted in 
blue were manually assigned and they are derived from either the alpha of beta peptides containing a 
lysine and cysteine residues with their molecular masses increased by 71 (([192T-K200]+71)+) and 98 Da 
((1Z-K16)+98)+, respectively. The sequence coverages obtained from each MS/MS spectrum is shown on 
the left panels. Fragment ions highlighted in red correspond to (α/β)yn of the alpha and beta peptides. 
Isobaric fragment ions αb15+H2O and βb8+H2O correspond to the C-terminal rearrangement of α and β 
peptides described previously by Gaskell et al. [2]. Other linker fragment ions ([192T-K200]+203)+, ([192T-
K200]+169)+, and (1Z-K16)+) generated by the thioether bond fragmentation were only observed in (b) and 
(c).  
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Table S1. Summary of the results obtained in the MALDI-MS analysis of the synthetic peptides analyzed 
in this study 

# Code 1) Amino acid sequences 2) (M+H)+ 

experimental 

(M+H)+ 

expected 

1 P1 Mal-AAAGGGAAAAK 966.36 966.46 

2 P2 CAAGGGAAAAK 847.29 847.41 

3 P3 NCAGHK 629.16 629.28 

4 P4 Ac-GANAPK*EPQR 1260.57 1260.59 

5 (P1-P2) 
(AAAGGGAAAAK)-(CAAGGGAAAAK) 

1812.88 1812.87 

6 (P1-P2)T 1812.61 1812.87 

7 (P1-P2)H 1830.64 1830.88 

8 (P1-P3) (AAAGGGAAAAK)-(NCAGHK) 1594.64 1594.74 

9 (P1-P3)H 1612.30 1612.75 

10 (P2-P4) 
(CAAGGGAAAAK)-(Ac-GANAPKEPQR) 

2106.79 2106.99 

11 (P2-P4)T 2106.52 2106.99 

12 (P2-P4)H 2124.80 2125.01 

13 (P3-P4) (NCAGHK)-(Ac-GANAPKEPQR) 1888.42 1888.87 

14 (P3-P4)H 1906.46 1906.88 
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Table S2. Summary of the type 2 peptides derived from the trypsin digestion of the conjugate Bm86-Ac-
Cys1pP0 conjugate contained in an inclusion list to be analyzed by MS/MS analysis. 

# Peptide Sequence a) m/z exp z m/z theor 

1 [70ASCVCEASDDLTLQCKIK87] - (1ZAAGGGAAAAKPEESK16) 1242.5640 3 1242.5641 

2 [70ASCVCEASDDLTLQCKIK87] - (1ZAAGGGAAAAKPEESK16) 932.1750 4 932.175 

3 (1ZAAGGGAAAAKPEESK16) - [579AVCKEK584] 788.0380 3 788.0392 

4 (1ZAAGGGAAAAKPEESK16) - [579AVCKEK584] 591.2804 4 591.2813 

5 (1ZAAGGGAAAAKPEESK16) - [599DKDPDPGK606] 833.7142 3 833.7155 

6 (1ZAAGGGAAAAKPEESK16) - [599DKDPDPGK606] 625.5376 4 625.5386 

7 (1ZAAGGGAAAAKPEESK16) - [142DLCEKNLLQR151] 972.7989 3 972.7996 

8 (1ZAAGGGAAAAKPEESK16) - [142DLCEKNLLQR151] 729.8511 4 729.8517 

9 (1ZAAGGGAAAAKPEESK16) - [425DQEAAYKGQNK435] 960.4416 3 960.4424 

10 (1ZAAGGGAAAAKPEESK16) - [425DQEAAYKGQNK435] 720.5832 4 720.5838 

11 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCR204] 983.4398 3 983.4415 

12 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCR204] 737.8319 4 737.8331 

13 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCR204] 590.4670 5 590.468 

14 (1ZAAGGGAAAAKPEESK16) - [528KLECVYK534] 856.4078 3 856.4093 

15 (1ZAAGGGAAAAKPEESK16) - [528KLECVYK534] 642.5579 4 642.5589 

16 (1ZAAGGGAAAAKPEESK16) - [403LLIKK407] 748.0630 3 748.0637 

17 (1ZAAGGGAAAAKPEESK16) - [403LLIKK407] 561.2992 4 561.2997 

18 (1ZAAGGGAAAAKPEESK16) - [585SEATTAATTTTKAK598] 1003.8138 3 1003.8K16 

19 (1ZAAGGGAAAAKPEESK16) - [585SEATTAATTTTKAK598] 753.1123 4 753.114 

20 (1ZAAGGGAAAAKPEESK16) - [192TKEAGFVCK200] 1334.1221 2 1334.1237 

21 (1ZAAGGGAAAAKPEESK16) - [192TKEAGFVCK200] 889.7507 3 889.7517 

22 (1ZAAGGGAAAAKPEESK16) - [192TKEAGFVCK200] 667.5650 4 667.5657 

23 (1ZAAGGGAAAAKPEESK16) - [583EKSEATTAATTTTK596] 1023.1485 3 1023.1511 

24 1ZAAGGGAAAAKPEESK16) - [583EKSEATTAATTTTK596] 767.6133 4 767.6153 

25 (1ZAAGGGAAAAKPEESK16) - [520EIQECQDKK528] 935.7592 3 935.7609 

26 (1ZAAGGGAAAAKPEESK16) - [520EIQECQDKK528] 702.0714 4 702.0726 

27 [407KNSATEIEEENLCDSLLK423] - (1ZAAGGGAAAAKPEESK16) 1240.9118 3 1240.9126 

28 [407KNSATEIEEENLCDSLLK423] - (1ZAAGGGAAAAKPEESK16) 930.9358 4 930.9364 

29 (1ZAAGGGAAAAKPEESK16) - [597AKDKDPDPGK606] 900.0915 3 900.0929 

30 (1ZAAGGGAAAAKPEESK16) - [597AKDKDPDPGK606] 675.3206 4 675.32K16 

31 (1ZAAGGGAAAAKPEESK16) - [597AKDKDPDPGK606] 540.4580 5 540.4589 

32 (1ZAAGGGAAAAKPEESK16) - [572CVIENGKAVCK582] 969.1201 3 969.1217 

33 (1ZAAGGGAAAAKPEESK16) - [572CVIENGKAVCK582] 727.0920 4 727.0932 

34 (1ZAAGGGAAAAKPEESK16) - [45QCEYKDTCK53] 953.7453 3 953.7464 

35 1ZAAGGGAAAAKPEESK16) - [45QCEYKDTCK53] 715.5609 4 715.5618 

36 (1ZAAGGGAAAAKPEESK16) - [514TTCNPKEIQECQDK527] 1126.8335 3 1126.8348 

37 (1ZAAGGGAAAAKPEESK16) - [514TTCNPKEIQECQDK527] 845.3771 4 845.3781 

38 (1ZAAGGGAAAAKPEESK16) - [370ARLIAEKPLSK380] 951.8294 3 951.8312 

39 (1ZAAGGGAAAAKPEESK16) - [370ARLIAEKPLSK380] 714.1240 4 714.1254 

40 (1ZAAGGGAAAAKPEESK16) - [370ARLIAEKPLSK380] 571.5008 5 571.5019 
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41 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCRSTGK208] 1107.8390 3 1107.8402 

42 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCRSTGK20]8 831.1312 4 831.1321 

43 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCRSTGK208] 665.1065 5 665.1073 

44 (1ZAAGGGAAAAKPEESK16) - [194EAGFVCKHGCRSTGK208] 554.4234 6 554.424 

45 (1ZAAGGGAAAAKPEESKK17) - [45QCEYKDTCK53] 996.4416 3 996.4447 

46 (1ZAAGGGAAAAKPEESKK17) - [45QCEYKDTCK53] 747.5831 4 747.5855 

47 (1ZAAGGGAAAAKPEESKK17) - [45QCEYKDTCK53] 598.2681 5 598.27 

48 (1ZAAGGGAAAAKPEESKK17) - [192TKEAGFVCK200] 932.4484 3 932.45 

49 (1ZAAGGGAAAAKPEESKK17) - [192TKEAGFVCK200] 699.5882 4 699.5895 

50 (1ZAAGGGAAAAKPEESKK17) - [192TKEAGFVCK200] 559.8721 5 559.8732 

51 (1ZAAGGGAAAAKPEESKK17) - [585SEATTAATTTTKAK598] 785.1375 4 785.1377 

52 (1ZAAGGGAAAAKPEESKK17) - [585SEATTAATTTTKAK598] 628.3115 5 628.3117 

53 (1ZAAGGGAAAAKPEESKK17) - [403LLIKK407] 790.7608 3 790.762 

54 (1ZAAGGGAAAAKPEESKK17) - [403LLIKK407] 593.3225 4 593.3234 

55 (1ZAAGGGAAAAKPEESKK17) - [528KLECVYK534] 899.1056 3 899.1076 

56 (1ZAAGGGAAAAKPEESKK17) - [528KLECVYK534] 674.5812 4 674.5826 

57 (1ZAAGGGAAAAKPEESKK17) - [528KLECVYK534] 539.8665 5 539.8677 

58 (1ZAAGGGAAAAKPEESKK17) - [583EKSEATTAATTTTK596] 799.6374 4 799.639 

59 (1ZAAGGGAAAAKPEESKK17) - [583EKSEATTAATTTTK596] 639.9115 5 639.9128 

60 (1ZAAGGGAAAAKPEESKK17) - [520EIQECQDKK528] 978.4589 3 978.4594 

61 (1ZAAGGGAAAAKPEESKK17) - [520EIQECQDKK528] 734.0962 4 734.0964 

62 (1ZAAGGGAAAAKPEESKK17) - [520EIQECQDKK528] 587.4785 5 587.4787 

63 (1ZAAGGGAAAAKPEESKK17) - [142DLCEKNLLQR151] 761.8746 4 761.8754 

64 (1ZAAGGGAAAAKPEESKK17) - [142DLCEKNLLQR151] 609.7012 5 609.7019 

65 (1ZAAGGGAAAAKPEESKK17) - [598DKDPDPGK606] 657.5613 4 657.5623 

66 (1ZAAGGGAAAAKPEESKK17) - [598DKDPDPGK606] 526.2506 5 526.2515 

67 [70ASCVCEASDDLTLQCKIK87] - (1ZAAGGGAAAAKPEESKK17) 964.1951 4 964.1988 

68 [70ASCVCEASDDLTLQCKIK87] - (1ZAAGGGAAAAKPEESKK17) 771.5576 5 771.5606 

69 (1ZAAGGGAAAAKPEESKK17) - [528KLECVYKNHK537] 615.7060 5 615.707 

70 (1ZAAGGGAAAAKPEESKK17) - [514TTCNPKEIQECQDK527] 702.1213 5 702.123 

71 (1ZAAGGGAAAAKPEESKK17) - [194EAGFVCKHGCRSTGK208] 690.7254 5 690.7263 

72 (1ZAAGGGAAAAKPEESKK17) - [194EAGFVCKHGCRSTGK208] 575.7725 6 575.7732 

73 (1ZAAGGGAAAAKPEESKK17) - [194EAGFVCKHGCRSTGK208] 493.6632 7 493.6638 
 

a) type 2 peptides crosslinked by hydrolyzed thiosuccinimide linker. Z means an acetyl group blocking the N-terminal end of 
the cysteinyl peptide Cys1pP0. Amino acid sequences inside brackets and square brackets correspond to tryptic peptides 
derived from the Ac-Cys1pP0 peptide and the Bm86 carrier protein, respectively. Amino acids highlighted in bold and 
underlined are crosslinked by a hydrolyzed thiosuccinimide linker. 
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Table S3. Assignment of the fragment ions derived from a triply-charged type 2 peptide [192T-K200]-(1Z-
K16)3+ detected at m/z 889.7507 fragmented by stepped HCD (sHCD) at normalized collision energies of 
27, 30 and of 33. 

# m/z experimental m/z expected Z Assignment a) 
1 234.144 234.1453 1 αy2 
2 307.143 307.1439 1 βy2 
3 363.185 363.1879 1 αy3 
4 406.211 406.2123 1 βy3 
5 430.230 430.2302 1 ∗βb3 
6 465.747 465.7487 2 αy9

2+ 
7 501.267 501.2673 2 αy10

2+ 
8 529.778 529.778 2 αy11

2+ 
9 553.277 553.2807 1 βy4 

10 555.784 555.7848 2 ([192T-K200]+71)2+ 
11 557.165 557.1666 1 ∗αb6 
12 558.288 558.2888 2 αy12

2+ 
13 586.797 586.7995 2 αy13

2+ 
14 589.282 589.2833 1 αy5 
15 610.302 610.3022 1 βy5 
16 622.306 622.3181 2 αy14

2+ 
17 681.337 681.3393 1 βy6 
18 628.204 628.2037 1 ∗αb7 
19 657.834 657.8366 2 αy15

2+ 
20 699.237 699.2408 1 ∗αb8 
21 705.346 705.3572 1 ∗βb6 
22 717.376 717.3782 1 αy6 
23 779.345 779.3467 2 ((1Z-K16)+98)2+ 
24 788.414 788.4153 1 αy7 
25 804.425 804.4256 1 ∗βb7 
26 810.380 810.3819 1 βy7 
27 859.449 859.4525 1 αy8 
28 930.486 930.4896 1 αy9 
29 964.448 964.4562 1 ∗βb8 
30 1001.520 1001.5267 1 αy10 
31 1110.557 1110.562 1 ([192T-K200]+71)1+ 
32 1058.545 1058.5267 1 αy11 
33 1115.566 1115.5696 1 αy12 
34 1172.586 1172.5911 1 αy13 
35 1242.546 1242.5497 1 ([192T-K200]+203)1+ 
36 1243.590 1243.6282 1 αy14 
37 1314.660 1314.6653 1 αy15 
38 1557.680 1557.6855 1 ((1Z-K16)+98)1+ 
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a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
Lys193 modified at its epsilon amino group by a residue of β-alanine.The linker fragment ion 
assigned as ([192T-K200]+71)1+ contain the Lys193 modified at its epsilon amino group by a residue 
of β-alanine. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the Lys193 modified at 
its epsilon amino group by a residue of β-alanine. Fragment ions assigned as *(α/β)bn or 
*(α/β)bn correspond to the backbone fragment ions bn or yn derived from the linearized α and β 
peptides containing a modified Lys (+71 Da) or a Cys(+98 Da) residues as described above. 
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Table S4. Assignment of the fragment ions derived from the type 2 peptide [192T-K200]-(1Z-K16)4+ detected 
at m/z 667.5650 fragmented by stepped HCD (sHCD) at normalized collision energies of 27, 30 and of 33. 

# m/z experimental m/z expected Z Assignment a) 
 234.144 234.1453 1 αy2 
 307.143 307.1439 1 βy2 
 363.186 363.1879 1 αy3 
 394.711 394.7116 2 αy7

2+ 
 406.211 406.2123 1 βy3 
 430.229 430.2302 2 αy8

2+ 
 465.748 465.7487 2 αy9

2+ 
 492.229 492.2305 1 αy4 
 501.265 501.2673 2 αy10

2+ 
 529.785 529.778 2 αy11

2+ 
 553.276 553.2807 1 βy4 
 555.784 555.7848 2 ([192T-K200]+71)2+ 
 558.288 558.2888 2 αy12

2+ 
 586.797 586.7995 2 αy13

2+ 
 589.282 589.2833 1 αy5 
 610.300 610.3022 1 βy5 
 621.779 621.7789 2 ([192T-K200]+203)2+ 
 622.314 622.3181 2 αy14

2+ 
 657.835 657.8366 2 αy15

2+ 
 681.337 681.3393 1 βy6 
 705.359 705.3572 1 ∗βb6 
 717.376 717.3782 1 αy6 
 779.345 779.3467 2 ((1Z-K16)+98)2+ 
 788.413 788.4153 1 αy7 
 804.427 804.4256 1 ∗βb7 
 810.379 810.3819 1 βy7 
 859.448 859.4525 1 αy8 
 930.484 930.4896 1 αy9 
 964.440 964.4562 1 ∗βb8 
 1001.524 1001.5267 1 αy10 
 1058.545 1058.5267 1 αy11 
 1110.553 1110.562 1 ([192T-K200]+71)1+ 
 1115.561 1115.5696 1 αy12 
 1172.584 1172.5911 1 αy13 
 1242.547 1242.5497 1 ([192T-K200]+203)1+ 
 1243.562 1243.6282 1 αy14 
 1314.644 1314.6653 1 αy15 
 1557.710 1557.6855 1 ((1Z-K16)+98)1+ 
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a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
Lys193 modified at its epsilon amino group by a residue of β-alanine. Fragment ions assigned as 
*(α/β)bn or *(α/β)bn correspond to the backbone fragment ions bn or yn derived from the 
linearized α and β peptides containing a Lys (+71 Da) or a Cys(+98 Da) modified residues as 
described above. The structure of the linker fragment ion ([192T-K200]+203)n+ is generated by the 
thioether bond fragmentation as depicted in Fig. S10. 
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Table S5. Assignment of the fragment ions derived from a doubly-charged type 2 peptide [192T-K200]-(1Z-
K16) detected at m/z 1334.1237 fragmented by HCD at a normalized collision energy of 30. 

# m/z experimental m/z expected Z Assignment a) 
1 234.14 234.1453 1 αy2 
2 307.142 307.1439 1 βy2 
3 363.19 363.1879 1 αy3 
4 406.211 406.2123 1 βy3 
5 430.23 430.2302 1 ∗βb3 
6 500.146 500.146 1 ∗αb5 
7 553.272 553.2807 1 βy4 
8 557.165 557.1666 1 ∗αb6 
9 589.282 589.2833 1 αy5 

10 610.302 610.3022 1 βy5 
11 681.340 681.3393 1 βy6 
12 628.203 628.2037 1 ∗αb7 
13 699.241 699.2408 1 ∗αb8 
14 705.359 705.3572 1 ∗βb6 
15 717.337 717.3782 1 αy6 
16 770.278 770.2780 1 ∗αb9 
17 788.416 788.4153 1 αy7 
18 804.425 804.4256 1 ∗βb7 
19 810.382 810.3819 1 βy7 
20 859.449 859.4525 1 αy8 
21 930.484 930.4896 1 αy9 
22 964.448 964.4562 1 ∗βb8 
23 1001.508 1001.5267 1 αy10 
24 1110.561 1110.562 1 ([192T-K200]+71)1+ 
25 1115.576 1115.5696 1 αy12 
26 1172.592 1172.5911 1 αy13 
27 1314.657 1314.6653 1 αy15 
28 1557.688 1557.6855 1 ((1Z-K16)+98)1+ 

 

a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
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Lys193 modified at its epsilon amino group by a residue of β-alanine.The linker fragment ion 
assigned as ([192T-K200]+71)1+ contain the Lys193 modified at its epsilon amino group by a residue 
of β-alanine. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the Lys193 modified at 
its epsilon amino group by a residue of β-alanine. Fragment ions assigned as *(α/β)bn or 
*(α/β)bn correspond to the backbone fragment ions bn or yn derived from the linearized α and β 
peptides containing a modified Lys (+71 Da) or a Cys(+98 Da) residues as described above. 
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Table S6. Assignment of the fragment ions derived from a triply-charged type 2 peptide [192T-K200]-(1Z-
K16) detected at m/z 889.7517 fragmented by HCD at a normalized collision energy of 30. 

# m/z experimental m/z expected Z Assignment a) 
 234.144 234.1453 1 αy2 
 307.143 307.1439 1 βy2 
 363.187 363.1879 1 αy3 
 406.212 406.2123 1 βy3 
 430.23 430.2302 1 ∗βb3 
 433.175 433.1757 1 ∗βb2 
 500.143 500.146 1 ∗αb5 
 501.267 501.2673 1 ∗βb4 
 553.276 553.2807 1 βy4 
 555.785 555.7848 2 ([192T-K200]+71)2+ 
 557.165 557.1666 1 ∗αb6 
 562.221 562.2183 1 ∗βb3 
 558.289 558.288 1 ∗βb5 
 589.283 589.2833 1 αy5 
 610.302 610.3022 1 βy5 
 681.340 681.3393 1 βy6 
 621.780 621.7789 1 ([192T-K200]+203)2+ 
 628.203 628.2037 1 ∗αb7 
 705.359 705.3572 1 ∗βb6 
 717.379 717.3782 1 αy6 
 779.347 779.3467 2 ((1Z-K16)+98)2+ 
 788.417 788.4153 1 αy7 
 804.427 804.4256 1 ∗βb7 
 810.383 810.3819 1 βy7 
 936.347 837.3453 1 ∗βb6 
 859.453 859.4525 1 αy8 
 930.490 930.4896 1 αy9 
 936.422 936.4137 1 ∗βb7 
 964.454 964.4562 1 ∗βb8 
 1001.522 1001.5267 1 αy10 
 1009.500 1009.5140 1 ∗βy8 
 1058.546 1058.5481 1 αy11 
 1110.562 1110.562 1 ([192T-K200]+71)1+ 
 1115.569 1115.5696 1 αy12 
 1141.505 1141.5021 1 ∗βy8 
 1172.592 1172.5911 1 αy13 
 1242.552 1242.5497 1 ([192T-K200]+203)1+ 
 1243.604 1243.6282 1 αy14 
 1314.665 1314.6653 1 αy15 
 1459.691 1459.6851 1 (1Z-K16)1+ 
 1557.683 1557.6855 1 ((1Z-K16)+98)1+ 
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a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
Lys193 modified at its epsilon amino group by a residue of β-alanine.The linker fragment ion 
assigned as ([192T-K200]+71)1+ contain the Lys193 modified at its epsilon amino group by a residue 
of β-alanine. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the Lys193 modified at 
its epsilon amino group by a residue of β-alanine. Fragment ions assigned as *(α/β)bn or 
*(α/β)bn correspond to the backbone fragment ions bn or yn derived from the linearized α and β 
peptides containing a modified Lys (+71 Da) or a Cys(+98 Da) residues as described above. 
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Table S7. Assignment of the fragment ions derived from the type 2 peptide ([192T-K200]-(1Z-K16))4+ 
detected at m/z 667.5657 fragmented by HCD at a normalized collision energy of 30. 

# m/z experimental m/z expected Z Assignment a) 
 234.144 234.1453 1 αy2 
 307.143 307.1439 1 βy2 
 363.186 363.1879 1 αy3 
 406.212 406.2123 1 βy3 
 430.23 430.2302 1 ∗βb3 
 465.747 465.7487 2 αy9

2+ 
 492.225 492.2305 1 αy4 
 501.267 501.2673 2 αy10

2+ 
 553.275 553.2807 1 βy4 
 555.784 555.7848 2 ([192T-K200]+71)2+ 
 557.165 557.1666 1 ∗αb6 
 558.288 558.2888 2 αy12

2+ 
 586.799 586.7995 2 αy13

2+ 
 589.283 589.2833 1 αy5 
 610.302 610.3022 1 βy5 
 621.779 621.7789 1 ([192T-K200]+203)2+ 
 622.319 622.3181 2 αy14

2+ 
 628.197 628.2037 1 ∗αb7 
 657.837 657.8366 2 αy15

2+ 
 681.339 681.3393 1 βy6 
 717.377 717.3782 1 αy6 
 779.346 779.3467 2 ((1Z-K16)+98)2+ 
 788.415 788.4153 1 αy7 
 804.435 804.4256 1 ∗βb7 
 810.381 810.3819 1 βy7 
 859.451 859.4525 1 αy8 
 930.487 930.4896 1 αy9 
 1001.511 1001.5267 1 αy10 
 1058.558 1058.5481 1 αy11 
 1110.557 1110.562 1 ([192T-K200]+71)1+ 
 1115.562 1115.5696 1 αy12 
 1141.505 1141.5021 1 ∗βy8 
 1172.594 1172.5911 1 αy13 
 1242.552 1242.5497 1 ([192T-K200]+203)1+ 
 1243.589 1243.6282 1 αy14 
 1314.653 1314.6653 1 αy15 
 1459.668 1459.6851 1 (1Z-K16)1+ 
 1557.698 1557.6855 1 ((1Z-K16)+98)1+ 

a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
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([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
Lys193 modified at its epsilon amino group by a residue of β-alanine.The linker fragment ion 
assigned as ([192T-K200]+71)1+ contain the Lys193 modified at its epsilon amino group by a residue 
of β-alanine. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the Lys193 modified at 
its epsilon amino group by a residue of β-alanine. Fragment ions assigned as *(α/β)bn or 
*(α/β)bn correspond to the backbone fragment ions bn or yn derived from the linearized α and β 
peptides containing a modified Lys (+71 Da) or a Cys(+98 Da) residues as described above. 
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Table S#. Assignment of the fragment ions derived from a doubly-charged type 2 peptide [192T-K200]-(1Z-
K16)2+ detected at m/z 1334.218 fragmented by stepped HCD (sHCD) at normalized collision energies of 
27, 30 and of 33. 

# m/z experimental m/z expected Z Assignment a) 
 307.142 307.1439 1 βy2 
 406.211 406.2123 1 βy3 
 430.23 430.2302 1 ∗βb3 
 500.146 500.146 1 ∗αb5 
 557.165 557.1666 1 ∗αb6 
 589.281 589.2833 1 αy5 
 610.297 610.3022 1 βy5 
 681.338 681.3393 1 βy6 
 628.203 628.2037 1 ∗αb7 
 699.241 699.2408 1 ∗αb8 
 705.359 705.3572 1 ∗βb6 
 717.376 717.3782 1 αy6 
 770.278 770.2780 1 ∗αb9 
 788.412 788.4153 1 αy7 
 804.425 804.4256 1 ∗βb7 
 810.380 810.3819 1 βy7 
 859.451 859.4525 1 αy8 
 930.482 930.4896 1 αy9 
 964.448 964.4562 1 ∗βb8 
 1001.508 1001.5267 1 αy10 
 1110.558 1110.562 1 ([192T-K200]+71)1+ 
 1115.578 1115.5696 1 αy12 
 1172.592 1172.5911 1 αy13 
 1314.657 1314.6653 1 αy15 
 1557.682 1557.6855 1 ((1Z-K16)+98)1+ 

 

a) Fragment ions highlighted in blue were assigned manually by considering the cleavability of the 
linker fragmentation and their derived fragment ions. Z corresponds to a N-terminal acetylated 
cysteine residue. In the structure of the type 2 peptide, the α and β peptides are (1Z-K16) and 
([192T-K200], respectively. The nomenclature of the backbone fragment ions is in agreement with 
the reported by Schilling et al [1]. The linker fragment ions assigned as (1Z-K16)+98)1+ and ([192T-
K200]+71)1+ correspond to the α peptide and β peptides, containing the formerly crosslinked Lys 
and Cys modified by structures that increase their molecular mass by 98 Da and 71 Da, 
respectively. The linker fragment ion assigned as (1Z-K16)+98)1+contain the Cys1 S-alkylated by a 
succinic anhydride residue. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the 
Lys193 modified at its epsilon amino group by a residue of β-alanine.The linker fragment ion 
assigned as ([192T-K200]+71)1+ contain the Lys193 modified at its epsilon amino group by a residue 
of β-alanine. The linker fragment ion assigned as ([192T-K200]+71)1+ contain the Lys193 modified at 
its epsilon amino group by a residue of β-alanine. Fragment ions assigned as *(α/β)bn or 
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*(α/β)bn correspond to the backbone fragment ions bn or yn derived from the linearized α and β 
peptides containing a modified Lys (+71 Da) or a Cys(+98 Da) residues as described above. 
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