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ABBREVIATIONS PAGE 
NISTmAb: a reference material of humanized IgG1k monoclonal antibody (RM 8671), LC-MS: liquid chromatography–mass spectrometry, LC-MS/MS: liquid chromatography-tandem mass spectrometry, S-S: disulfide bond, Met: methionine, Trp: tryptophan, IgG1: Immunoglobulin G has four IgG subclasses (IgG1, 2, 3, and 4), NS0: a model cell line from murine myeloma, NIST: National Institute of Standards and Technology, DTT: dithiothreitol, TCEP: tris(2-carboxyethyl)phosphine, NEM: N-Ethylmaleimide, IAA: iodoacetamide, TRIS: tris-hydroxymethyl-aminomethane, HCI: hydrochloric acid or muriatic acid, MWCO: molecular weight cut-off, RSLC: rapid separation liquid chromatography, UPLC: ultra-performance liquid chromatography, RPLC: one dimensional reversed phase liquid chromatography, MS1: full MS scan, MS2: tandem MS scan, HCD: higher energy collision dissociation, NCE: normalized collisional energies, XIC: extracted ion chromatograms, mAb: monoclonal antibody, NIST MSQC, a software platform for analysis of shotgun proteomics. 

















Abstract
This work presents methods for identifying and then creating a mass spectral library for disulfide-linked peptides originating from the NISTmAb, a reference material of humanized IgG1k monoclonal antibody (RM 8671). Analysis involved both partially-reduced and non-reduced proteins under neutral and weakly basic conditions, followed by nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS). Spectra of peptides containing disulfide linkages are identified by both MS1 ion and MS2 fragment ion data in order to assign and validate complex peptides containing native and rearranged disulfide bonds (S-S). This led to the detection of 428 distinct disulfide-linked peptide ions, arising from fully-tryptic cleavages, missed-cleavages, irregular cleavages, complex Met/Trp oxidation mixtures, and metal adducts. Fragmentation features of disulfide bonds under low energy collision dissociation were examined. These include: (1) peptide bond cleavage leaving disulfide bonds intact; (2) disulfide bond cleavage, often leading to extensive fragmentation; and (3) double cleavage products resulting from both peptide and disulfide cleavages. Detailed annotation of various complex MS/MS fragments enabled the identification of disulfide-linked peptides with high confidence. Peptides containing each of the eight native disulfide bonds were identified along with 55 additional disulfide linkages arising from S-S bond shuffling. The presence of shuffled disulfides was nearly completely abrogated by refining digest conditions. A curated spectral library of 702 S-S linked peptide spectra was derived from this analysis and is available for download. Since all IgG1 antibodies have the same constant regions, the resulting library can be used as a tool for facile identification of “hard-to-find” disulfide-bonded peptides. Moreover, we show that one may identify such peptides originating from IgG1 proteins in human serum, thereby serving as a means of monitoring the completeness of protein reduction in many proteomics studies.	Comment by Jaruga, Pawel (Fed): define	Comment by Jaruga, Pawel (Fed): define	Comment by Jaruga, Pawel (Fed): define
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Introduction
Disulfide bridges between cysteines stabilize the three-dimensional structure of proteins, aiding with protein folding and ultimately enabling protein functionality.1-2 Dysregulated structural disulfide bonds are characteristic of certain human diseases, such as various neurodegenerative diseases and cancers.3 Therefore, detailed information on disulfide connectivity is critical for protein structure-function studies and biotherapeutics structure integrity assessment. Typical proteomics experiments dissociate disulfide bonds by reduction as part of the denaturing process and then cap cysteine by alkylation to prevent the disulfide bond from re-forming. These well-established protein digestion methods can fully sequence individual proteins and identify a large fraction of low-abundance modifications in protein digests. Recently, two detailed mass spectral library-based examinations of the NISTmAb, a reference material of humanized IgG1κ monoclonal antibody (RM 8671)4 and its glycosylation were reported.5-6 In contrast, MS analysis of disulfide bonds requires a different analytical approach. Recent advances in mass spectrometry have enabled the development of customized LC-MS strategies for disulfide bond mapping in proteins.7-9 A major requirement in sample preparation is to prevent non-native disulfide formation (i.e., disulfide bond artifacts). The disulfide shuffling occurs spontaneously in the presence of free cysteines at pH 7.5 - to pH 8.5, which is typical for protein digestion in standard proteomics protocols.10-11 These artifacts can be minimized by blocking free cysteines and using acidic to neutral pH conditions. Methods for determining disulfide patterns include liquid chromatographic ultraviolet profile comparison between reduced and non-reduced peptides, direct mass spectrometry detection of disulfide without reduction or partial reduction, chemical labeling identification, and tandem mass spectrometry sequencing of non-reduced peptides.12-17	Comment by Jaruga, Pawel (Fed): 
 
Significant challenges remain in disulfide analyses due to complex intertwined disulfides, disulfide shuffling, incomplete digestion of non-reduced proteins, and low ionization efficiency of disulfide-linked peptides.18-22 Tandem mass spectra of disulfide-linked peptides are generally very complex due to various dissociation of component peptides as well as disulfide bonds. There are no diagnostic fragments characteristic of disulfide spectra unlike other post-translational modifications that are readily detected by predominant ions resulting from residue side chain cleavage (e.g., oxonium ions of glycans, phosphoric acid (H3PO4) neutral loss of O-phosphorylation). Thus, most available bioinformatics tools currently are incapable of recognizing various disulfide-linked ions or interpreting their product ion spectra.
 
The present study is a continuation of our previous work,5-6 in which two comprehensive spectral libraries were developed for characterizing peptides, glycopeptides, and other biologically modified peptides derived from the NISTmAb. These libraries contain a large number of low-abundance modifications occurring on a wide range of residues. Notably many modifications are not reported by most commonly used peptide identification programs since modified peptides do not fragment primarily by peptide backbone cleavages. Instead, their side chain cleavage reactions can dominate their product ion spectra. This current study extends the prior work to enable the identification of another class of hard-to-find peptide products of digestion, namely disulfide-bonded peptides. To confirm the identity of these complex peptides, the method developed in this work employs full scan MS spectra to identify potential precursor ions and validates them by a detailed fragmentation analysis of their tandem mass spectra (MS/MS spectra). Resulting spectra then serve to create a searchable mass spectral library. As a bonus, we find and demonstrate the utility of these spectra for identifying digested, but incompletely reduced IgG1-derived peptides in human serum, thereby providing a unique measure of reduction effectiveness.
 
Materials and Methods 
Material
The Primary Sample 8670 NISTmAb (PS 8670, an in-house primary standard material), lot 3f1b, is an IgG1k mAb derived from a separate production lot of NISTmAb 8671.4 It was obtained from the Bioanalytical Science Group at NIST. Digestion reagents guanidine hydrochloride, dithiothreitol (DTT), tris(2-carboxyethyl)phosphine (TCEP), N-Ethylmaleimide (NEM), and iodoacetamide (IAA) were purchased from Sigma-Aldrich (St. Louis, MO). A revised Tris buffer (pH=7) was prepared via adjustment of tris base solution (200 mmol) by HCl solution (1 mol/L). Sequencing-grade trypsin was purchased from Promega (Madison, WI). RapiGest, brand-name for sodium 3-[(2methyl-2-undecyl-1,3-dioxolan-4-yl)methoxy]-1-propanesulfonate, was purchased from Waters (Milford, MA); Zeba spin columns (7 K molecular weight cutoff (MWCO)) were purchased from Thermo Fisher Scientiﬁc (Waltham, MA). Chromatographic separations were performed on an Acclaim pepmap100 nano column (150 mm × 75 μm, C18, 3 μm particle size, 100 Å pore size, Dionex, Sunnyvale, CA). 	Comment by Jaruga, Pawel (Fed): define 

Tryptic digestion 
Since the non-reduced and partially-reduced samples prepared under general experimental conditions (pH=8) were used for developing a linear tryptic peptide spectral library5, disulfide bond rearrangements could occur. To prevent these shuffling reactions, two alternative methods are used for sample preparation at pH 7. All methods are described below. 

General experimental conditions (pH=8). NISTmAb (500 ug) was denatured at room temperature for 10 min using guanidine hydrochloride (6M) or 0.1 % RapiGest in 50 μL of 100 mmol/L Tris HCI (Tris(hydroxymethyl)aminomethane hydrochloride) buffer (pH=8). Reduction and alkylation were varied as follows: (a) the sample was neither reduced nor alkylated, or (b) TCEP was used as a reducing reagent, followed by alkylation with 10 μL of 200 mmol/L IAA at room temperature in the dark for 1 h. The alkylated protein solution was desalted with a Zeba spin column (7 K MWCO) prior to adding 10 μg of Promega trypsin. The resulting mixture was subjected to digestion by sequencing-grade trypsin at 37 oC for 0.25 h, 2 h and 18 h.

No-reduction and alkylation with NEM (pH=7). 500 μg of NISTmAb was denatured at room temperature for 10 min using 6 M of guanidine in 50 μL of tris buffer (pH=7). The alkylation reagent NEM was used because of its thiol specificity and stability at pH 7, contrasting to IAA with optimal reaction condition at pH 8, which most likely results in disulfide shuffling.8 10 μL of 200 mmol/L NEM was added to the above denatured mixture and incubating at room temperature in the dark for 1 h. The alkylated protein solution was desalted as described above. Trypsin (10 μg) was added to digest the above solution at 37 ˚C for 15 min, 2 h and 18 h. The reaction was quenched with 5 μL formic acid (50 %).	Comment by Jaruga, Pawel (Fed): replace with mol/L

Reduction with TCEP and alkylation with NEM (pH=7). 500 µug of NISTmAb was denatured using 6 M of guanidine as above; reduction was performed by adding 5 μL of 200 mmol/L TCEP to the above denatured mixture and incubating at room temperature for 1 h, followed by alkylation with 20 μL of 200 mmol/L NEM at room temperature in the dark for 1 h. Then the alkylated protein solution was desalted as described above. Trypsin (10 μg) was added to digest the above protein solution at 37 ˚C for 15 min, 2 h and 18 h. The reaction was quenched with 5 μL formic acid (50 %).	Comment by Jaruga, Pawel (Fed): replace with mol/L

LC−MS/MS Analysis
[bookmark: _Hlk51322153]The above digests (0.2 μg) were analyzed on a Dionex Ultimate 3000 RSLC Nano LC with an Acclaim pepmap100 column with a nanospray source connected to one of two mass spectrometers: a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer; or an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Waltham, MA) in the positive ion mode. Mobile phase A consisted of 0.1 % formic acid in water and mobile phase B consisted of 0.1 % formic acid in ACN. The peptides were eluted by increasing mobile phase B from 1 % to 90 % over 120 min. Data was collected using a data dependent mode with a dynamic exclusion of 20 s. The top 10 most abundant precursor ions were selected from a 250 m/z to 1850 m/z full scan for fragmentation using HCD with normalized collisional energy (NCE) parameters (NCE of 16, 20, 24, 32, and 36). The resolution of full MS scan was set at 120,000 and the resolution of MS/MS scan was set at 30,000.

Data analysis 
MS1 analysis of all detectable ion clusters in a LC-MS run. All detectable MS1 ions in a LC-MS run were analyzed with an in-house program, NIST ProMS.23 In a LC-MS peptide mapping analysis, each peptide ion can be detected via a set of MS1 (LC-MS) peaks with specific isotopes, abundances and retention times. This set of peaks is denoted as an ion cluster by ProMS. ProMS identifies isotopes of each ion cluster to determine its charge states, retention times, abundances, and monoisotopic m/z in all LC-MS/MS runs. The abundance of an ion cluster is calculated using the peak area of all observable isotope peaks. The retention time of an ion cluster refers to a time when the accumulated abundance reaches to the half of AB.

Disulfide peptide analysis. This study finds and characterizes all disulfide-linked peptides derived from an IgG1 antibody. In all but one case, the component peptides are connected by one disulfide bond. The exception involves the identical peptides from two heavy chains linking to each other by double disulfide bonds within the hinge region (e.g., HC229-HC229 and HC232-HC232). These linkages represent a relatively simple pattern case. More complex disulfide connectivity patterns involving multiple, intertwined disulfide bonds, and the proximity of cysteine residues in peptide sequence requires manual investigation or alternative MS fragmentation techniques. These are outside the scope of this paper. 

Disulfide-linked spectra. Each disulfide-bonded peptide (DSB-peptide) in this study is composed of two component peptides: peptide 1 (P1) and peptide 2 (P2). In this work, when they are in separate polypeptide chains (heavy, H or light, L), the one from the heavy chain is shown first. When in the same chain they are shown in order of sequence number. The example given below is a peptide connected by two consecutive cysteine residues in the constant region of the L chain. It is represented in two ways in this paper:

(1) SGTASVVCLLNNFYPR			P1 (LC133)
                                     │
               VYACEVTHQGLSSPVTK		P2 (LC193)

(2) SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLSSPVTK
For assigning product ions of disulfide-bonded peptides, each spectrum can be considered as a mixture produced from P1 modified by P2 at Cys residue and P2 modified by P1 at Cys residue. For example:
DSB-peptide spectrum =  b and y ion series from “SGTASVVC(P2-2H)LLNNFYPR” +
                                                            b(2) and y(2) ion series from “VYAC(P1-2H)EVTHQGLSSPVTK” 
As shown in the expression, in order to distinguish fragments from different components in disulfide-containing spectra, ions from P2 are labeled by “(2)” following ion series of a, b or y.

Classification of product ions. Most of the product ions of disulfide bond fragmentation observed in this work fall into three main groups, as shown in Table 1. 

Group 1: Fragments with an intact disulfide bond. They are further divided into three subgroups. Ions resulting from single peptide backbone cleavage in P1 or P2 are labeled using the standard notation of a/a(2), b/b(2), and y/y(2) ion series, shown in Subgroup 1a of Table 1. Ions arising from double cleavage in P1 or P2 are denoted as internal ions, such as “intVCLL” shown in Subgroup 1b. If a fragment sequence contains more than 4 residues, the position numbers are used, such as int7_12. When ions are composed of two fragments (P1 and P2 fragments), they are denoted by both product ions, such as “y10:b(2)5” in Subgroup 1c. 

Group 2: Specific fragment ions involving a disulfide bond cleavage. C-S bond cleavage yields fragments (Subgroup 2a) with a modification of persulfide (+S, 31.9721 Da) or dehydroalanine (-H2S, -33.9877 Da) at Cysteine, while S-S bond cleavage generates fragments (Subgroup 2b) with a modification of cysteine (+0 Da) and cysteine thioaldehyde (-2H,-2.0156 Da). 

Group 3: Ions are due to single or double peptide backbone cleavages (do not contain a disulfide bond), so a conventional annotation can be used (Subgroups 3a and 3b).

Table 1. The classification of three major groups of product ions observed in the spectra of disulfide peptide discussed in this section, SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLSSPVTK. Symbols |, -H2S and +S, -2H and +0 denote cleavage of amide, C-S, and S-S bonds, respectively.

	group # 
	presence of disulfide
	Bond broken
	number of cleavages
	subgroup
	example fragment
	z
	fragment assignment example

	1
	contains intact disulfide bond
	Amide bond
	1
	a
	[image: ]
	3+
	y10

	
	
	
	2  
	b
	[image: ]
	2+
	intVCLL

	
	
	
	
	c
	[image: ]
	2+
	y10:b(2)5

	2
	disulfide bond cleavage 
	C - S
	1
	a1
	VYAC(-H2S)EVTHQGLSSPVTK
	2+
	y(2)17-H2S

	
	
	C-S and amide bond 
	2
	a2
	VYAC(+S)EVTHQGLSS|
	2+
	b(2)13+S

	
	
	S - S
	1
	b1
	VYAC(-2H)EVTHQGLSSPVTK
	2+
	y(2)17-H2

	
	
	S-S and amide bond 
	2
	b2
	|AC(+0)EVTHQGLSSPVTK
	2+
	y(2)15-0

	3
	no disulfide bond
	Amide bond
	1
	a
	|SSPVTK
	1+
	y(2)6

	
	
	
	2
	b
	|HQGLSSP|
	1+
	Int(2)8_14












Product ion assignment. A software tool was developed for matching experimental MS/MS fragment ions from Ion trap and HCD spectra to the in-silico fragmentation of the component peptides as well as disulfide bonds. First, an analysis of fragment isotopic distributions was performed, which allows the accurate mass determination of product ion monoisotopic peaks in MS/MS spectra. The deviation threshold to accept an isotopic assignment is 20 ppm. For annotating fragments, the program makes assignments in the order of the occurrence frequency of fragment ions: (1) neutral loss of precursor ion; (2) amide bond cleavage ion series with and without a disulfide bond and their common neutral losses (H2O, NH3, NH3H2O, or 2H2O); (3) disulfide cleaved at C-S and S-S bonds; (4) double cleavage with and without a disulfide bond; and (5) neutral losses (C2H4O and C2H6O2) from peptide bond cleavage ion series. All fragments that have reasonable isotope patterns (excluding small mass fragments) are analyzed, and those with deviation within 20 ppm between observed and theoretical m/z values are annotated.	Comment by Jaruga, Pawel (Fed): use 10-6 first (mg/kg)

Results
1. Identification of disulfide bonds
1.1. Data analysis strategy 
Disulfide-linked peptides cannot be identified by most of current database searching tools since they assume linear peptides. In recent disulfide studies,7-9 the anticipated polypeptides containing disulfide linkages are often used for initial searching of MS2 spectra acquired from non-reduced or partially-reduced digests, and the spectra matched by theoretical mass are then confirmed by product ion assignment. However, because the complexity of disulfide bond fragmentation, many of such peptides may be undetected or misidentified. To address this issue, we used a previously-developed alternative workflow for characterizing hard-to-identify peptides and modifications derived from the NISTmAb in a LC-MS/MS analysis.5 Our method starts with searching MS1 ion clusters to find all candidates of interest from each individual run, and then assigning the MS2 spectra of these candidates based on the known structures of the precursor protein to validate their identities. 

Figure 1 is a flowchart of the process of identifying spectra of disulfide-linked peptides which are subsequently used for creating a spectral library. First, theoretical m/z values are computed of all potential disulfide-linked peptides derived from known native and potentially scrambled disulfide bond linkages (Step 1). Second, all detectable MS1 peaks are analyzed to determine their monoisotopic m/z, charge, abundance, and RT of each ion cluster (Step 2). In the third step, the initial identification is conducted by matching observed m/z values derived from Step 2 with the precursor m/z values in Step 1. The median RT of these matched ions in the same digestion conditions is calculated and used to filter out identifications of ions with inconsistent RT. After disulfide-linked peptides are tentatively identified, Step 4 extracts MS2 spectra and conducts fragment ion analysis by interpreting their product ion spectra. In Step 5, replicate spectra are selected based on product ion assignments. A disulfide-linked spectrum is considered confirmed if at least 60 % of peak abundances can be assigned to fragments of disulfide-specific structure and peptide sequence. Lastly, all validated replicate spectra are merged to form consensus spectra for inclusion in a spectral library (Step 6). 
[image: ]
Figure 1. Building Library of Reference Mass Spectra for disulfide analysis

1.2. Identification of native (expected) NISTmAb disulfide linkages
To map the eight native disulfide bonds in the NISTmAb, we first re-analyzed the LC-MS/MS datasets that were acquired under alkaline condition (pH 8) for both non-reduced and partially-reduced samples in developing the NISTmAb spectral libraries.5-6 Because disulfide bond shuffling can be easily induced under these experimental conditions, we performed additional non-reducing and partially-reducing experiments under neutral pH for protein digestions of disulfide bond mapping in order to control shuffling induced by LC-MS analysis, as described in the Method section.

The NISTmAb, a typical IgG1 protein, is composed of four polypeptide chains including two identical H and two identical L chains (Supplementary Figure S1). It has 12 individual domain structures. Each H chain has a variable domain (VH) and three constant domains (CH1, CH2, and CH3), while each L chain has a variable domain (VL) and a constant domain (CL). The IgG1 protein contains 12 intrachain disulfides within each domain, and 4 interchain disulfides with two linking together L and H chains and the other two connecting two H chains. In total, there are eight unique native disulfide bond linkages in the NISTmAb to be verified in this study. 

Disulfide analysis was done by identifying all potential disulfide-linked peptide classes from the tryptic digests of the NISTmAb, including fully tryptic cleavage, expected missed-cleavages, irregular cleavage, ESI-induced adducts, and other modifications. Most disulfide-containing peptides are connected by a single disulfide bond. The exception is the hinge region linkage where a single peptide contains two disulfide bonds connecting heavy chains, as described in Method section. Table 2 shows the eight distinct native disulfide bonds mapped in the NISTmAb through the identification of the disulfide-linked peptides corresponding to each linkage. It is derived from MS1 peptide data acquired from triplicate LC-MS/MS analyses after using the partial-reducing protocol (see GuanRT/TCEP in Method) with digestion by trypsin for 18 hours. These identified disulfide-linked peptides range in mass from 1,260 Da to 8,721 Da with charge states from +3 to +9. A large majority of fully tryptic and miscleaved disulfide peptides are detected with multiple charges. Furthermore, more highly charged ions of tryptic peptides with missed-cleavage are found, providing complementary information for the linkage analysis. Disulfide peptides containing multiple Met/Trp residues are detected as a mixture spectrum generated from several mono-/di- oxidized products. Disulfide peptides originated from irregular ( semitryptic) cleavage were also identified. Metallated ions formed by abundant tryptic disulfide peptides through electrospray ionization (ESI) were also found and verified by their precursor mass and coelution. The identification of these disulfide peptide variants facilitates reliable disulfide bond analysis and provide additional fragmentation information as shown in the Fragmentation section. Table 2 summarizes the identified disulfide-linked peptides for each linkage, showing the name of disulfide bonds, the linkage location in the protein, class, the number of missed-cleaved sites, sequence of peptides, mass, observed charge states, and absolute ion signal intensities. 

Table 2. Disulfide-linked peptides detected for each of eight native disulfide linkages obtained from the TCEP partially reducing analysis of three LC-MS/MS runs of 18 h NISTmAb digests. In Column 3, fully tryptic peptide is shown in blue, and the relative abundance is calculated as the percentage of the tryptic peptide abundance over the total peptide abundance of the linkage site. 
	bond name
	position in sequence
	class
	missed cleaved sites
	peptide sequence
	mass
	charge
	absolute abund.

	
	
	
	
	
	
	
	
	

	1a    VH 
	 Cys22 - Cys97
	tryptic 22.5 %
	0
	f ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIR_S-S_VTNMDPADTATYYCAR
	5431.5873
	4,5,6
	3.6E+10
	

	
	
	missed cleav.
	1
	f ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIR_S-S_VTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK
	8213.8822
	5,6,7
	1.0E+11
	

	
	
	
	2
	ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIR_S-S_VTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSK
	9381.511
	6,7
	8.6E+09
	

	
	
	
	2
	ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGK_S-S_VTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK
	8721.1627
	5,6,7,8
	3.2E+09
	

	
	
	
	3
	ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIR_S-S_LTISKDTSKNQVVLKVTNMDPADTATYYCAR
	7086.5491
	5,6,7
	2.9E+09
	

	
	
	
	3
	ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIR_S-S_DTSKNQVVLKVTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK
	9326.5012
	6,7,8
	2.3E+09
	

	
	
	
	4
	ESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGK_S-S_DTSKNQVVLKVTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK
	9833.7817
	7,8
	1.5E+09
	

	
	
	
	4
	VTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGK_S-S_NQVVLKVTNMDPADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTK
	9871.8814
	7
	1.3E+09
	

	
	
	semi- tryptic
	0
	ESGPALVKPTQTLTLTCTFSGF_S-S_VTNMDPADTATYYCAR
	4085.9061
	4,5
	2.4E+09
	

	
	
	
	
	
	
	
	
	

	2a     CH1
	Cys147-Cys203
	tryptic                 94.6 %
	0
	f STSGGTAALGCLVK_S-S_DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK
	7916.9194
	5,6,7,8
	1.8E+11
	

	
	
	missed cleav.
	1
	eSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK
	7898.9088
	5,6
	4.4E+09
	

	
	
	
	1
	STSGGTAALGCLVK_S-S_DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK
	8259.1097
	6,7
	5.2E+08
	

	
	
	semi- tryptic
	0
	STSGGTAALGCLVK_S-S_SWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK
	6869.4281
	6,7
	3.4E+09
	

	
	
	
	
	
	
	
	
	

	
	
	
	0
	STSGGTAALGCLVK_S-S_TVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK
	7069.5442
	6,7
	2.2E+09
	

	3a      CH2
	Cys264-Cys324
	tryptic
96.8 %
	0
	f TPEVTCVVVDVSHEDPEVK_S-S_CK
	2328.0978
	2,3,4,5
	2.5E+11
	

	
	
	
	
	
	
	
	
	

	
	
	missed cleav.
	2
	TPEVTCVVVDVSHEDPEVK_S-S_VVSVLTVLHQDWLNGKEYKCK
	4537.2873
	4,5,6,7
	2.8E+09
	

	
	
	semi- tryptic
	0
	TPEVTCVVVDVSHED_S-S_CK
	1874.839
	2,3,4
	5.4E+09
	

	4a     CH3 
	Cys370- Cys428
	tryptic 99.9 %
	0
	f NQVSLTCLVK_S-S_WQQGNVFSCSVMHEALHNHYTQK
	3844.8236
	4,5,6,7
	9.9E+10
	

	
	
	
	
	
	
	
	
	

	
	
	semi- tryptic
	 
	NQVSLTCLVK_S-S_VFSCSVMHEALHNHYTQK
	3231.5628
	4,5
	1.2E+08
	

	5b        VL 
	Cys23- Cys87 
	tryptic
53 %
	0
	VTITCSASSR_S-S_FSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTK
	5446.4599
	4,5
	1.4E+10
	

	
	
	missed cleav.
	3
	DIQMTQSPSTLSASVGDRVTITCSASSR_S-S_FSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKR
	7945.735
	7
	4.9E+09
	

	
	
	semi- tryptic
	0
	DIQMTQSPSTLSASVGDRVTITCSASSR_S-S_RFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTK
	7476.4450
	5,6,7
	2.6E+09
	

	
	
	
	1
	IQMTQSPSTLSASVGDRVTITCSASSR_S-S_FSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTK
	7205.3169
	6
	1.9E+09
	

	
	
	
	0
	VTITCSASSR_S-S_TLTISSLQPDDFATYYCFQGSGYPFTFGGGTK
	4490.0723
	4,5
	1.5E+09
	

	
	
	
	1
	DIQMTQSPSTLSASVGDRVTITCSASSR_S-S_TISSLQPDDFATYYCFQGSGYPFTFGGGTK
	6149.8245
	5
	1.4E+09
	

	6b        CL 
	Cys133- Cys193
	tryptic
62.9 %
	0
	f SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLSSPVTK
	3555.7491
	3,4,5
	1.2E+11
	

	
	
	missed cleav.
	1
	SGTASVVCLLNNFYPR_S-S_HKVYACEVTHQGLSSPVTK
	3820.9029
	3,4,5,6,7
	6.2E+10
	

	
	
	semi- tryptic
	4
	SGTASVVCLLNNFYPREAK_S-S_SLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTK
	5772.9131
	4,5,6
	4.4E+09
	

	
	
	
	2
	SGTASVVCLLNNFYPR_S-S_YEKHKVYACEVTHQGLSSPVTK
	4241.1038
	4,5
	2.2E+09
	

	
	
	
	3
	SGTASVVCLLNNFYPREAK_S-S_ADYEKHKVYACEV
	3619.7440
	3,4
	2.2E+09
	

	
	
	
	0
	SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLS
	3043.4532
	2,3,4,5
	1.6E+09
	

	7c          H-L 
	Cys223-Cys213
	missed cleav. (no tryptic)
	1
	SCDKTHTCPPCPAPELLGGPSVFLFPPKPK_S-S_GEC
	3581.6816
	3,4,5,6,7
	2.6E+10
	

	
	
	
	2
	SCDKTHTCPPCPAPELLGGPSVFLFPPKPK_S-S_SFNRGEC
	4085.9261
	5,6,7
	4.3E+09
	

	
	
	
	3
	SCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISR_S-S_SFNRGEC
	4902.3425
	4,5,6
	5.5E+09
	

	
	
	
	1
	SCDK_S-S_SFNRGEC
	1260.4864
	2,3,4
	7.8E+08
	

	8d  Hinge 
	Cys229-Cys232
	tryptic
82.6 %
	0
	THTCPPCPAPELLGGPSVFLFPPKPK_2(S-S)_THTCPPCPAPELLGGPSVFLFPPKPK
	5456.799
	4,5,6,7,8,9
	6.7E+10
	

	
	
	missed cleav.
	1
	THTCPPCPAPELLGGPSVFLFPPKPK_2(S-S)_SCDKTHTCPPCPAPELLGGPSVFLFPPKPK
	5946.9836
	5,6,7,8
	1.1E+10
	

	
	
	
	2
	SCDKTHTCPPCPAPELLGGPSVFLFPPKPK_2(S-S)_SCDKTHTCPPCPAPELLGGPSVFLFPPKPK
	6437.1682
	5,6,7,8
	2.5E+09
	

	
	
	semi- tryptic
	0
	THTCPPCPAPELLGGPSVFLFPPKPK_2(S-S)_THTCPPCPAPELLGGPSVF
	4649.2983
	5
	5.4E+08
	




Notes: bond name: disulfide bond named by domains. position in sequence: cysteine position in each protein chain. class: peptide class. missed cleaved sites: total number of missed cleavage sites. peptide sequence: sequence of two component peptides linked by a S-S bond. mass: mass of disulfide-linked peptide. charge: charge state of disulfide-linked peptide. absolute abund.: summed absolute abundance over all charge states of a peptide. mods: modifications occur in a disulfide peptide. a VH, CH1, CH2, and CH3 refer to the variable and constant domains 1 to 3 in H chain, respectively. b VL and CL represent the variable and constant domains of L chain. c H-L is the interchain bond linking the H and L chains. d Hinge region peptide contains the two disulfide bonds connecting the two H chains. e intra-peptide bond. f disulfide-linked peptides with oxidized or metallated form.

Major disulfide tryptic products. Disulfide-bond pairs are classified as disulfide tryptic peptides when all termini are consistent with simple tryptic cleavage. Other peptide varieties such as oxidized and metallated disulfide peptides can originate from modification to these peptides. Table 2 shows that major disulfide tryptic peptides of six (the bond numbers 2 to 6, 8) out of eight linkages produced over 50 % of the total disulfide peptide abundance (Column 3 in blue color of the Table 2). In contrast, the percent abundance of tryptic peptides of Bond 1 was low (22.5 %) and tryptic peptides of Bond 7 was not detectable, indicating the need of alternative peptide classes (e.g. missed cleavage and/or irregular cleavage) for complete analysis of disulfides in antibodies.

Missed-cleavage products. Disulfide bonds can hinder proteolytic digestion by common enzymes,22 thus, peptides with up to four missed-cleavage sites were sought. This led to the identification of 144 disulfide-bonded peptides with missed-cleavage sites and counted for 38 % of total identified peptides. As seen from Table 2, missed-cleavages were observed in six (the disulfide bonds 1, 2, 5 to 8) of the eight disulfide bonds. Varying levels of tryptic missed-cleavages are identifiable with multiple charge states. The detection of such peptides is an important supplementary disulfide determination, especially when their tryptic counterparts are too small to be detected (H-L, Bond 7) or low abundance species (VH, Bond 1). Four alternative disulfide peptides containing missed-cleavage were observed for the H-L bond at the multiple charge states shown in Table 2, ensuring confidence in the assignment of this disulfide linkage. Their measured ion intensity values presented in Table 2 are significant even with overnight digestion. Missed-cleavage products produced additional fragmentation patterns corresponding to S-S and C-S bonds of disulfide-linkage peptides and all their spectra are part of the spectral library. 

Irregular cleavage products. Irregular cleavage products, involving a single semitryptic cleavage, are sought during the MS1 ion cluster search. In total, 26 such peptides, arising from major tryptic peptides, were identified, with most of them generated by protein digestion whereas a few were produced from electrospray ionization (ESI) in-source fragmentation. Although these are minor products resulting from larger disulfide species, they can provide, as short peptides, useful information to aid in fragmentation analysis. For example, three ions of semitryptic peptides, ions 3, 6, and 7 in Table 4, are selected for characterizing disulfide bond fragmentation because their MS/MS spectral data contained useful structural information.

Complex Met/Trp oxidation mixtures of Disulfide species. Several Met/Trp (Methionine/Tryptophan) oxidation products are observed with two disulfide linkages of VH and CH3 (disulfide bonds 1 and 4, Table 2) where multiple Met/Trp are present, in the partial reducing experiments. They are likely generated from two different sources: in-sample and in-source, which is consistent with previous observations.5,24 Oxidized species with more than one Met/Trp residues often produce a mixture of disulfide linked peptide spectra. Structural differences of the oxidation mixtures are due to position variations of Met or Trp or both in the sequence, making them difficult to recognize using conventional software tools. Selected ion chromatograms of oxidized disulfide-bonded peptides containing methionine/tryptophan are shown in Supplementary Figure S2. Their MS2 mixture spectra are manually validated in this study and collected in the library.

1.3. Quantitative comparison of partially/non-reduced native disulfide bonds at pH 8
Complete coverage of all disulfide peptides in a protein can ensure both accurate mapping of disulfide linkages and accurate estimation of the linkage-specific abundance detected in a LC-MS experiment. The summed abundances for each linkage site displayed in the histogram from Figure 2 A and 2 B were obtained from two LC-MS analyses at pH 8 for partially reduced and non-reduced proteins digested for (0.25, 2, or 18) h, respectively. The LC-MS/MS analyses show that the digestion of partially-reduced/alkylated NISTmAb produces three groups of cysteine-containing peptides: major alkylated peptides, relatively abundant disulfide-linked peptides, and minor reduced peptides, whereas the non-reduction/non-alkylation digestion exclusively yields disulfide-linked peptides. This quantitation was conducted using disulfide-linked peptides. The site-specific quantitation combined the ion intensity of multiply-charged disulfide tryptic peptides and peptides with miscleavages at each disulfide bond. At short digestion times (0.25 h and 2 h), mostly low abundant species were observed and no disulfide-containing peptides were detected from the variable regions of H/L chain as well as from the hinge region. At 18 h, all major disulfide linked peptides were observed with significantly higher signal intensities (Figure 2 A), even though they require four cleavages for release instead of the two for non-disulfide linked peptides.22,25 Based on these data, the partial reduction condition with the low concentration of TCEP clearly produced more abundant disulfide-bonded peptide ions than those under non-reducing conditions. This is because the disulfide structure is known to result in hindered cleavage sites, and partial reduction in the presence of denaturing reagents can improve digestion efficiency in disulfide containing regions and lead to the generation of relatively abundant native disulfide-bonded peptides.



Figure 2. Summed abundances for each of eight native disulfide bonds in the NISTmAb obtained by median results of triplicate analyses from three separate tryptic digests at (0.25, 2 and 18) h using partially reducing and non-reducing conditions. A. Partially reduced peptide mapping using low concentration of TCEP at pH 8; and B. non-reduced peptide mapping at pH 8. 0.25 h, 2 h, and 18 h: the protein is digested for (0.25, 2, and 18) h. 

1.4. Detection of scrambled (unexpected) disulfide bonds at PH 8 in the LC-MS/MS analysis
After the native NISTmAb disulfide linkages were verified using the non-/partially- reducing LC-MS/MS analyses, we applied the same workflow to find disulfides with unexpected linkages. All 136 possible linkages that can be formed from the 16 cysteine residues were sought. Only unmodified disulfide peptides are sought. The results reveal that these reactions readily occur at nearly all cysteine residues under alkaline conditions (pH 8), with the apparent exceptions of HC22 and LC23. In addition to the eight expected native disulfide linkages, 55 non-native disulfide linkages were observed among 68 disulfide-scrambled tryptic peptides. 

Figure 3 displays the level of scrambling occurring at pH 8 for each of cysteine residue as the percent abundances of the total intensities of all disulfide bonds including native and scrambled. In the partial reduction of protein digest, seven out of fourteen cysteine residues exhibit over 10 % disulfide scrambling. In particular, HC203 and LC213 comprise 36 % and 56 % of all disulfide bond abundances, respectively. Under the non-reduction condition, HC147 and LC213 show higher level of scrambling up to 27 % and 85 %, respectively. It is evident that when using pH 8 for protein digestion, whether non-reduced or partially reduced samples, higher level of disulfide rearrangement could occur. LC213 was detected as a hotspot for both conditions. 

To minimize disulfide bond rearrangement at basic pH, two sets of control experiments (non- and partial- reduction) were performed by adjusting the buffer pH to 7 and using NEM as alkylating reagent due to its thiol specificity and stability below pH 7, as described in the Experimental Section. Ninety percent of disulfide bond artifacts detected at pH 8 disappeared when neutral pH was used. Only four low-abundant non-native disulfide bonds were detected in the non-reduced digest and just one was detected in the partial-reduction digest. Six cysteine residues (e.g., HC147, HC264, HC324, HC370, LC23, and LC213) are involved in the formation of scrambled disulfide bonds detected at trace levels. This result indicates that sample preparation using neutral or lower pH significantly decreases shuffling. 


Figure 3. Levels of scrambling occurring at pH 8 for each of cysteine sites are observed from non- and partial- reducing experiments. Non-reduction: no reduction and alkylation for antibody digestion. Partial reduction: reduction with TCEP and alkylation with IAM. Cysteines are labeled by their residue number in L or H chain, e.g., HC264 denotes cysteine at residue 264 of H chain.

2. Fragmentation analysis of disulfide linked peptides
A central objective of this work was to identify as many disulfide-bonded peptides and their product ions as possible. This was done in the following manner:
(1) Analyze the characteristics of the disulfide peptide spectra and manually annotate their fragments.
(2) Identify product ions of each spectrum using information from the previous step.
(3) Annotate all fragment peaks that have reasonable isotope patterns in each disulfide spectrum
(4) Further evaluate the annotation by characterizing assigned product ions and their summed abundances in each fragment group as well as by examining the number and abundance of unassigned ions. If necessary, manually analyze the correctness of annotations. 
(5) Conduct a manual inspection to obtain new information if Step 4 finds incorrect or missed annotations. Then, cycle through steps 2 to 5 until no more significant ions are unassigned.

2.1 Overview of different types of fragments observed
In this section we introduce different types of product ions containing disulfide bond with an example spectrum. Then, we describe the general fragmentation features of HCD and ion trap spectra derived from disulfide-bonded peptides under low collisional energy.

Figure 4 shows an annotated MS/MS spectrum of a peptide containing an intrachain disulfide bond. A total of 100 unique product ions were identified with relative abundance greater than 1 % of the base peak, which constituted 92 % of the total ion intensity. Table 3 summarizes the 55 fragments having relative abundance above 5 % with a mass accuracy within 5 ppm. These fragments have been organized into three groups (Column 1 of Table 3, see the detailed notation in Table 1 in the Method section). 	Comment by Jaruga, Pawel (Fed): use 10-6 first

In this example, Group 1 contains 35 peptide backbone fragments all with an intact disulfide linkage. For example, the dominant peak at m/z 1478.229 of Group 1a, as shown in Figure 4A, corresponds to the doubly charged ion y9 of P1 linked to P2 via a disulfide bond. Aside from these ions generated by single peptide bond cleavage, more complex products arise from double cleavage such as the ions in the groups 1b and 1c. For instance, the peak at m/z 1533.752 formed by double cleavage of amide bonds was identified as the doubly charged ion involving the P1 residues from 5 to 15 linked to P2 via a disulfide bond, labeled as Int5_15 in Group 1b of Figure 4A. Another example is the doubly-charged internal ion at m/z 1373.158 consisting of the fragment a14 of P1 and the fragment b(2)12 of P2 connected by a disulfide bond (Group 1c of Figure 4A). Overall, Group 1 comprises a majority (71 %) of total product ion intensity and provides detailed peptide sequence. 

This example spectrum also contains five product ions arising from disulfide cleavage as shown in green color in Figure 4A and 4B, and Group 2a of Table 3. They were formed through the loss of H2S (e.g., 2+ y(2)17-H2S) or the addition of S (e.g., the singly and doubly charged ion y(2)17+S) in the C-S bond cleavage products. Group 3 includes 15 standard backbone fragments without a disulfide bond. Some of them are highly abundant, such as singly charged y6 of P1 and y(2)11 of P2. This group represents common backbone fragments, useful for sequencing both P1 and P2.

[image: ]

Figure 4. Different types of product ions in the MS/MS spectrum of a triply charged disulfide-linked peptide, SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLSSPVTK, at m/z 1186.257 with less than 3 ppm deviation from its theoretical value, from ion trap fragmentation (Lumos-FTIT) at NCE of 35 %. A. Sequencing disulfide linkage, and B. fully annotated MS/MS spectrum. The * symbol in red represents fragments from amide bond cleavages and contain the disulfide link. The annotation in green denotes fragments from C-S bond cleavage. 

Table 3. Fragment ion annotation in an ion-trap MS/MS spectrum of the charge 3+ disulfide linked peptide, SGTASVVCLLNNFYPR_S-S_VYACEVTHQGLSSPVTK. relab: relative abundance of specific product ions with respect to the base peak in a MS2 spectrum.

[image: ]


2.2 Key features in disulfide linkage fragmentation patterns 
Low energy collision dissociation of disulfide-containing peptides has both intact and cleaved S-S bonds. Cleavage of an S-S bond leads to the formation of fragments containing cysteine residue or cysteine thioaldehyde (-2 Da) while cleavage of C-S bond yields fragments with cysteine persulfide (+32 Da) or dehydroalanine (-34 Da). The dissociation of amide bonds can produce typical b/y ions, with or without intact and cleaved S-S or C-S bonds. 
 
We conducted a comprehensive analysis of disulfide bonds under fragmentation by low energy collision dissociation for 15 multiply charged disulfide-linked peptide ions (Table 4). They include ions of tryptic, semitryptic, and miscleaved peptides. Note that the absence of ions of three linkage sites (e.g., VH, VL and hinge) in the table is a consequence of those ions not producing sufficient fragmentation information for annotation (Table 2). Different types of fragment ions arising from the disulfide bond were examined using spectra acquired at NCE values of 16 %, 20 %, and 24 % for HCD as well as 35 % for ion trap. The last column shows the number of replicate spectra used in the calculation of median values. Three types of fragmentation patterns were observed, (1) amide bond cleavage products containing an intact disulfide bond are predominant fragments; (2) disulfide bond cleavages leading to minor yet extensive fragmentation; and (3) double cleavage products are common and significant fragments. These key features are more fully described below.

Key feature 1: fragments containing an intact disulfide bond predominate. For the purpose of finding major fragments in disulfide spectra, we examined a variety of product ions and divided them into three categories, as shown in Figure 5. One involves fragments containing an intact disulfide bond, labeled as DSB fragments in this analysis, the second are fragments not containing cysteine, labeled as non-DSB fragments, and the last set includes all unassigned peaks. 

DSB fragments make the largest relative contribution in the spectra for all peptides studied, with each yielding from 46 % to 76 % of total product ion intensity. Non-DSB fragments from peptide bond cleavage accounted for 14 % to 44 % of total ion intensity in the spectra, providing complementary sequencing information to DSB fragments. The unassigned peaks appeared to primarily arise from low-abundant fragments that cannot be recognized due to lack of isotopic data.

Table 4 Disulfide-linked peptide ions with varied amino acid compositions and charge states that were studied for fragmentation patterns under HCD and ion trap. The symbol * indicates semitryptic peptides.
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Figure 5 Comparison of three ion categories from 15 disulfide-linked peptide ions (Table 4) by percent ion intensity. DSB fragments: ions linked by a disulfide bond; Non-DSB fragments: ions not containing a disulfide bond; Unassigned: unassigned ions

Key feature 2: Extensive disulfide-bond cleavage observed at low level. Disulfide-bond fragmentation involving cysteine side chain breakage (i.e., C-S and S-S bonds) complement disulfide connectivity information. Such product ions have been reported as rare compared to amide bond breakage via the gas phase fragmentation of disulfide linked peptides by low energy collision dissociation.27-28 In contrast, we observed extensive cleavage products, although at low levels, arising from both S-S and C-S bonds, including cysteine residue, cysteine thioaldehyde (-2 Da), cysteine persulfide (+32 Da), and dehydroalanine (-34 Da). 

Figure 6 shows the distribution of observed disulfide cleavage products resulting from over 3,000 good-quality MS2 spectra of the five disulfide bonds studied in Table 4. The spectra were divided into four groups in terms of the number of disulfide cleavage products observed (e.g., peaks = 0 for no peaks from disulfide cleavage; < = 3; between 4 to 7; and >7). The percentage of spectra in each group over total replicate spectra (Column 7 of Table 4) were calculated for each bond linkage. These data indicate that most of linkage sites produced up to three fragments resulting from disulfide fragmentation, while two disulfide linkages (CH2 and H-L) yield prevalent disulfide bond cleavage. Over 92 % (H-L) and 59 % (CH2) of their total spectra contain 4 to 15 cleavage products arising from C-S bond and S-S bonds. This is because the two sites are made up of smaller peptides: SCDK_S-S_SFNRGEC and TPEVTCVVVDVSHEDPEVK_S-S_CK and its semitryptic peptides, which are more prone to have S-S and C-S bond cleavages. In our data, fragments resulting from disulfide cleavage were typically observed in low abundance, for example, the summed abundance of the C-S and S-S bond cleavage is from 1 % to 5 % of the total product ion intensity (data not shown). 

We observed more ions arising from S-S bond cleavage at lower charge states, whereas more ions from C-S bond cleavage were observed at high charge states. Figure 7 demonstrates the charge/energy-dependent changes in the HCD fragmentation of S-S and C-S bonds in the charges 4+ and 5+ TPEVTCVVVDVSHEDPEVK_S-S_CK. More intense S-S bond cleavage is evident in charge 4+ at HCD NCE 20 in Figure 7A, while more C-S bond cleavage products are seen in the charge 5+ at HCD NCE 24 in Figure 7B. This observation indicates (a). the number of mobile protons that are required to induce dissociation29 appears to have a significant effect on C-S and amide bond cleavage; (b). with fewer mobile protons, S-S bond tends to yield more cleavage as compared to C-S/amide bond.


Figure 6. Distribution of disulfide-bond cleavages among five disulfide linkages obtained from 3,200 high-quality MS2 spectra. Pks refers to fragment ions arising from disulfide cleavage. 

[image: ]
Figure 7. The charge/energy-dependence changes in HCD fragmentation of S-S and C-S bond of disulfide- TPEVTCVVVDVSHEDPEVK_S-S_CK at: (A) the 4+ charge at 20 NCE, and (B) the 5+ charge at 24 NCE.

Key feature 3: Double cleavage of disulfide-linked peptide ions are common. They are frequently observed for all disulfide peptides investigated in this study. The percent abundances of double cleavage ions range from 10 % to 35 % of total product ion intensity. The formation of disulfide-bonded double cleavage ions can be quite complex. They can be grouped into two categories. One involves either double cleavage of one peptide (internal ions) or a cleavage from each of two component peptides. The products of the second category result from the cleavage of both peptide backbone and disulfide bonds. Following backbone fragmentation, further fragmentation of the resultant fragments may be derived by the breakage of the disulfide bond. The number and abundance level of double cleavage products are energy- and charge-dependent. As expected, higher collision energy and charge values appear to increase the portion of double cleavages. As illustrated in Figure 8, dominant double cleavage products were observed in the HCD spectrum of the 7+ CH3 disulfide peptide. The large proportion of multiply charged major products (shown in green color) observed in the high m/z region can be assigned as arising from the sequential cleavage of both component peptides. The product ions were analyzed for the peptide in 4+, 5+, 6+, and 7+ charge states, showing relative abundance double cleavages at each charge as 1 %, 4 %, 10 % and 22 %, respectively. 

[image: ]
Figure 8. HCD spectrum of the 7+ disulfide-linked peptide ion at NCE 24 shows dominant double cleavage that generated a number of major internal fragments(green) containing a disulfide bond. 

2.3. Consensus Mass Spectral Library 
[bookmark: _Hlk51322463] We compiled a library of consensus mass spectra of all disulfide-linked peptide ions acquired in this study from the tryptic digest of the NISTmAb. Each of them arises from multiple spectra of the same peptide ion at a given collision energy. They were derived from the LC-MS/MS analysis of 82 runs under non- and partial reducing conditions. Spectra were included only if at least 60 % or more of all peak abundances could be confidently annotated. Over 10,000 replicate spectra underlie these consensus mass spectra. The spectral library contains 702 consensus spectra for 205 native and 223 scrambled disulfide-bonded peptide ions (e.g., sequence/modification/charge). Each entry in the library includes protein, cysteine position in sequence, disulfide bond, precursor m/z, elution time, normalized collision energy, and number of replicate spectra used for creating the consensus spectrum. Peaks in each spectrum are thoroughly annotated. This library is freely available online at https://chemdata.nist.gov/dokuwiki/doku.php?id=peptidew:lib:disulfidepeptides along with the search software.

2.4. Use of the library of disulfide-linked spectra in general antibody analysis
One potential utility of the mass spectral library is to evaluate the effectiveness of reduction in peptide mapping sample preparation. We demonstrate this using LC-MS/MS results from three different datasets, all of which were performed under conventional reducing conditions: Humira (a commercially available mAb drug),30 human plasma (a NIST reference material, SRM 1950),31-32 and NISTmAb prepared without second reduction.5 Note that the former two samples were prepared with a second reduction step. This analysis was carried out using the NIST MSQC Pipeline.33 It identified 5, 11, and 29 disulfide-linked peptide spectra in Humira, NIST SRM 1950, and NISTmAb using a match score threshold of 450 and mass error of less than 10 ppm, respectively. All identifications were manually confirmed and are shown in Supplementary Table 1. Figure 9 shows an example of a scrambled disulfide linkage between the heavy chain HC428 and light chain LC213 detected in the 2D LC-MS/MS analysis of human plasma reference material. In the reduced Humira experiments we found two native disulfide bonds. In the NIST 1950 plasma reference material three native and one scrambled linkages were found. Furthermore, in the NISTmAb analysis, which did not include a second reduction step, all five native disulfide bonds of constant regions as well as four scrambled disulfide bonds were detected. These observations suggest that: (1) low levels of disulfide-linked ions can be identified even after reduction in LC-MS analysis; and (2) the second reduction step often implemented in standard peptide mapping experiment34 is justified as few disulfide bonds were detected when this extra reduction step was done in Humira and NIST SRM 1950 analysis.	Comment by Jaruga, Pawel (Fed): use 10-6 first
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Figure 9. Head-to-tail plot of experimental and reference HCD tandem mass spectra of a scrambled disulfide-linked ion. It shows an experimental ESI-MS/MS spectrum acquired from 2D LC-MS/MS analysis of reduced human plasma reference material NIST SRM 1950 matching to the disulfide-linked peptide spectrum in the library, “GEC_S-S_WQQGNVFSCSVMHEALHNHYTQK”, at charge of 4+. The library spectral similarity score is 501 (1000 as highest).

Conclusion
In this study, we performed a detailed analysis of disulfide-linked peptides generated in the tryptic digestion of a reference monoclonal antibody, the NISTmAb.4 This was done both for understanding the fragmentation of these complex S-S linked peptides and for creating a reference mass spectral library for enabling others to readily identify these peptides.

For this purpose, a data analysis workflow of combining MS and MS/MS was developed, enabling the identification of all observable disulfide-linked precursor ions as well as the annotation of each of their individual product ions. This led to the identification and annotation of 428 disulfide-linked peptide ions with a variety of origins: fully-tryptic, missed-cleavages, irregular cleavages, containing Met/Trp oxidation, and metallated adducts. Based on these results, we effectively characterized relative level of eight native disulfide bonds and detected 55 additional disulfide linkages from shuffling in the LC-MS/MS analysis of the NISTmAb. As expected, the S-S bond shuffling at pH 8 was greatly minimized under neutral conditions. 

This analysis highlights the unique difficulties in a comprehensive analysis of disulfide-liked peptides especially where reduction is incomplete, either by design or not, and where fragmentation lacks readily identifiable fragment ions. Transforming these results into a spectral library will enable others to efficiently identify both native and scrambled disulfide peptides in general common proteomics analyses containing IgG1 antibodies. We showed that with a reference library of confidently assigned spectra, the unambiguous assignment of tandem mass spectra (MS/MS) to disulfide-linked peptide sequences can be easily done. We also demonstrated that this library can identify disulfide bonds of IgG1 proteins in reduced human serum digests, thereby providing a unique measure of the effectiveness of reduction methods in proteomics experiments.
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B: Quantitative analysis of disulfide bond linkages by non-reduction of of the NISTmAb 

0.25h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	70000000	2500000000	2100000000	22000000000	5300000000	4300000	2h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	23000000000	60000000000	110000000000	100000000000	55000000000	97000000	18h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	32000000000	61000000000	300000000000	90000000000	92000000000	1400000000	7000000000	




A: Quantitative analysis of disulfide bond linkages by partial reduction of of the NISTmAb 

0.25h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	0	3100000000	580000000	3700000000	7300000000	20000000000	2h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	1100000000	18000000000	22000000000	16000000000	49000000000	50000000000	1900000000	18h	HC22-HC97	HC147-HC203	HC264-HC324	HC370-HC428	LC23-LC87	LC133-LC193	HC223-LC213	HC229-HC232	VH	CH1	CH2	CH3	VL	CL	H-L	Hinge	130000000000	180000000000	250000000000	100000000000	14000000000	190000000000	30000000000	75000000000	
Absolute Abundance




Comparison of non-/partial reducing protocols using the level of disulfide scrambling at each cysteine
Non-reduction	HC22	HC97	HC147	HC203	HC264	HC324	HC370	HC428	LC23	LC87	LCs133	LC193	HC223	LC213	0	3.0898156370495165	26.6996686451395	0	2.4247288093452171	0	2.2927124859014687	10.030068402269118	0	0	13.868601689870076	3.9100832216417212	0	85.144486243254974	Partial reduction	HC22	HC97	HC147	HC203	HC264	HC324	HC370	HC428	LC23	LC87	LCs133	LC193	HC223	LC213	0	0	7.4613775949739392	35.518448301422822	17.927793258858966	4.0393091650841155	10.788686743140763	7.878737446091379	0	7.1483450245330804	12.275124385973994	23.477707588445014	13.713070941820153	55.97223542538039	
Relative Percentage of total disulfide bond abundance


DSB Fragment	6+	7+	3+	3+	4+	3+	4+	4+	5+	6+	7+	3+	4+	5+	3+	1320.494	1131.996	711.006	777.04	583.032	625.954	469.717	962.213	769.972	641.811	550.268	1186.257	889.945	712.157	421.169	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)	(10)	(11)	(12)	(13)	(14)	(15)	56.91	53.71	63.22	69.02	75.7	65.78	50.56	55.52	63.16	61.34	46.15	55.23	62.47	54.31	59.95	Non-DSB fragment	6+	7+	3+	3+	4+	3+	4+	4+	5+	6+	7+	3+	4+	5+	3+	1320.494	1131.996	711.006	777.04	583.032	625.954	469.717	962.213	769.972	641.811	550.268	1186.257	889.945	712.157	421.169	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)	(10)	(11)	(12)	(13)	(14)	(15)	29.31	28.8	33.200000000000003	28.8	22.1	27.3	43.75	21.25	15.4	14.38	29	29.65	28.7	27.2	20.3	Unassigned	6+	7+	3+	3+	4+	3+	4+	4+	5+	6+	7+	3+	4+	5+	3+	1320.494	1131.996	711.006	777.04	583.032	625.954	469.717	962.213	769.972	641.811	550.268	1186.257	889.945	712.157	421.169	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)	(10)	(11)	(12)	(13)	(14)	(15)	13.33	16.68	2.8	1.78	1.9	6.8	6.83	23.3	20.95	21.5	11.6	11.6	10.199999999999999	16.03	20	
Percent abundance of total product ion abundance




pks = 0	CH1	CH2	CH3	CL	H-L	DSB 2	DSB 3	DSB 4	DSB 6 	DSB 7	27.8	2.4	44.4	12	0	pks 	<	= 3	CH1	CH2	CH3	CL	H-L	DSB 2	DSB 3	DSB 4	DSB 6 	DSB 7	61.1	38.200000000000003	55.6	84	7.2	pks BTW 4 and 7	CH1	CH2	CH3	CL	H-L	DSB 2	DSB 3	DSB 4	DSB 6 	DSB 7	11.1	50.6	0	4	79.7	pks up to 15	CH1	CH2	CH3	CL	H-L	DSB 2	DSB 3	DSB 4	DSB 6 	DSB 7	0	8.8000000000000007	0	0	13	
Percentage of spectra with peaks
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class group cleavage site m/z ppm ion z sequence relab

985.8223 1.1 y9 3 CLLNNFYPR 5.5

1075.2040 1.9 y12-NH3 3 SVVCLLNNFYPR 18.5

1080.8790 1.4 y12 3 SVVCLLNNFYPR 25.4

1131.5491 2.2 b(2)16-H2O 3 VYACEVTHQGLSSPVT 10.2

1308.6421 1.0 b9-H2O 2 SGTASVVCL 6.4

1312.1265 1.0 b(2)8-H2O 2 VYACEVTH 19.5

1321.1309 0.3 b(2)8 2 VYACEVTH 32.8

1385.1595 0.2 b(2)9 2 VYACEVTHQ 47.0

1413.6871 4.6 b11-H5NO 2 SGTASVVCLLN 19.9

1431.2117 0.4 b11 2 SGTASVVCLLN 26.5

1478.2290 0.5 y9 2 CLLNNFYPR 100.0

1488.2318 1.3 b12 2 SGTASVVCLLNN 17.7

1504.7283 3.3 b(2)12-H2O 2 VYACEVTHQGLS 30.0

1513.7325 2.6 b(2)12 2 VYACEVTHQGLS 27.7

1527.7645 1.4 y10 2 VCLLNNFYPR 98.5

1539.2399 3.8 b(2)13-2H2O 2 VYACEVTHQGLSS 38.4

1553.2588 2.7 b13-NH3 2 SGTASVVCLLNNF 7.2

1557.2498 3.3 b(2)13 2 VYACEVTHQGLSS 48.7

1561.7668 0.7 b13 2 SGTASVVCLLNNF 26.0

1577.3018 3.3 y11 2 VVCLLNNFYPR 22.8

1612.3059 4.1 y12-NH3 2 SVVCLLNNFYPR 18.7

1625.7781 1.8 b14-H5NO 2 SGTASVVCLLNNFY 6.9

1629.3011 0.6 a14 2 SGTASVVCLLNNFY 6.6

1634.7865 0.1 b14-NH3 2 SGTASVVCLLNNFY 15.6

1641.3032 2.8 a(2)15 2 VYACEVTHQGLSSPV 18.2

1643.2998 0.1 b14 2 SGTASVVCLLNNFY 55.1

1646.7877 2.6 b(2)15-NH3 2 VYACEVTHQGLSSPV 30.1

1655.3022 1.8 b(2)15 2 VYACEVTHQGLSSPV 86.6

1696.8263 1.5 b(2)16-H2O 2 VYACEVTHQGLSSPVT 22.1

1705.8307 1.0 b(2)16 2 VYACEVTHQGLSSPVT 31.8

1b

double C-N 

cleavage in either 

one peptide

1533.7521 3.1 int5_15 2 SVVCLLNNFYP 13.1

1306.1199 4.1 b(2)13:y10 2 VYACEVTHQGLSS_VCLLNNFYPR 8.1

1329.6398 1.2 a14:b(2)11 2 SGTASVVCLLNNFY_VYACEVTHQGL 7.0

1373.1580 2.8 a14:b(2)12 2 SGTASVVCLLNNFY_VYACEVTHQGLS 44.1

1404.1790 4.9 b(2)14:y11 2 VYACEVTHQGLSSP_VVCLLNNFYPR 11.0

892.9614 1.2 y(2)17-H2S 2 VYACEVTHQGLSSPVTK 3.5

925.9394 3.3 y(2)17+S 2 VYACEVTHQGLSSPVTK 11.2

1456.7136 4.1 y12+S 1 SVVCLLNNFYPR 8.2

1772.8417 2.3 y16+S 1 SGTASVVCLLNNFYPR 17.1

1850.8861 4.6 y(2)17+S 1 VYACEVTHQGLSSPVTK 10.1

435.2348 0.6 y3 1 YPR 7.5

444.2815 0.4 y(2)4 1 PVTK 12.8

531.3135 0.4 y(2)5 1 SPVTK 7.3

582.3021 2.3 y4 1 FYPR 10.0

618.3459 0.3 y(2)6 1 SSPVTK 8.8

696.3465 0.2 y5 1 NFYPR 18.5

788.4503 1.2 y(2)8 1 GLSSPVTK 21.2

810.3889 0.5 y6 1 NNFYPR 51.8

899.4845 1.4 y(2)9-NH3 1 QGLSSPVTK 13.5

916.5110 1.3 y(2)9 1 QGLSSPVTK 12.0

923.4728 0.6 y7 1 LNNFYPR 40.9

1036.5577 0.3 y8 1 LLNNFYPR 29.9

1053.5677 1.0 y(2)10 1 HQGLSSPVTK 23.0

1154.6155 0.8 y(2)11 1 THQGLSSPVTK 44.5

1382.7231 3.1 y(2)13 1 EVTHQGLSSPVTK 11.5
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# Bond Domain 
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position

disulfide-linked peptide sequence

peptide 

class

# ion z

precusor 

m/z

replicate 

spectra

1 6 1320.494 42

2 7 1131.996 157

3 3 777.04 424

4 4 583.032 955

5 3 711.006 18

6 3 625.854 20

7 4 469.717 14

8 4 962.213 149

9 5 769.972 582

10 6 641.811 41

11 7 550.268 29

12 3 1186.257 17

13 4 889.945 277

14 5 712.157 475

7 H-L 223-213

missed 

cleavage

15 3 421.169 30
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264-324 CH2 3
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