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The drug market of protein therapeutics has shown a remarkable expansion in last two decades
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Monoclonal Bispecific Fc-fusion Antibody Enzyme Antibody
Antibody  Antibody Protein Drug Replacement Fragments
Conjugate Therapy
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Antibody or antibody-containing therapeutics approved by
the FDA as of 31 March 2022.

Antibody Ther, Volume 5, Issue 4, October 2022, Pages 280-287
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i Complex disulfide linkages represent a unique challenge in the
= discovery and development of novel biologic modalities.
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. Disulfide characterization, employing multi-attribute method (MAM),  WuxiBiologics
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. becomes increasingly important across a wide range of CMC activities ==

& UHPLC Orbitrap e s Comprehensive multi-attribute method workflow for
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. Traditional disulfide mapping analysis workflow to detect unknown  WuxiBiologics
= disulfide linkage and disulfide scrambling —t

Profile comparison method: Those peaks found in the non-reduced sample, but absent

reduced one, are considered to be disulfide-linked peptides

Alkylation: 4-vinylpyridine Ethanol
Purified protein samples —> in 8M Guanidine-HCI Precipitation

Digest by specific

* proteases (pH<6.7)

. } \ ’ \ /\ f \ LC-MS Non-reduced
<« fraction
Reduced fraction 40mM
Profile comparison to DTT/TCEP
find different peaks RT 0.5h

Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021-403/
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Deglycosylation if
necessary, Stop
reaction by adding
equal or more
volume 8M urea
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E- Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping Gt con P gl

LC-MS analysis for protein characterization, including peptide mapping and disulfide mapping, face significant ch
due to up to 75% of unidentified peaks from current commercial software

“Dark matter” “Dark matter” “Dark matter”
in bottom-up proteomics in top-down proteomics in disulfide mapping
nature methods .
— Nivolumab (IgG4)-disulfide by Trypsin
§_ Al profeolmics: from proteinidentificationto
Irel i I 10000
I virtualcells 8,935
isctope clusters n = 101726
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e Coverage
383
g o o
o- SEPTEMBER 23-26 ¢ All features NR /R NR /R
— ! comariems e [ > 10 > 10 and identified
2 3 4 5 6 7 8 9
Intensity log(10)
J. Proteome Res. 2011, 10, 1785-1793 Fr s
Analytical Biochemistry
e A substantial fraction of the proteome’s *  Top-down mass spectra: “Up to 756% fourns
‘dark matter’ is uncharacterized of peaks are unassigned. Why do we Chamsctaioston o tsclode modifeation i antod
. . . . H 12 aracterization ol trisu € modification in antibodies
prOteOformsy InCIUdlng Slngle amlno to,erate thIS ? Sheng Gu, Dingyi Wen *, Paul H. Weinreb, Yaping Sun, Lihe Zhang, Susan F. Foley, Rashmi Kshirsagar, -
. . . David Evans, Sha Mi, Werner Meier, R. Blake Pepinsky
acid variants, isoforms and PTMs S
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E- Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping Gt con P gl

A risk-based approach is needed to establish an intensity threshold: Peaks above this threshold req

unambiguous identification.

DSBL: Pl  ATLSCR Option 1a

DSB2:  P3  SGTASVVCLLNNFYPR Disulfide-containing 8,935

P4 VYACEVTHQGLSSPVTK species from a NR
. tryptic digestion of

: Nivolumab (IgG4)
P6  GPSVFPLAPCSR £ -
00 jew
DSB4:  P7  LDCK . f
I_| . 100

All features NR > threshold ~ NR > threshold
and NR/R > 10

P8  AEDTAVYYCATNDDYWGQGTLVTVSSASTK

DSB5: P9  STSESTAALGCLVK

I_I
P10 TYTCNVDHKPSNTK

Option 1b
 lowest intensity of wildtype peptide *0.5%

10000

DSB6: P11 YGPPCPPCPAPEFLGGPSVFLFPPKPK

8,935

| |
P12 YGPPCPPCPAPEFLGGPSVFLFPPKPK

DSB7: P13 TPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAK =
g 6000 5,254
P14 CK %
2 4000
DsB8: P15  NQUSLTELVK Too many
2000 1,418
P16 WQEGNVFSCSVMHEALHNHYTQK
e - All features NR > threshold  NR > threshold
Cenns and NR/R > 10
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E- Challenge I: ‘Dark matter’ in LC-MS analysis and disulfide mapping

Option 2: Mass range dependent intensity threshold

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

* Define threshold:

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

identified

25%

" Wildtype-NR Selected Intensities by Mass Bin
. f.,:'.)fl E 1.0e8 e — l
10°4 aee g T 10.0K{ g 935
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2 5 ' 8.0K1
o5 1.0e7 '
. | & QLo EEES )
4 2 c 6.0K; (186)
1079 2 ’ =2 unidentified
£ o
& g 1.0e6 4.0K+
N""0-700 700-1400 1400-2100 >2100 2.0K1 913
1 .
102 4 b4 :____' Mass Bin — 249
— - : 0 , ,
1000 2000 3000 4000 5000 6000 i Thresholds = median intensity * 0.5% All Over Over thr
MW (Da) threshold + NR>10R

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

Molecular weight is the strongest predictor of a peptide’s ionization efficiency
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Challenge Il: The difficulty for identifying disulfide-linked peptides is

WuXi Biologics
mainly due to the diversity of disulfide linkages
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Challenge : Difficult to identify peptide sequence of each component in disulfide cluster I

Type 1 (Simplest) Type 2 Type 3

Intra-peptide or peptide with single

One or more peptide has two
Cys residue on each peptide

One or more peptide has
Cys residues

three or more Cys residues
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Challenge Il: The identification of disulfide-linked peptides is challenging WuXi Biologics
=“ mainly due to the complexity of disulfide connectivity.
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Challenge : Difficult to determine disulfide connectivity

RETURN TO ISSUE ARTICLE XT

Determination of the Disulfide Structure of Murine Meteorin, a Neurotrophic Factor, by LC-MS and Electron @
Transfer Dissociation-High-Energy Collisional Dissociation Analysis of Proteolytic Fragments
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E- Limitation of ETD-CID/HCD MS3 methods

& %900@03
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Relative Intensity

WuXi Biologics

c/z ions (ETD)
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P1-P2-P3
ETD low fragmentation efficiency
P1 P1-P2
I I I l I l I I 11
m/z

M b/yions (HCD) MMM Partial reducedion

Key Technical Bottlenecks

Instrument with ETD and MS3
capability

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

PRM
[=]] Orbitrap Identification

),

Separation Fragmentation Separation

NanoLC is typically used to increase
sensitivity
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E- Disulfide mapping analysis based on In-Source Reduction (ISR) oa oot s

In-Source Reduction (ISR) strategy to determine disulfide composition: The original non reduced disulfic

linked peptide and its composing reduced peptides will have exact same RT

43.7
P1 LTLGGPDPGTRPSIVC,;LRPERPFAGAQVFAER
cl1em|stry pubsacsorgac
. X ) 954.73
Complete Mapping of Complex Disulfide Patterns with Closely- P2 C.MR
Spaced Cysteines by In-Source Reduction and Data-Dependent Mass 4 [P1==P2]%*
Spectrometry
Christian N. Cramer,”*® Christian D. Kelstrup, Jesper V. Olsen,” Kim F. Haselmann,”
and Peter Kresten Nielsen™"
[P1==P2]5* I“‘ll
@
g 763.99 Time (min)
©
el
f
>
o
<
g
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g \
Y 369
\
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Alm 1147.59
L N s JMIn h Jm Sl
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600 700 800 900 1000 1100 1200 1300

m/z Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021-4030
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E- Disulfide mapping analysis based on In-Source Reduction (ISR)

A
175.12
100 vyl
920
DDA P2 C,MR HCD
80 409.17
30 minutes a2 Pi
UM\/\ JLR\ .
] 207.06
c -
J oML L VL-NH3
c
350 158.06
<
[
Precursor Scan (MS1) 2 .
Fragments only a © 40 Pi-NH3
subset of peptides E
30
22 392.14
MSIMS of 209 11607 b2 280.13
Orange Peptides 144.06
10 235.06 272.11
130.10 190.04 306.16 374.13
MSIMS of 218.03 1 261.10 . -
s 322.64 347.12 424.24 442.20
Blue Peptides 0 el L* e M V",,‘,,,A,“,,,W,,,W”&‘,,, Pt ,,lw,,,w,,,w,,,,‘,,,,V,,,‘,,,Wlﬂ,w”,w,,V,,,‘,,,w,,,w,,w”,‘
100 150 200 250 300 350 400 450
MS/MS of
Green Peptides
b 100 P1  LTLGGPDPGTRPSIVC,LRPERPFAGAQVFAER ETD 1704.90
12+
90 1378.24 Pi
MS/MS of |
Yellow Peptides 80 507235 75 YZ 5 z
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E- 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

RETURN TO ISSUE PREV  ARTICLE  NEXT>

analy sty -

Complete Mapping of Complex Disulfide Patterns with Closely-

Spaced Cysteines by In-Source Reduction and Data-Dependent Mass View Authornformation

Spectrometry © Citethis; Anal Crem 2017,89,7,4021-4030 A Vs

o N Publication Date: February 28,2017 - 508 1
Christian N. Cramer, " Christian D. Kelstrup,” Jesper V. Olsen,” Kim F. Haselmann,’ hitps://dol.org/10.1021/acs. analchem. 6004600

; ot Copyright © 2017 American Chemical Society
and Peter Kresten Niel S

*Protein Engineering, Global Research, Novo Nordisk A/S, Novo Nordisk Park, 2760 Malav, Denmark
“Proteomics Program, The Novo Nordisk Foundation Center for Protein Research, Faculty of Health and Medical Sciences,

University of Copenhagen, 2200 Copenhagen, Denmark

C;GVRPGPGSFLFMGWSR==DGAC,RPC;S==FGEAWLGC,APR

Tuitter (1)
1 W Vendeley (17)

Determination of the Disulfide Structure of Murine Meteorin, a Neurotrophic Factor, by LC-MS and Electron
Transfer Dissociation-High-Energy Collisional Dissociation Analysis of Proteolytic Fragments

Dingyi Wen'(®, Yongsheng Xiao, Malgorzata M. Vecchi, Bang Jian Gong, Jana Dolnikova, and R. Blake Pepinsky
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80
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E- Disulfide mapping analysis based on In-Source Reduction (ISR) G somnronar

In-Source Reduction (ISR) strategy to determine disulfide linkage without ETD: ISR to generate partial
reduced products with single disulfide bond

| E— | I
mMS2 L _2_13_‘;‘ ; ZbZI
2 F—G+E-—A+—~W—L+G+Cy—A—P—R
| I Lo Lo
334.13 2y9 /2y8 12y6 12y5
100
90 3 948.91  1006.92
. 1y7/P2 pi2+
80
= 205.09
70 272.17 P2+SH
e 208 2y8-S p2-sH, 12383
S 60 405.17 =M
2 9 o 840.27 1172.57 1y3/P2
3 50 U320 P1-SH 509.64
& 405 —1 _905.39 1291.48
Q —
R 563.25 Qv\3/2v9
3 72524 | % | P1/2v6
20 5 659.28 | y 1404.57
3 475.20 17
L ] o N
UL, LML e Ll d bt AN NI VN | Y .
A R N A I R N R R R N R RN A R AR NN AN RN LA RS RN AN RN RN RARRN RN
200 400 600 800 1000 1200 1400 /19

m/z Wen. D, Y. Xiao et al., Anal. Chem., 2017, 89 (7), pp 4021-4030
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E- Integrated Experimental & Computational Workflow or oot

Sample Experiment Data Acquisition Feature Extraction
> Non-Reduced (NR) > % Disulfide Peptide Features
%f Q
[ 3¥n-Source Reduction —> LC-MS/MS ‘ : | -%--C--%&-  Reduced (+In Source) NR/R peptide
mAb g (ISR) Analysis S: Peptide Features ID by
Sample | . commercial
software
& Reduced (R) B -3<---%- Reduced Peptide Features

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

2. Identification of R/ISR Peptides &
Generation of in silico disulfide-cluster

2"d Preprocess

sequence database with accurate mass
by considering all possible combinations

Wildtype-NR Selected Intensities by Mass Bin

T 1.0e8 s eeooqee ISR-Pep
Data g ‘ % + S
Analysis . B 06000006 R
Process R n(peptide) & [1, 4] l Permitation &
2 Combination
i G 0+0 — ik Wk Wik |
: 0-700 700-1400 1400-2100 >2100 : J' :
1 Mass Bin
1
i _ Thresholds = median intensity * 0.5% D P [~

(Based on reduced MS data)
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3rd |dentification

Data
Analysis
Process

Confidential

Identification of disulfide peptides and connectivity

e

NR Feature Screening&Candidate Generation

Disulfied-linked peptide candidates

Disulfied related feature(NR)
NR Feature Component1 Component2 Component3
C m/z | RT Seq1 RT Seq2 RT Seq3 RT
>
= TYTCNVDHKP
S SNTK 32.63 TAALGCLVK 32.77
c VYACEVTHQG
= 827.748 | 32.85
1 | | [y [l it 54.74 LGCLVK 46.6
oz NQVSLTCLVK | 48.51 [TYTCNVDHKPSN| 35.18
lSearching
AACLLPK | 49.01 |AAFTECCQAADK| 4g.o7 [LYRPEVDVMET] 4 o4
TIERLERE A0i08 LVNEVTEFAKTCVADE
AACLLPK 49.01 CCK 61.30 o incokanmirend 26.72
/ Orthogonal Evidence-Based Identification \
MsS1 MS2 of P1 MS2 of P2
In ISR: Candidates co-elutes with NR precursor
: RT shifted relative to R = P1-P2 . PERTIDE - PCRTIDE
ISR confirmation 2| P1 D ‘a
P1 and P2 r 9 P2 2 9
- : SIRNRIRRIEIRANRN
a | | 1 l | I | | 1 I I
5 P m/z m/z m/z
&
: MS1 MS2 of P1-P2
ISR e
FERCIDE
J U \ R - P1-P2 > §—s|
RT(min) b= @ PERTCIDE
NR further confirmation & 8
2l JF |
L ] doa b
\ m/z m/z /
_—\
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Customized Input & Show Match Details
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Read disulfide linked peptide directly from search

O Cysteine
— Peptide
~ Disulfide

Generate all the possible linkage forms/and
obtain the theoretical form from user input
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WuXi Biologics

E- Nivolumab (IgG4)-disulfide mapping by tryptic digestion Gomsomrovo

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

is still low.
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— Disulfide-containing
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_ tryptic digestion of 10.0K+
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DSB7: P1  TPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAK All Over Over thr
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1 CK
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== ISR-assi i ificati f disulfide-link i ith PTM R Diolodlcs
: SR-assisted identification of disulfide-linked peptides wit

\ . . N . . . M
» The EIC of precursor and in-source reduced peptides > Highly reduced peptides observed in the ISR Dataset N
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= ISR-assisted identification of disulfide-linked peptides with missed  wuxiBiologics
HE Global Solution Provider
[ | CIeavages J
« : . . . R
> The EIC of precursor and in-source reduced peptides »> Highly reduced peptides observed in the ISR Dataset_42.9min DS3#: PS#-P6
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ISR-assisted identification of low-level peptides with disulfide

scrambling

» The EIC of precursor and in-source reduced peptides
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© o
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> MS2 evidence of the P6-P9 in the NR dataset
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» MS1 only evidence of the reduced peptide in the ISR dataset P6-P9
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=, ISR-assisted identification of low-level peptides with disulfide WuXi Biologics
= scrambling ——

» No MS2 available for NR disulfide-linked peptide cluster

» ldentification of low-level NR peptide based on ISR peptide MS1 and co-elution assessment

» The EIC of precursor and in-source reduced peptides » MS1 only evidence of the reduced peptide in the ISR dataset
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u . . . . . . . WuXi Biologics
== Human Serum Albumin (HSA)-disulfide mapping by tryptic digestion Hebpatm s T
| A
T f L N
» Serum Albumin: A Multifaced Enzyme DS1: Pl  TCVADESAENCDK
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E- ISR-assisted identification of HSA-LT-DS3 (1+2+1 cluster) oot

N . . . . . N
» The EIC of precursor and in-source reduced peptides » Highly reduced peptides observed in the ISR Dataset
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E- ISR-assisted identification of HSA-LT-DS3 (1+2+1 cluster)

0.8

NR MS2 Spectrum does not provide definitive linkage assignment

File: HNSA_LTHNR Scan Number: 9890
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== ISR-assisted identification of HSA-LT-DS7 1+2+2+2+1

WuXi Biologics
Global Solution Provider
| | ‘
H \ ~ . . . N\
»  The EIC of precursor and in- QNEELFEQLGEYK > Highly reduced peptides observed in the ISR Dataset
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[ . . . g . WuXi Biologics
= ISR-assisted identification of HSA-LT-DS4 1+3 e

~ . . . ~
> The EIC of precursor and in-source reduced peptides » Highly reduced peptides observed in the ISR Dataset
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E- ISR-assisted identification of HSA-LT-DS4 1+3

WuXi Biologics

Global Solution Prvviderr

The connectivity of “1+3” disulfide cluster may be assigned by comparing MS2 of reduced and ISR peptides
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. Human Serum Albumin (HSA)-disulfide mapping by non-specific

" enzyme digestion (pepsin)

Serum Albumin: A Multifaced Enzyme

Cys567 Metl23 Cysl24 Cys34
\/ Cys75
';5_ . Met87 2 1P /
2 NN

ys3 Cys91
Cys90

Cysl01

' E A Cys265

g | - ~S /
Cys487 /( : , Cys200
Met446
Met298 IE%J Met329

Int J Mol Sci. 2021 Sep 18;22(18):10086.
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== ISR-assisted identification of peptide cluster with 2 intra-disulfide detabhatontic’

Internal peptide

——
VVLNQLCVLHEKTPVSDRVTKCCTESLVNRRPCFSAL
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T ISR-assisted identification of peptide cluster 1+3 !XSZ&LEE&‘S,?"_‘“

. : : A . : : ™
» The EIC of precursor and in-source reduced peptides »  Highly reduced peptides observed in the ISR Dataset
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. - - u gom - - 1 1 H
== ISR-assisted identification of peptide cluster 3+3 X Dlokgles
| J
. . . E
> The EIC of precursor and in-source reduced peptides »  Highly reduced peptides observed in the ISR Dataset OS. P1.p2
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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.

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.
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