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Antibodies Structural Questions

4 CDRs direct binding
of target molecule
(antigen)

@ mannose

WV fucose
O galactose

Schematics of immunoglobulin G1, IgG1
CDRs: Complementarity Determining Regions

Seqguence verification,
fast & artifact-free

Modifications: oxidation,
deamidation, glycosylation...

CDRs connectivity
Light&heavy chains pairing
Mixtures: LC-MS/MS

de novo sequencing
Disulfide bond scrambling
Ligand, drug binding (ADC)
Aggregation

High order structure  :



MS/MS-Based Approaches For IgG Analysis
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MS/MS-Based Approaches For IgG Analysis
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Extended bottom-up MS for IgG characterization

6@ O ¢ 9"/ Sap9 —> aspartic protease from Candida albicans,
P AL active in a broad pH range, with cleavage preference for
IIJ dibasic sites (e. g., RR, KK) or proximal dibasic sites in
LJ slightly acidic conditions.
Sap 9 digestion
oH 5.5 v IgG deamidation:
% - Major quality attribute
3 :*7 DA - Alters antigen binding when occurs in CDRs

- Classic bottom-up: Basic digestion pH 2>
artifactual deamidation
- Inefficient enzyme digestion at lower pH

EXTENDED Bottom-Up

T e e Sap9 digestion:
V”“DASNuqﬂcﬂpsmﬁslds}qsqmtqmr1151 - Fast: 1 hour

- lsmpEtnffwcmwL';;;ZEGGTKVEIK - Slightly acidic pH: 5.5 - 6.0:

YN, 1 No artifactual deamidation

: y313+ bzsz*'NHa
s J
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Extended bottom-up MS for IgG characterization

é\Qr (% Sap9 > aspartic protease from Candida albicans,
f“J_ %) active in a broad pH range, with cleavage preference for
f;jlg dibasic sites (e. g., RR, KK) or proximal dibasic sites in
810) slightly acidic conditions.
Sap 9 digestion
P legess Ion# Trastuzumab
' iy Light chain: Sequence coverage: 100 %
= 3 DtIIQIMITIQISIPLSISILISIAISIVIGIDIRlvlTII1T1cRAtsquM@npwpqmﬂompeKLA1P KDY SAS
FLWIS|GVIP SR Sl SRISIGTDIF LTSI ILIIPLERIFATTY M QU T PP FlGlQG THVIELTIKR T
3-7kDa MVAAPISVFIZIFIPLPISIDIELQILIKISIGITIAS IVIVICILILININIFIPIR ELAIKIVIQWKIVIDINIALLIQISIGLN / n )

EXTENDED Bottom-Up

0 10 030 Time (min) 40 50 60 70
Yo"
DASNLIEITIGVIP SIRIFISIGISIGIS G(TDIFITFT I{S]
(SILIQP EDITIALTLY FCQHF DIHL PLAF GGG TKVE IK
3+ 2+
Y Y Yas
y 2 -NH,

e 3+
Yar bzsz*'NH 3
5 . 34
3 ,V 35

800 900 1000 1100 1200m/ 1300 1400 1500 1606
z

SLAESMTEPIS KPSTSILSISTLTLSIKAPIEKHIKUY A EVTHQGILSIS PVTISIFN
IRIGIElc
(Average: 3.5 kDa, 4.0+)

Heavy chain: Sequence coverage: 100 %
EVIQUVIELslGleleiVIQPIGIGISILIRILISICAIALSIGFNITIDITY T HIWVIRIQUAPIGIKIGILEWIVIAIRLZLYIP
]\T{@l@lﬂﬂﬂv‘mD}S}VIKIGLRIFLT{11S‘LA}01T1s{KINIT{AlvlLIQIMINISILIRIME pIMAMYVICISRIWGIGpIG!
FYAFDIYIWGQGITILIVITIVISISIASITIKIGIP SMIFIPILIALP S SKIS TIS GG TAAL GIC LVKIDYFIPLELPVITIVIS
WNSIGAILTSIGVHITFPAVILRISIS ALV L s spviTVEP s 5 STLGTTIRITI T IMVNMHIKEPLS NTHKVID!
IKIKMVEIPIKISIc DIKITIHITlPIPLcPIAPLELLILIGIGIPSIVIFILIFIPIPIKIPKDLIMTISIRITIPEV T lvivivID!
SHIELDIP EWVIKIFINIWLYIVIDIGIVIEIMHIMAKTKPIRIELELQYY (N7 n) sty RvvsiviLiTVILIHIQIDWLINIGLKY
EVIKIIISLON/ m IKIAILIPIAPLTIEKITITSIKIAKIGlRl PRIEPRIVIYITILIPL S RIEEMITIKINIQIVIS\L ATl
IMKIGFYIPLS DITIAVIEWEISINIGIRIPLEL N/ ) INYKITITPLPVIL DS IDGSIF RIS KILTVID SR
lalel N/ MASIcSIVIMHEAILHINHIYTIRIKISILISIL S PG

(Average: 3.3 kDa, 4.2+)
O CDR deamidation hotspot
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Harris et al., ] Chrom B, 2001, 233-245



Deamidation assesment by e-bottom-up with Sap9

Sap 9 Lc peptide containing Ny, Sap 9 Hc peptide containing N

Trastuzumab

~0.5% deamidated to

Deamidated Asp
o Asp |
B R e L
Tryptic Lc peptide containing N, Tryptic Hc peptide containing N-.
ﬂ Deamidated species
Deamidated
o Asp Kx
) A ) }

26 28 30 32 1% 17 18 19 T T 200 T T 21 7
Time (min) Time (min)



Deamidation assesment by e-bottom-up with Sap9

Sap 9 Lc peptide containing N, ETD spectrum with IsoAsp.s diagnostic ions
= | MHH]-NH,

[M+2H]*

i (c;+58)

z}*‘
. M+HJ*
Deamidated z; _: [ ik
/to Asp 2+ zt 7 J
38 39 40 41 250 350 450 550 650 750 850 950 1050 1150
Time (min) m/z
Tryptic Lc peptide containing N, Tryptic Hc peptide containing N-.
ﬂAsp55
Asngc |5"0A5I055
Deamidated
o Asp Kx
26 28 30 32 16 17 18 19 20 21 ¢

Time (min) Time (min)



Six 1gGs mixture by e-bottom-up with Sap9

Rituximab-Hc
MtH‘{wvtK{QlT PGRGLE]

600 700 800 900 1000 }100 1200 1300 1400 1500 1600
m/z

Rituximab-Lc

(I HWFIQIQKIPGIS{SIPKIPIWT Y
AISIGIVIPVIRIF SIGSGGTISIYSILTII SIR

j, 3+

A

|| L L1 Iu |
400 500 600 700 BUDMIZQDO 1000 1100 1200 1300 1400

Panitumumab-Hc
QVaoiL tQtE‘leclp GILIVIKIP{S ETILISILITICHT

700 800 900 1000 1100 ,;200 1300 1400 1500 1600 1700
m

800

Panitumumab-Lc

900 1000 1100 1200m1300 1400 1500 1600

1700

Natalizumab-Hc

L
300 400 500 600 m 700 800 900 1000 1100
z

Natalizumab-Lc
D TIQIITIQISPLSISILISIASVIGRVTITCH

300 400 500 600 700 800
m/z

Identification of proteotypic peptides with two CDRs;
Sequence coverage > 90 % in a mixture



MS/MS-Based Approaches For IgG Analysis
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Top-Down View on IgG: 150, 100, 50, 25 kDa subunits
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Middle-up and —down MS workflows: Ides proteolysis

Intact IgG F(ab’),  100kDa Lc Fc/2 Fd
_/ ’\ /\/l‘) IdeS Reduction (:j o) sope 25 kDa /:/
EE— —>
fJIL"\ 30 min ; f‘“f\ _ Denaturation 5 ,»45 &

A5

Mixture

P
GD

150kDa Fc

s Spectral
' <
__{___I interpretation
: | | TR
300 460 560 600 760 800 232 1000 1100 1200 1300 1400 1300
Data analysis ETD MS/MS UPLC
* Ides cleaves in formulation buffer: no artifacts e Upto-68% sequence coverage
e Quick protocol, sample preparation in less than 1h ¢ Glycosylation site identified
e CDRs 1, 2 & 3 sequenced e Effective in IgG mixtures analysis
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Oxidation assesment with middle-down MS

Methionine oxidation:

- In Fc it alters binding to
neonatal Fc receptor

- Negative impact on IgG half M native

Fc/2 Fc/2 Lc Fd

life and pharmacokinetics l oxidized
e s
10 11 12 13 14 15 16 17 18 19 20
Time (min)
s Jati 17599 Da, 15t oxdalon  .15.99 Da, 2nd oxidation
Tryptophane oxidation: — — o —— ]
. . L \ |
- If in CDR it alters binding to i
. Fc/2 GOF !
antigen [M+27HI™* |
|
|
|
|
|
|
i
|
|
| Mﬂ“lﬁwﬂw
934.0 9345 935.0 935.5 936.0 936.5
mz 13

Fornelli et al., Anal. Chem. 2014, 3005-3012



Oxidation assesment with middle-down (ETD) MS

Middle-Down MS: [
confident assignment 2; AR 22
of the oxidation sites PE-LELCICLLL] 1 75
* 76 E 1 123100
101 =— - = 125
126 = — 150
T 151 s e 175
173t 176 et} 4 200
201 =+ 2—210 T

*

Hlllll |

634, 635 @ 636
m/z

300 400 500 600 700 800 900 1000
m/z

1100 1200 1300 1400 1500 1600
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Fab (50 kDa) analysis with middle-down (ETD) MS
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\@ 2x F(ab) %
5‘\ SV 20

50 kDa e " The disulfide bond
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Fab (50 kDa) analysis with middle-down (ETD) MS

33
ETD 344 ETD i

L

35
364 Trastuzumab Adalimumab

200 Th isolation windows
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1100 1200 1300 1400 1500 1600 1700 1500 1900 2000 2100 2200 2300 mis
\ / 281

Natalizumab

Fc peak, can be 30+

eliminated using

protein A after
digestion ™~

UULUULJLJJu 1 L

.......................................

1400 1500 1600 1700 1800 nv21900 2000 2100 2200 2300 2400 2500

ETD product ions are assigned
using Prosight PC 3.0

TI T [T T T T [T T T T [ T T T T [T T T T [ T T T T T T T T T T T T [ T T T T [ T T T T [ T T T T [T T TT [ T T T T T T T T [ T T T T [ T T T T T 16

13.0 135 14.0 145 15.0 155 16.0 16.5 17.0 175 18.0 185 19.0 195 20.0 205
Time (min)



Pairing information @ Fab level with middle-down MS

Co-eluting Fabs 35+ i
Co-isolated precursors 1
. « Trastuzumab Fab
Isolation window 230 Th . . - Rituximab Fab
Aﬂ“JJLﬂ“L[LHLhUhthJL#k‘LhJLL“AL“JJhNULuJJ‘*1Jl'ljtﬂ\luL1[ %;.Ll.pimt

T

m/z

LR i L L B A L R R A At A L R L A RS LA Lt A LA R At A Ml R il S L) L A LA A A M
1000 1100 1200 13#0 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

ETD

\

Combined ETD spectrum
of trastuzumab and rituximab

17
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Assignment of ETD product ions
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S-S bonds may remain intact upon ETD MS/MS
Current top-down search algorithms do not account for these ions

A dedicated ETD product ion analysis tool has been developed to
assign these S-S-bond containing ions

18



Pairing information @ Fab level with middle-down MS

13+

Z +Z 7+
104 " 5118 C103

Isotopic resolution of product ions:
resolution 120k @ 400 m/z

Assignment of large ions with
interchain disulfide bonds

8+
Z116

%J M I
NH @ 1633.0 'T‘s‘sg.o“ H\EEE%; 1636.0

3+

7+

TTA570.0 15705 16710 16715 15720 1
o Z104%2Z113

7+
C120

8+ 7+ C
C 8+ C 116
114 ClOO 101

JJQ&*

7+
2114

1585 163

1605 1615 1625
m/z

1595 1565 1375 13595



Pairing information @ Fab level with middle-down MS

Trastuzumab, ETD product ions with the interchain S-S bond cleaved
Light chain: Sequence coverage 23.0 %

D-I-QiM-T-QIS-P-SIS-L{S-AISIVIGIDIRIVIT-T-T-C{R-A-S-Q-D-V-N-T-A-V-A-W-Y-Q-Q-K-P- y
G-K-A-P-K-L-L-1-Y-S-A-S-F-L-Y-S5-G-V-P-S-R-F-5-G-S-R-5-G-T-D-F-T-L-T-I-S-5-L-Q-P- —
E-D-F-A-T-Y-Y-C{Q-Q-HY-T-T-P-PIT-FIGIQIG THKIVL EF THKIRI T-VEAIA-PESIVEFHTTF-P-P
SIDIEIQIIK-S-G-T-A-S-V-V-C-L-L-N-N-F-Y-P-R-E-A-K-V-QW-K-V-D-N-A-L-Q S-GN-5-Q
-E-S-V-T-E-Q-D-5-K-D-5-T-Y-S-L-5-S-T-L-T-L-S-K-A-D-Y-E-K-H-K-V-Y-A-C-E-V-TiHIQIG:
L{5-S-PIV-TIK-SIF-NIRIG-E1C-

Heavy chain Fd: Sequence coverage 26.1 %
E-V-Q-L-V-E-S1G-G-G-L-V{Q-P{GIGISTLIR-L-StC-AtA-S1G-F-NtI-K-D-T-Y-I-H-W-V-R-Q-A
P-GK-GLIEW-V-AR-I{Y-P-T-N-G-Y-T-R-Y-A-D-S-V-K-G-R-F-T-I-5-A-D-T-S-K-N-T-A-Y-
L-QIMN-S-L-R-AE-D-T-A-V-Y-Y-C-SIRIWIGIGIDIGIFTY]AIMI DLYIWIGIQIGI TTLIVITLVI SIS
[AlS-TIKIG-P-S-VIF-P-LtA-P-StS-K-SIT-S-G-G- T-A-A-L-G-C-L-V-K-D-Y-F-P-E-P-V-T-V-S
WN-5-G-AL-T-S-GV-H-T-F-P-AV-L-Q-S-S-GL-Y-SL-SSVV-T-V-P-S-SS-L-GT-Q T
Y-I-C-N-VINtHHIK-PS-N-TK}VIDIKHK-VIE-PIKISIC-D-K-T-H-

QA

20



Pairing information @ Fab level with middle-down MS

Trastuzumab, ETD product ions with the interchain S-S bond NOT cleaved
Light chain: Sequence coverage 16.4 %

DIQMTQSPSISILSASVEDRVTITICRASQDVNTAVAWYQQKP (1)
GKAPKLLTYSASFLYSGVPSRFSGSRSGTDFTLTISSLQP 7
EDFATY-Y-CLQQHYITIT-P-PLT- F G- QUG TIKVIE- THK RUT-V-AA-P-S{VIF{I-F-P-P
SDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQ ~\ A
ESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQG g;k'
[L-SLSP-V- TLKLSLFLN R-GLE{C = === === === === == = oo \

1

|

:

Heavy chain Fd: Sequence coverage 16.8 % :

|

EVQRLVESGGGLVQPIGES LR L-SCAASGHENTKDT-Y-I- HW-V-R-Q-A E
-PGKGtEWVARPYPFNGYFRVADSVKGRFFP&ADFSKNFAYi 4

:

|

|

|

|

|

|

|

|

|

U4
\
L-QMNSL-RAE D T-AV-Y-Y-C-StRIWG GLDI G FLY-AMDEYEW G-Q G T-Liv-T- W St S
ASITIKG P-SV-F-P-LiA P SIS KIS TLS G GLTIAA L GC L VKD V-FPEPVTVS |
WNSGALTSGVHTFPAVLQSSGLY-SLSSVTVPSSSL-GTQT \’

Y-T-CENV-N-HEK P-S NETEKEVEDEKEKEV E- PKESEC DK T-H J 2



Intermediate Conclusions

 Extended bottom-up MS for IgG analysis:
— Faster sample preparation than in bottom-up MS
— More effective sequencing of single and mixture IgGs
— Deamidation assesment without artifact introduction
— ldentification of heavy and light chains from sera
e Middle-down (ETD) MS for IgG analysis:
— 25 kDa subunits (ldes):
e Sequencing
e PTMs characterization: Oxidation sites assesment
— 50 kDa subunits (Fab, Papain):
 |dentification of Lc and Hc chain pairs
e Assignment of disulfide-bridged ETD product ions

Challenge: High complexity serum mixtures of IgGs = Improving
separation, fractionation (High IgG structural similarity)



MS/MS-Based Approaches For IgG Analysis
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Intact Antibody Mass Analysis: Proteoforms

Adalimumab

\Q Q/ 564 15k resolution
@ . //\5

-/ N\ ) F 56+ | GoF/GOF
(‘\
2 rl |f : | Amass= 162 Da
k oA 93 e
[ GOF/G1F
(% ID
L __G1FIG1F
MW of proteoforms! —“A»J\AJJV\AM
2635 2640 2645 m%gﬁ(} 26565 2660 2665

1800 2000 2200 2400 2600 A6 2800 3000 3200 3400 ,3600
Tsybin et al., Anal. Chem. (2011) 8919 m/z Fornelli et al., MCP (2012) 1758



Intact Antibody Structure Analysis: ETD MS/MS
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Intact Antibody Structure Analysis: ETD MS/MS

Averaging many MS scans (in time or in D-I:lQ:lM--ﬂQ_{S-ﬂS-S-—L-S-A—S‘IV—G—-[ﬂR—\ﬂT-I-'Iqri,::-ﬂA_'lS—lQ-G-ﬂR_IN-
Spectral domain) for improving SNR Y-LIAMIVIQQK-P-GK-A-PIKIL-L-T-Y-AAS-T-L-Q-SIG-V-PISR-F-

.........

Lent +\ 10 ms ETD experiments

| WldeIW 27 1(V A-PIYITIFGlalGHTIKIVIE TIKIRITIviAl APlS IV IFPPS:lDE:1Q:f
1} " 7,19 AATTAREATAAD AN e 8o
. otal: 32.7% LIK(SIITA S VVCLILNAFY-PREAKV-QUKV-DNALQ
| 2 [SIG-N-SIQIE'S V[T-E-QD-S K- DIS T|Y{SLLS SITILITIL stKLALDLY
3 Len - L - E{K{H KV YA CIERV{TIHQ GIL S{SPV-TIK S FNR G EC
./ 25ms ETD experiments Ef\ﬂ(ﬂL:|V_IE:¥S'fG'IG:lG”L?\ﬂQfP*G*F?rS:lLﬂLfS?“‘ifP&AfS_IG——FfT_IijDfD'

Signal—to—noise

.............

-S-D-G-S-FLFEL i SLKLL s Vi_DtKi_SLR W-QIQ|GIN-V- F--SEZ’[_S-VLMLHLE-

180 scans = single LC run .
Ty ‘» oot Tssoramsciviores
\ KV-E-PKSCDKTHTCPPCPAPELLGGPSVFLFP
bl S
| ' VKGFY-P-SDI-AVEWESNGQPENNYKTTPPVLD
d Mumwm J“/M MMMMU |l le WM v.»mw«“m [M\H\[ J' 26

“ SVEGRFTISRDNAKNSLYLQMNSLRAEDTAV
il oz
PKPKDTLMISRTPEVTCVVVDVSHEDPEVKF
NJ}JL/ Hh UMWM M“.W M‘l? »«‘M’WAWWHMMM"WWWNMMM‘HM h TVLHQDWLNGKEYKCKVSNKIAL PIAPTEK(TILIS
2120 2125 210 213 2140 2145, Fornelli et aI., MCP (2012) 1758

YIAMHWIV-R-QAP-GK-GLIEWV-S-ATTWNSGHIDYAD
Yiv-Adakvisvidsiasisidsiviicaeiivitivisisialsi
1800 scans S-SVAV-TV-P-555L-GT-QT-Y-T-C-N-V-N-HKP-S-NITKV-DK:
J NWYVDGVEVHNAKTKPREEQYNSTYRVVSVL

b
3600 scans [KIALKIGIQEPR{E-PIQIVEY{THL-P-PISIRID-E{L {T-KINJOV{S-L-T-C-L:
AILTHINIHIYITIQIKISTLISILIS PIGK  ° wxde!so\atonvwndow narrow isolation window




Summary: MS Approaches For IgG Analysis

Top-down

TDP: Top-Down Proteomics
MDP: Middle-Down Proteomics
BUP: Bottom-Up Proteomics

Pros Cons
TDP: No artifact ~30% sequence
induction coverage
ETD/HCD Proteoform ID Only CDR3
~2Xx sequence Long protocol
MDPE coverage TDP Non specific
Papain Large PTM ID cleavages
Chain pairing Difficult small
PTM ID (deam.)
MDP: No artifact Difficult small
Ides induction (fast) PTM ID (deam.)
Specific cleav. 70% seq. cov.
Extended No substrate St0|ch|ometry is
BUP: specificity very Important
. Special handling
Chemicals Large (>3 kDa) .
. conditions needed
(CNBr, peptides Secondary
NTCB) reactions
Extended Works in acidic Not very specific,
BUP: pH, fast (1 h) overlapping
Sap9' 100% seq. cov. peptides

Large peptides
Small PTM ID

Longer digestion
times lead to
shorter peptides
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