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Fig.1 Schematic diagram of the structure of IgG antibodies and their subclasses
Bl IgGhiEdHRETERER
IgGHLIRZ MR B AR 26, b 1gGorFPISRESE () RIPIARRSE (%) 4URYIBEH, S AsUIEE 4 M >FabB (B
1K) F—AFeB (FUMINAEIX); AIZEIX (VHAIVL) L 5HESRX (FRI~FR4) FIEAMEEX (CDRI~CDR3), MFHiFL4E. F: A
IgG1~IgG4PUFhIi2s, 2R TEREX K,

Table 1 Antibody hinge region cleaving enzyme

R1 R X iR

EAE[ = Lk 7Rt IR £ K EE BTN
AJNE B IgG BUEEIX FARN (Carica papaya) [19]
B 2 H 1egG X B2 (Gastric mucosa) [19]
IdeS (FabRICATOR®) IeG 58X R )5 (CPPCPAPELLG/GPSV) TR A B T [20]

(Streptococcus pyogenes)
IdeZ (FabRICATOR®Z) IgG E5%EX R )5 (CPPCPAPELLG/GPSV) TR R 5 5 ML o [20]
(Streptococcus equi SSP. zooepidemicus)
SpeB (FabULOUS™) IgG BBEIX 7 (KTHT/CPPCPAPE) BRAKEEER1E  (Streptococcus pyogenes) [22]
OgpA (OpeRATOR®) IgAl O-WHEAL A BE X 2L Ak iili 9% G ER B [23]
(Streptococcus pneumoniae)

IgdE (FabALACTICA®) IgG1 BEEX 7 (KSCDKT/HTCPPC) TeFLEEERE  (Streptococcus agalactiae) [24]
BdpK (FabDELLO) IgG1 BEEX )7 (KSCDK/THTCPPCP) 15K (Bdellovibrio bacteriovorus) [24]
Kgp (GingisKHAN®) IgGl BHEX _EJ5 (KSCDK/THTCPPC) F MR  (Porphyromonas gingivalis) [25]
IgMBRAZOR™ IgM TgM#HE X NA [26]

SRR, LR R B B B
2 BTRRHREADHREA T . L S A S R A
R AT R LR T RN AR 2, O £ M A (111G, TgA,
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W41 45 1| FH Protein A/G 5Pk Fe X454, il H
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XA () 2 03] s 235 R 3l e AR ) e B Pk 4R B (3R
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FESESE SR o n] T Fab A BOAHi AR . (HA5 &
(2, ANRPIF PR 2S5 & R MEUR 45 &
Rt e 225, flan. AJ1gGl. 1gG2 f
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M 1gG M 1gGl, IgG2a. IgG2b %5 £ i i Protein A
TR R . X IR IR LA R U

FRIE . W M B, DA IR ZERR IRy
SV B R, B KRR O B AP 454 58
BN S AEYE

TEAF B A BEHUARE S, T2 )
SR PR HE AL A AR BIR G, I 2ok WA 8,335 -
HOEK g
spectrometry, LC-MS/MS) #HfTRGENE, HT R
TP S MT R BB SR V X 5 C X ¥ S
() el i AT, ORI S B L SR 2 A
PTMs WAL SR . il B G aF e, iR
Bl T N2 Y < o PN S B TN Z N
DAL K250 S B MR UR T e RS2, AT 7R
RGUKN- L ) BB AR ZH B 2 S D RE G .

(liquid chromatography-tandem mass

Table 2 The affinity of Protein A, Protein G, and Protein L for antibodies from different species "
%2 Protein A, Protein G, Protein L3t 7[5 78 H1{ R = F0 g Fy10-30

Tl EiIRE STt Protein A Protein G Protein L(kappa)#f
AN RIgG -+ -+ +++
1gGl +++ +++ 4+
1gG2 +++ o+ T+
1gG3 - HH +++
1gG4 N -t e
IgM + - HH+
IgD - - +H+
IgA + - .
/INER, SlgG +++ -+ Tt
1gGl + T+ .
1gG2a. 2b +H+ +++ T+
1gG3 - +++ i
IgM + + +H+
PN J1gG + + i
1gG1 + ++ bt
IgG2a - NN e
IgG2b - + e+
IgG2c +++ +++ 4+
th - £1gG + +H+ -
IgGl + -+ -
[gG2 + e -
EIRS B1gG + +H+ _
IgGl1 + o+ _
1gG2 -+ A+ _
R SlgG +++ -+ T
5 KIgG + - NA
4 MIgG + Tt _
JAR R, MIgG - _ NA
b K 1gG +H+ n S
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il EiIRG AT Protein A Protein G Protein L(kappa) &
Ay RlIgG T+ - NA
b 11gG T+ - NA
e RlIgY - - -
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Fig. 2 Different analysis strategies for the antibody panel based on mass spectrometry
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RYPEREE R, JUHAERK Y s EhUA S
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TR LS e S W TEey ) (R i1 N S N Bt N R S W
1 ZIREERIAE B AR, #4140 CDR 1 %5 I 4
AR B Z MR R S, R KT5
(JEHAEVIX) PRI PRAR, X R A5
RAAEMRIRE AN RAERE 152 R . BLAh, ZRmE =
WS RSB , FEAR KRR EE B RR A T H 4
P WS S A R BLRE T Y

B EARPRI, U E & R 2R
Tk SRR, WA T AN EAEBUAOCHE
Xt ERYRE ST . TEPRTHT S W T, AT
M (trypsin) . 20 EAE 2 8 N KB (SLFRN
[ BB 1%, LysargiNase) . #i20R Fr 551 16
i (Lys-C). Mz IEE A (Lys-N) ., Ji#
BEFALE AN (chymotrypsin) . &R IHEE AR
(Glu-C) . WA AIEEAM (Arg-C) FIRAZ
FRFr S G (Asp-N) SFZFh i A R T IS
Mg, YEIMBUAF OISR 2, D RhUAg
Brie s FH T E. BN, Peng %5 ' @i {9 Fh H
#h 2 FOJT 45 5 R BE BlE 9 A 25 (high-energy
collision dissociation, HCD) 8, F5:H8/8 RE Rl 8
it B (electron-transfer/higher-energy  collision
dissociation, EThcD) R FZRI, SEHL T XE
SPPERTEREDUABRTETT (i 22k dr) ik T2F
Y T, FE AT AR X S MERG R IA F) 99%. Yang
S TR T AR R 2= R N Ik (PR
R CTEAC IR R B4R A2 8, acetylated LysargiNase,

Table 3 Main mass spectrometry fragmentation patterns '

Ac-LysargiNase) , I LysargiNase H. 45 5 & A9 16 P
FdsoEt:, MRS ARG — R BN TR, 5
SN C 3 AN Sig i A TREYTT, o 7R g 14) 25 - 5 R g
555 100% >4,

RS, A TSP CDRIWE 3%,
SR M YRR G . S TR
B (collision-induced dissociation, CID) Y HCD
Al RO A by BB T, SRALIERR T HIE B T
FEe#% % 2 (electron transfer dissociation, ETD) .
H F fiff 28 f# 2 (electron capture dissociation,
ECD) . H + If b % % (electron activated
dissociation, EAD) ZEH RMGEF=4: c/z BB T,
AR B ARG E AU PTMs,  ETheD Al [ 4244t by
Me/zB+, WERITFINE S S0 E A nY Al 5
PR, X U R 52 R AN st 2R
MEE R 22 R rh M 0%, AT ARG X 43306 ] 7357
FaAA il R A3 o A 11 o B A A A 2 B T
fE; ¥ AN = (ultraviolet photodissociation,
UVPD) WIfe/™ A5 e R & oA, ARIT
KK By fi Ar, AT & 2% $2 S+ CDR ) 78 i
sl (R3), B LREORSN, TR
FLfa7 il J5t (proton transfer charge reduction, PTCR)
YEAb e T B, it MRS AR, T LR P23
TR -T% s

SN, AR T E R T SR ) Ja BR A
SRV . Z RS A PEATERETHE B iR
B, i TAE R0 TR . X B Bk it
B, SECEEAE R BUR S E AR 2
A, VWSO RMER7E 28 18] b 0 QR MRS B KA &
Jo BIL, JRAE AR LIRS AE A S SR
AR, (HIEAER RO &2 R ) 251
AINRECHy TAAE B, FFEAm ™5 H L
TR TR ST

37, 44-45]

%3 EBREBRMR T

WL fie A FEET R R

Tl 75 i %5 (CID) fli A = bly WK BE T feE T

T REREE AR (HCD) o B Al bly e R, AN S

AR (ETD) HFHR c/z REREM, E&Ky+

HFH IR AR (ECD) LI EIN c/z REREM, E&KDT

TSGR S (EAD) Rt c/z REREM, E& KRS+
T E R/ e R 25 (ETheD) HL T F+ e RE A c/z/bly ZEAETDAHCDILH, REX LA

HAeER (UVPD) B a/bly/x LA T EERINEORIR
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22 BHWMTHE LM TREE

Vo 4= I N TSP G i RS R
Rk, AR S B R RS ik
NB A o BT SR 1 R S8 B BRI I Ak o
B, ITAE S = )2 IR AR B T BRI Sk e 38 1k
5 AR SRR AH B, SRR AT IKE: . 2
P 3 S8 8 0T 10 22 RO D TR RS Wi &R

H BT HOR e A (~150 ku)
PEAT RS, MARAS st 0 Bl Rty e i 15 18,
PG, RENE A TH R B BUIR I AR EE A B IR 5 18 1
B RN, AN R 5 50 Ui i i
THEEOR . AT EA R T RR | S
Rl LA K s R WE 2468 A, AR X 58 B B ik 4 1
(~150 ku) M ZHEA . WM ETFES; [
b, BT A BT 1 5 A T v B A 2 O i T
F SR v L Y 2 FME R HERR U . AR
§P R la X =195 N O Y e S €3 L& )
Bk, HAESEREHUIR R AR Ty 1 B A AT B0
P el

UGS, (8 A Bl R SReg C A 52 ik
FAETy A PR G2 . B, Peng 2 ' FIH]
B 5 AR R LT TgG 1A AR I 5] Fab A 2k
R M B, 3X AT BE -5 5 o JE R FP BR AR 1 00 B
Z R BRI A G, XA B AN IR A
HRf R MR 51 9 BE 0 B X S8 580 1) 43 T
LR THL 2 . 7EERZTH , 454 EAD % =4l
PR, T SEBGE SE ST B W B 11 755 40 B
RPAE W IRANE T LIZE A ECD S H AR, fithrd%
IT 1 Mu B9 IgM SRR 1gG FE 58 B AR P 51 bR,
NEE SR TgA 1 Ui 3R A5 3 i P R 25 5 X
FEHME R

B R ARV EE A T LS A B R
Brige, A deS. TgdE 2545 S 45 1 W e 4t
g st X HEAT VI#], 7= 4 24 25~50 ku [ Fab,
F(ab'),5k Fe i B, TEORFEES P30 50 4 1 1 [R] B
ERRART BRSBTS 2 . R WS AR R B O ER S
FfE B (W CDR SE# % | S5 F I N R i 5 =3
B1f) 55 R 7 8 5 2 (R U T 35y
JUHIE HF R s Hrhe AR DR X sk 2 ', R,
TR SRS T HGE TP S o BE X I 7
) DRI RAE

SR, 25 ku ZE AT M Z AT TR B T & 8
GG E S R R SR SRS ES, S EAEX
KRB O S RS IR AT, EEXT X —Hk ik, PTCR

5B 7 % (ion mobility spectrometry, IMS) %
HBEOR I G A . PTCRIE AR B -2
F N RGBT A A A R AR ], DNTTTAT &%
MG mEESIIEE, KRiEERIA)TIE S
R BE =15 T IMS DR 4 il 4 A 1T A (collision
cross section, CCS) M2E 5%, 78 5T I i %
YT S BB 22 S BT IAR R Br il AT o B . 16
U, Fiala%: " # 4 timsTOF R4009 IMS g, &
DX ZE N 70 e i 1gG1 Fab F BCEAT 1 3 i 4
B, IR T HARF AT o X SR AR A Y
5 RS A SO B PR TR EE AT RE T,
PR T I BURE S P . PUik -2 R )
(antibody-drug conjugate, ADC) %542 Z4 45k friAk
MG HERIESR AL 15K T H 590

gE TR, XA [ B P s
AREA, AN AEGSA KR AT A i B
MoEEeE, B B F L T od 8o 2R
i, = F LA T B B S B 1 S R B R AR
Fo AR GHRY], XEENES (AT
MR sy B Ja AT A L A IEFE O TR A
MritiRgs i STIBE X R EZIRE . XFh 2 R
BRI T BUSHARTED AR S
B, L APUARZ Y IF  FRAL B AL T T 4= 1T () 43
MrBe.

2.3 KR SR

MELIFF (de novo sequencing) i ARSE—FpA
WS BB P B B AT ROR ORI B
FEfR AT B B s Th BB AIE B, RS A R Rk
455 o 1 B 1 5T 2 2 7 VR 6 S5 U T e RS
T RSG5 A8 R ) S e SR TR A ik
Z Y ITAER, IR MRS W R 1) B
AR N —AZ )2 AR ALK ) 1) PR e Je i,
HBAREHE A% AE T Qo] SEAA 0O D = MR s L
=R A Ol e T G I A T I
B(F4)

FETAEGEALER T WAL, W Novor R A
(spectrum graph) Z5& UL M (decision tree) HYFr
0, IR A AT & 1) pNovo RN E T, RFEeife
o) TS R &, o pNovo3 5 ASZREA &AL
(support vector machine, SVM) & & Jt 43 2 4
fig ", BHEREEIBARNERE, SR LM%
(convolutional neural network, CNN) FI{JEFH i £
M 2% (recurrent neural network, RNN) FYZH-& 4844
BT RCR U T, o CNINGE o J) kA7 B A
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AR TP AR SRR R B B RIS, RNN DU
FAFFINCAZHLRIZE S HEWT A B 75 . (HASE R
+&, Bioinformatics Solutions Inc. (BSI) K BAIT %
A DeepNovo & H: [ ] DIA (¥ Y75 /& DeepNovo-
DIA J&2iX — =T HA Tz m i sesl, HoRA
MR EACARAGHELS , 8 B RS S P56
IR E T AR, R T T A M i
FE e

PCAE, TS R AR R SRR N i 4 2l 12 )
AT & W . K M4 W 4% (graph neural network,
GNN) 3 o 4 B3k e OC 3 i8Sl I 45 4, A 30
R T E TR A R NRFIE @5 Transformer M 75
FENERES-WILIN | B O 1l N WO LN s
i, {4 T 4 Casanovo. m-HelixNovo 55 5 74 GE AR
A toros] BB i3E JE U InstaNovo 5| A Y HL 2 it 7 18
& FEPE, n-PrimeNovo SR HAE FI [8] ) Transformer
KIFPETHESROR, BN NS B 5 R 7
IRFELARAL 7

TERERE R SR LU T T, A RE 5t
17 THRABTT . Beslic 46 Y 7 [7] — KA GE K]
BEEEHINGZ A F AR (4 Novor,
pNovo3., DeepNovo, SMSNet, PointNovo Fi
Casanovo) , PAAFIPAS HAE BT AR 3,
2 1 1 7R Casanovo F1 PointNovo 76 A [l i) 2514
B J A0 T i A KB A ] 8 ) Tran 4 7 4
Wik 724 T.H ({245 PEAKS. PointNovo,
Casanovo Il GraphNovo) 7EE P50 KB EHE 1Y
wAkhed . R, A PTA T HAE 5 I

P AR L3RI, (HY TR R4 G R
BBy, Hae BT R, XiER TN
A B Wz A )T A A e BRI . Z5 5K
PA Casonovo F1 GraphNovo A 4% 3% %) Ji& T 5o i 22 44
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Table 4 De novo sequencing analysis algorithm

R4 MK FF R EE

TR 22 T T T SR
Novor Spectrum graph+Decision tree [55]
pNovo Spectrum graph+SVM [56]

DeepNovo DeepNovo-DIA CNN+RNN [57-58]
SMSNet CNN+RNN [59]
PointNovo PointNet+RNN [60]
GraphNovo GNN [63]
PepNet CNN [61]
Spectralis CNN [62]
Casanovo Transformer [64]

n-HelixNovo Transformer [65]
n-PrimeNovo Non-autoregressive Transformer [66]

InstaNovo

Transformer+Diffusion encoder [67]
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Abstract Antibodies play a critical role in adaptive immune responses and serve as key components in disease
diagnosis and treatment. These molecules exhibit dynamic post-translational modifications (PTMs), such as
glycosylation and phosphorylation, which regulate their effector functions. To date, nearly all of our knowledge
about antibody repertoires has come from B cell receptor (BCR) sequencing (BCR-seq), which facilitates the
profiling of clonal composition and the tracing of maturation trajectories within B-cell repertoires. However,
circulating antibodies found in bodily fluids—such as serum, saliva, milk, mucosal secretions, and cerebrospinal
fluid—exhibit diversities and specificities beyond what BCR-seq alone can predict. Therefore, identifying and
quantifying antibody clonotypes at the protein level could enhance diagnosis, prognosis, and treatment strategies
in personalized medicine. The critical gap between genotype and phenotype necessitates complementary
methodologies that enable the direct characterization of antibody proteins in their native functional states. Mass
spectrometry (MS)-based antibody repertoire sequencing (Ab-seq) is currently the only feasible approach for this
task and primarily includes database-dependent methods—such as bottom-up, middle-down, and top-down
approaches—as well as database-independent de novo sequencing technology. These strategies enable multi-level,
high-precision characterization ranging from peptides and domains to intact antibody molecules. Unlike the

shotgun strategy commonly used in routine proteomics, obtaining full sequences of all antibodies presents unique
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challenges. It requires specialized methodological adaptations to address issues related to dynamic range,
sequence variation, and sample complexity. This review introduces the technical principles, methodological
workflows, and recent applications of various mass spectrometry-based antibody repertoire sequencing (Ab-seq)
strategies, with a focus on approaches designed to improve sequence coverage and identification accuracy. These
include multi-enzyme digestion, hybrid fragmentation methods, and artificial intelligence-assisted de novo
sequencing. By systematically comparing database-dependent techniques—such as bottom-up, middle-down, and
top-down approaches—with database-independent de novo sequencing, this review outlines their respective
advantages and limitations in terms of sample throughput, sequence coverage, post-translational modification
characterization, and data analysis complexity. In addition, this review discusses emerging technological trends,
including the integration of ion mobility separation, native mass spectrometry, and artificial intelligence-driven
data interpretation, which are expected to enhance the depth and accuracy of antibody characterization. Although
current methods continue to face challenges related to sample complexity, dynamic range, and unambiguous
sequence variant assignment, we emphasize the importance of integrating BCR-seq and Ab-seq data to construct
gene-protein association maps. These maps help validate sequence accuracy and facilitate epitope discovery. This
dual-platform strategy helps bridge the gap between genotype and phenotype, thereby enhancing both the
resolution and scope of antibody repertoire studies. Such an integrative approach also offers a valuable tool for

therapeutic antibody development, structure-function analysis, and precise evaluation of vaccine efficacy.
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