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Introduction

Monoclonal
Antibody

Bispecific
Antibody

Fc-fusion
Protein

Antibody 
Drug

Conjugate

Antibody
Fragments

Enzyme 
Replacement 

Therapy

Antibody Ther, Volume 5, Issue 4, October 2022, Pages 280–287

Antibody or antibody-containing therapeutics approved by 
the FDA as of 31 March 2022.

The drug market of protein therapeutics has shown a remarkable expansion in last two decades.
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mAbs, 10:8,1236-
1247

 Classical IgG disulfide bond structures are well defined
 Complex disulfide architectures, such as Cystein Knots, are 

commonly found in enzyme replacement therapy molecules

Complex disulfide linkages represent a unique challenge in the
discovery and development of novel biologic modalities.

human arylsulfatase 
A PDB: 1AUKHuman IgG disulfide linkages

J. Am. Soc. Mass Spectrom. (2013) 
24:125Y133

 Disulfide scrambling due to the engineer Cys in 
scFv cause significant aggregate formation and 
a loss of biological activity

Enzyme replacement therapy (ERT)
Bispecific antibody 

with single chain Fv (scFv)
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Disulfide characterization, employing multi-attribute method (MAM), 
becomes increasingly important across a wide range of CMC activities

Clone selection

Process 
development Product 

characterization

Process 
characterization

Comparability

Nat Protoc 18, 1056–1089 (2023).
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Profile comparison method: Those peaks found in the non-reduced sample, but absent in the
reduced one, are considered to be disulfide-linked peptides

Disulfide bond mapping-Workflow

Purified protein samples 
Alkylation: 4-vinylpyridine 

in 8M Guanidine-HCl
Ethanol 

Precipitation

Digest by specific 
proteases (pH<6.7)

Deglycosylation if 
necessary, Stop 

reaction by adding 
equal or more 

volume 8M urea

Non-reduced 
fraction

Reduced fraction 40mM 
DTT/TCEP 
RT 0.5h

Profile comparison to 
find different peaks

LC-MS

LC-MS

Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021–4030

Traditional disulfide mapping analysis workflow to detect unknown 
disulfide linkage and disulfide scrambling
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LC-MS analysis for protein characterization, including peptide mapping and disulfide mapping, face significant challenge
due to up to 75% of unidentified peaks from current commercial software

Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping

J. Proteome Res. 2011, 10, 1785–1793

“Dark matter” 
in disulfide mapping

• A substantial fraction of the proteome’s 
‘dark matter’ is uncharacterized 
proteoforms, including single amino 
acid variants, isoforms and PTMs

“Dark matter” 
in bottom-up proteomics

“Dark matter” 
in top-down proteomics

• Top-down mass spectra: “Up to 75% 
of peaks are unassigned. Why do we 
tolerate this?”

23%

10%

Nivolumab (IgG4)-disulfide by Trypsin
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A risk-based approach is needed to establish an intensity threshold: Peaks above this threshold require
unambiguous identification.

DSB1: P1 ATLSCR

P2 FSGSGSGTDFTLTISSLEPEDFAVYYCQQSSNWPR

P3 SGTASVVCLLNNFYPRDSB2:

P4 VYACEVTHQGLSSPVTK

DSB3: P5

P6

GEC

GPSVFPLAPCSR

DSB4: P7

P8

LDCK

AEDTAVYYCATNDDYWGQGTLVTVSSASTK

DSB5: P9

P10

STSESTAALGCLVK

TYTCNVDHKPSNTK

DSB6: P11

P12

YGPPCPPCPAPEFLGGPSVFLFPPKPK

YGPPCPPCPAPEFLGGPSVFLFPPKPK

DSB7: P13

P14

TPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAK

CK

DSB8: P15

P16

NQVSLTCLVK

WQEGNVFSCSVMHEALHNHYTQK

Disulfide-containing 
species from a NR 
tryptic digestion of 
Nivolumab (IgG4)

Option 1a

• Highest intensity of wildtype peptide *0.5%

Option 1b

• lowest intensity of wildtype peptide *0.5%

Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping

Too few

Too many
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Molecular weight is the strongest predictor of a peptide’s ionization efficiency

J. Am. Soc. Mass Spectrom. 2 October 2024; 35 (10): 2297–2307

• Divide wildtype peptide into four groups:
Based on molecular mass (Da). (e.g. <700Da，700-1400Da，1400-2100Da，>2100Da)

• Define threshold:
For each mass range, calculate the medium intensity of wildtype peptide in this range, and the threshold of this range is 0.5% * med.

Thresholds = median intensity * 0.5%

Option 2: Mass range dependent intensity threshold

25%

Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping
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Challenge II: The difficulty for identifying disulfide-linked peptides is 
mainly due to the diversity of disulfide linkages

Challenge : Difficult to identify peptide sequence of each component in disulfide cluster

“1+3” 
mode

“1+2+1” 
mode

Multi-“1+2+2+1” mode

Intra-peptide or peptide with single 
Cys residue on each peptide

One or more peptide has two 
Cys residues

One or more peptide has 
three or more Cys residues

“1+1” 
mode

“2” mode

………

Type 1 (Simplest) Type 2 Type 3

Can only identify cluster of two peptides
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• ETD-CID/HCD MS3 strategy
to determine disulfide linkage:
ETD to generate partial
reduced products with single
disulfide bond
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C8GVRPGPGSFLFMGWSR==DGAC5RPC6S==FGEAWLGC9APR

C8GVRPGPGSFLFMGWSR==DGAC5RPC6S

DGAC5RPC6S==FGEAWLGC9APR

Pi2+

FGEAWLGC9APR

DGAC5RPC6S

C8GVRPGPGSFLFMGWSR

Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021–4030

“1+2+1” 
mode

Challenge : Difficult to determine disulfide connectivity

Challenge II: The identification of disulfide-linked peptides is challenging 
mainly due to the complexity of disulfide connectivity. 
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Limitation of ETD-CID/HCD MS3 methods

15

Key Technical Bottlenecks

Instrument with ETD and MS3 
capability

NanoLC is typically used to increase 
sensitivity

Method optimization for individual 
peptide target prevents automated 
data-dependent acquisition (DDA)

ETD low fragmentation efficiency

m/z
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P2

P3
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Disulfide mapping analysis based on In-Source Reduction (ISR)

In-Source Reduction (ISR) strategy to determine disulfide composition: The original non reduced disulfide-
linked peptide and its composing reduced peptides will have exact same RT
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Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021–4030
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Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021–4030

Fully compatible with data-
dependent acquisition (DDA) 

with CID/HCD/ETD

Disulfide mapping analysis based on In-Source Reduction (ISR)
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In-Source Reduction (ISR) strategy to determine disulfide linkage without ETD: ISR to generate partial 
reduced products with single disulfide bond
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Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021–4030

Disulfide mapping analysis based on In-Source Reduction (ISR)
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In-Source Reduction (ISR) strategy to determine disulfide linkage without ETD: ISR to generate partial 
reduced products with single disulfide bond 
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Disulfide mapping analysis based on In-Source Reduction (ISR)
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Integrated Experimental & Computational Workflow

mAb
Sample

In-Source Reduction 
(ISR)

Non-Reduced (NR)

Reduced (R)

Sample Experiment

Disulfide Peptide Features

- --- - Reduced Peptide Features

LC-MS/MS 
Analysis

NR/R peptide 
ID by 

commercial 
software

- --C-- - Reduced (+In Source) 
Peptide Features

Data Acquisition 1st IdentificationFeature Extraction

S·

Data 
Analysis 
Process

2nd Preprocess
1. Calculate mass-dependent intensity
thresholds for ‘dark matter’ filtering

2. Identification of R/ISR Peptides &
Generation of in silico disulfide-cluster
sequence database with accurate mass
by considering all possible combinations

Thresholds = median intensity * 0.5%
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3rd Identification

Data 
Analysis 
Process

Identification of disulfide peptides and connectivity
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Visualization 
Tool for Data 

Analysis

Annotate MS1/MS2 SpectraEnable Customized Input & Show Match Details

Read disulfide linked peptide directly from search 
results or from manual input

Generate all the possible linkage forms, and 
obtain the theoretical form from user input

Cysteine
Peptide
Disulfide

1

2

4th Manual 
Check
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Nivolumab (IgG4)-disulfide mapping by tryptic digestion

DSB1: P1 ATLSCR

P2 FSGSGSGTDFTLTISSLEPEDFAVYYCQQSSNWPR

P3 SGTASVVCLLNNFYPRDSB2:

P4 VYACEVTHQGLSSPVTK

DSB3: P5

P6

GEC

GPSVFPLAPCSR

DSB4: P7

P8

LDCK

AEDTAVYYCATNDDYWGQGTLVTVSSASTK

DSB5: P9

P1
0

STSESTAALGCLVK

TYTCNVDHKPSNTK

DSB6: P1
1
P1
2

YGPPCPPCPAPEFLGGPSVFLFPPKPK

YGPPCPPCPAPEFLGGPSVFLFPPKPK

DSB7: P1
3
P1
4

TPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAK

CK

DSB8: P1
5
P1
6

NQVSLTCLVK

WQEGNVFSCSVMHEALHNHYTQK

Although all disulfide cluster from IgG4 tryptic digest are simplest “1+1” mode, the identification rate
is still low.

25%

Disulfide-containing 
species from a NR 
tryptic digestion of 
Nivolumab (IgG4)
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ISR-assisted identification of disulfide-linked peptides with PTM

NR

R

ISR

 The EIC of precursor and in-source reduced peptides 

NQVSLTCLVK

WQEGNVFSCSVM(Oxidation)HEALHNHYTQK

Unmodified DS8:P15-P16 

DS8 oxidation variant
(P15-P16#)

P15

P16

P15:NQVSLTCLVK

P16: WQEGNVFSCSVM(Oxidation)HEALHNHYTQK

 Highly reduced peptides observed in the ISR Dataset

 MS2 of P15# and P16# in ISR dataset  Confident ID of DS8# in the NR MS2

1.9%
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ISR-assisted identification of disulfide-linked peptides with missed 
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SFNRGEC
NR

R

ISR

 The EIC of precursor and in-source reduced peptides  Highly reduced peptides observed in the ISR Dataset_42.9min

P6

P5#

DS3#: P5#-P6

P6: GPSVFPLAPCSR 
P5# SFNRGEC 

 Only the P6 Was Confirmed by MS2  Confident ID of DS5# in the NR dataset

4.2%
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ISR-assisted identification of low-level peptides with disulfide 
scrambling

NR
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ISR

STSESTAALGCLVK 

GPSVFPLAPCSR 

 The EIC of precursor and in-source reduced peptides  MS1 only evidence of the reduced peptide in the ISR dataset

P9 

P6 

P6-P9

P6:GPSVFPLAPCSR  P9:STSESTAALGCLVK  

684.8487
Z=2

 MS2 evidence of the P6-P9 in the NR dataset

0.6%
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ISR-assisted identification of low-level peptides with disulfide 
scrambling

 No MS2 available for NR disulfide-linked peptide cluster
 Identification of low-level NR peptide based on ISR peptide MS1 and co-elution assessment
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 Serum Albumin: A Multifaced Enzyme

Int J Mol Sci. 2021 Sep 18;22(18):10086.

ECCEKPLLEK

DS1: P1 TCVADESAENCDK

P2 LCTVATLR

P3 ETYGEMADCCAKDS2:

P4 NECFLQHK

DS3:

P5

P6

LVRPEVDVMCTAFHDNEETFLK

AAFTECCQAADK

DS4:

P7

P8

AACLLPK

CASLQK

P9

P10

VHTECCHGDLLECADDR

YICENQDSISSK
DS5: P11

P12 SHCIAEVENDEMPADLPSLAADFVESK

CCAAADPHECYAK
DS6:

P13

P14

DVCK

DS7:

P15

P16
QNCELFEQLGEYK
CCK

P17 MPCAEDYLSVVLNQLCVLHEK
P18 CCTESLVNR
P19 RPCFSALEVDETYVPK

DS8:
P20
P21
P22

EFNAETFTFHADICTLSEK
CCK
ETCFAEEGK

Disulfide-containing species from a NR 
tryptic digestion of HSA

Human Serum Albumin (HSA)-disulfide mapping by tryptic digestion
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 The EIC of precursor and in-source reduced peptides 
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 Highly reduced peptides observed in the ISR Dataset
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ISR-assisted identification of HSA-LT-DS3 (1+2+1 cluster)
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ISR-assisted identification of HSA-LT-DS3 (1+2+1 cluster)

Linkage 1？ Linkage 2？

 NR MS2 Spectrum does not provide definitive linkage assignment

 ISR MS2 enabled linkage assignment through identification of a partially reduced disulfide-linked peptide
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ISR-assisted identification of HSA-LT-DS7 1+2+2+2+1
 The EIC of precursor and in-

source reduced peptides 
 Highly reduced peptides observed in the ISR Dataset
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ISR-assisted identification of HSA-LT-DS4 1+3

 The EIC of  precursor and in-source reduced peptides  Highly reduced peptides observed in the ISR Dataset
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 ISR MS2 of P8 and P9  NR MS2 of data quality was insufficient for linkage ID
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The connectivity of “1+3” disulfide cluster may be assigned by comparing MS2 of reduced and ISR peptides

ISR-assisted identification of HSA-LT-DS4 1+3
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Serum Albumin: A Multifaced Enzyme

Int J Mol Sci. 2021 Sep 18;22(18):10086.

Human Serum Albumin (HSA)-disulfide mapping by non-specific 
enzyme digestion (pepsin)
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Internal peptide
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ISR-assisted identification of peptide cluster with 2 intra-disulfide 
bonds
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 The EIC of  precursor and in-source reduced peptides 
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 Highly reduced peptides observed in the ISR Dataset

 ISR MS2 of P1  NR MS2 of P1-P2, data quality was insufficient for confident ID
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ISR-assisted identification of peptide cluster 1+3
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NR

 The EIC of  precursor and in-source reduced peptides 
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ISR-assisted identification of peptide cluster 3+3
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The same principle can be applied to tackle ‘dark matter’ in other LC-MS based 
protein characterization such as intact mass and peptide mapping analysis. 

This ISR-assisted integrated workflow has the potential to totally transform conventional disulfide 
mapping by significantly simplifying the process and making it as straightforward as routine 
reduced peptide mapping.

Summary
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