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Advances in mass spectrometry techniques for characterizing
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Abstract: Covalent inhibitors can realize specific binding by forming covalent bonds with the target, which
can realize long-lasting inhibition of the target while reducing the dosage, and to a certain extent, they have
overcome the traditional targets that are difficult to become drugs, and they have shown unique advantages in drug
discovery and development. The binding characteristics of covalent inhibitors to plasma proteins are closely related
to the efficacy, in vivo metabolism, and toxic side effects of these drugs, but the current research in this field is still
limited, and there is a lack of systematic studies on the binding of covalent inhibitors of different warheads to high
abundance proteins in human blood. Meanwhile, mass spectrometry has become an important tool to characterize
the binding of covalent inhibitors to plasma proteins, and mass spectrometry-based proteomics can be used to
comprehensively investigate the binding rate, binding reversibility, binding influencing factors, binding protein
species, and binding sites of covalent inhibitors to plasma proteins. In this paper, the warheads of covalent
inhibitors, the binding characteristics of covalent inhibitors to blood proteins and the research progress of mass
spectrometry in the binding of covalent inhibitors to plasma proteins in recent years are reviewed to provide a
reference for the study of binding of this class of drugs to plasma proteins.
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Figure 1  Structural formulae of common covalent inhibitor

warheads. A: Acrylamide warheads; B: Nitrile warheads; C: a,
[ -Unsaturated ketone warheads; D: o -Keto amide warheads; E:
Cyclic borate warheads; F: f-Lactam warheads; G: Boric acid

warheads
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Table 1 Amino acids binding to common warheads and their reaction types

Targeting amino acid

Warhead L . Reaction type Reference
binding site
Acrylamide Cys Michael addition [4]
Lys Michael addition [4]
Ser Nucleophilic substitution [5]
Thr Nucleophilic substitution [5]
o,f-Unsaturated Cys Composite reaction, cyclohemiaminoacetalization, Michael addition [6]
ketone His Composite reaction, Michael addition [6]
Lys Composite reaction, imine condensation, Michael addition [6]
Thr Composite reaction, cyclohemiaminoacetalization [6]
Val Imine condensation, Michael addition [6]
Nitrile Cys Nucleophilic aliphatic subsititution, nucleophilic addition to a triple bond, nucleophilic [6]
aromatic substitution
Ser Nucleophilic aliphatic subsititution, nucleophilic addition to a triple bond, nucleophilic [6]
aromatic substitution
Lys Nucleophilic aliphatic subsititution, nucleophilic aromatic substitution [6]
f-Lactam Cys Beta-lactam addition, composite reaction, Michael addition, nucleophilic aliphatic [6]
subsititution
Ser Beta-lactam addition, composite reaction, nucleophilic aliphatic subsititution [6]
Lys Beta-lactam addition, composite reaction, Michael addition, nucleophilic aliphatic [6]
subsititution
Boronic acid and Glu Borylation, composite reaction [6]
cyclic boronate His Borylation, composite reaction [6]
Lys Composite reaction [6]
Ser Borylation, composite reaction [6]
Thr Borylation, composite reaction [6]
o-Ketoamide Cys Nucleophilic addition [5]
Ser Nucleophilic addition [5]
Thr Nucleophilic addition [5]
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Table 2 Summary of covalent inhibitors binding to plasma proteins. NSCLC: Non-small-cell lung cancer; MCL: Mantle cell lymphoma;

HSA: Human serum albumin; HAG: Human alphal-acid glycoprotein; NR: Not reported; CLL: Chronic lymphocytic leukemia

Targeting . . .
Approval L . ) Plasma protein Binding plasma proteins and
Warhead Drug Indication amino acid . . . . . Ref.
date Lo . binding ratio amino acid binding sites
binding site
Acrylamide Afatinib 2013  NSCLC Cys 95% HSA-Lys190 HAG [7-9]
Ibrutinib 2013 MCL Cys 97.3% HSA-Lys106, HAG [7,10-12]
137,351,414,
525; Cys34
Osimertinib 2015 NSCLC Cys 95% HSA-Lys195, 199 NR [7,13]
Olmutinib 2016  NSCLC Cys 99% HSA-Lys190, HAG [14,15]
(Korea) 351,414, 525,
402; Arg348;
Cys34
Neratinib 2017  Breast cancer Cys over 99% HSA-Lys190 HAG [7,16]
Dacomitinib 2018 NSCLC Cys 98% HAS HAG-His97, [7,17]
I1e88, Arg90
Selinexor 2019  Multiple myeloma, Cys 95% NR NR [7]
diffuse large B-cell
lymphoma
Almonertinib 2020 NSCLC Cys NR NR NR NR
Sotorasib 2021 NSCLC Cys 89% HSA-Lys137 NR [7, 18]
Mobocertinib 2021  NSCLC Cys 96% HSA NR [19,20]
Adagrasib 2022 NSCLC Cys 98% HAS-Lys137 NR [18, 21]
Futibatinib 2022  Intrahepatic Cys 95% HSA HAG [7]
cholangiocarcinoma
Pyrotinib 2022 Breast cancer Cys 58% HSA-Lys190 NR [22]
(China)
Zanubrutinib 2023 CLL Cys 94% HSA-Lys262, NR [7]
351, 4141
Orelabrutinib 2023 MCL, CLL Cys NR NR NR NR
(China)
Ritlecitinib 2023  Alopecia areata and Cys 14% NR NR [7]
rheumatoid arthritis
a-Ketoamide Boceprevir 2011  Hepatitis C Cys 75% NR NR [7]
Telaprevir 2011  Hepatitis C Cys, Ser 59%-76%  HSA HAG [7]
Narlaprevir 2016  Hepatitis C Cys NR NR NR NR
Boronic acid Ixazomib 2015  Multiple myeloma Thr 99% NR NR [7]
Nitrile Tofacitinib 2012 Rheumatoid arthritis Cys 40% HSA HAG [7,23]
Nirmatrelvir 2021 COVID-19 Cys 69% HSA HAG [7, 24, 25]
Momelotinib 2023  Myelofibrosis Cys 91% NR NR [7]
Cyclic boronate Tavaborole 2014  Fungal infection Adenosine NR NR NR NR
Crisaborole 2016  Eczema Ser 97% NR NR [7]
Vaborbactam 2017  Bacterial infection Ser 33% HSA NR [25]
f-Lactam Ceftaroline 2010  Antibiotic Ser 20% NR NR [7]
Ceftolozane 2014  Antibiotic Ser 6.3% NR NR [26]
Cefiderocol 2019  Antibiotic Ser 40%-60%  HSA NR [71
a,f-Unsaturated DMF fumarate 2013  Relapsing-remitting Cys 27%-45% HSA-Cys34 NR [7,27]
ketone warheads multiple sclerosis (MMF)
Vamorolone 2023  Duchenne muscular Cys 88.1% NR NR [7]
dystrophy
Omaveloxolone 2023  Friedrich's ataxia Cys 97% NR NR [7]
33 MmaEA FIRFERLIGAG 5 0K B A MLFE il L0875 SR IR S A

ANHbZAFE T A4 & mEA, fiTkas
MBIz B A, 2 5 AMEEMEMEARZ
— . Hb 13D 4560 8 P 5% o BE A 2% pE, B 41190
BH 1414 (B0 7> a B2 TE 2H 1) #1146 4 (H 8 4™ o 12 e
A R) EIEBRIR LA K. O A BT 703 8 2L 4 4 1)

H1HD F 56} H3EAT Bottom-up 8 [ 41540 Hr, & B K B
1) SA FI Hb & M h 5 RICR i 45 & M FZEE N
J5i, 5 SA fJ Lys549 A1 Hb [#] Cys125.93 . Lys82 4 45
G0 RECHBIURIL T KR Hb 5 340 4l 7 1)
454, (BT N Hb 5 3540 400 1) 550 25 & 15 5 10 WF 70

B S = Y



.+ 3696 - 2% %4/ Acta Pharmaceutica Sinica 2025, 60(12): 3692-3700

R IARTE o 53 S PR AT B A2 PR R 2 HT B AL AT
i 1] 3~ F HSA B 3 i 4E A 4 il 5 Hb 5 3L 40 i
il 77 3 0% F DL AT A SR S R a4 E
B
4 MEEBLEEEMR

TEREAT AR S 57 5 10 B 1 sl i 21 2 (1 3R 45
A BT FCI, 8 I8 R R0 T4 3% A i i IR
FoR o FE S & B IEVEBCPATE AT IE 4 B E, T LA
F U e R 2 BT S R I 2R R 1 4 A I Dk
ATRCI

e A, RO P TR 25 A T R R AT A 4 ) R 5
KEASEGW AN E AR FR . @R sU 249
4/ g LR E , 8igh £ R A YC hrid i3t
A A1) 551 i SR L, St i 4 4 I/ S 35 R 3R AT R T
VEALBE, B0 0 i A TR R TH RS (liquid scintilla-
tion counter, LSC) Kl 3 i 7, BNl &l K 5 &
JoR 25 () 5 L TRCE 1 24 4, DT 3 I 4 24 R FE i
EZIR FE L E AL R S R E A S A g 5
¥ BT ASRE BB D) S AR T SO PR 28 AR R R
o SR /v O A 13 (UPLC/HPLC-B-RAM)
r, BT I B AN 0 7R B o 4 RO T 0
W HE U Y - B4 A Y S PBS & b il gt
55 DA 5 o T 1) 248 A 8 T L PR U0 25 24 P 1 B VA
LA P 0] 5 00 B 1 4 A AT I A AT B
TEWE & W B OB 0 E SR g & I 9 B I G2 e
T pH B AN 2 Wik B 5 A, T DAidE— 2D B 822 - 1R
F1 0T 45 G R T (1 S0 DR 3R, B O b T A AR AR P & ol
WE L &7 N

bR U EOR R TR AR BN AT A
HERBEHB A S EO R 2GS G RILEG %, M
DR REEEARMNS SN AREEEAMBERE
B A=A WL (UV-Vis). i i (MS) 1 # 3 4R
(NMR). [ &)1l (CD). % e M itk vk (FS). 4 1 Xt
LA K G313l 715 (MD) AUl S5 AR ml DLtk — P IR R 24
Y5 MR E A S MO AR I RRIE R, B
AT, MS AR B & F 1R AE 2595 1 i 456 1 DL
HARFE.
5 MEREASEENLAARPEEITEAR

MS 2 A DL KA 3% - B 15 A (LC-MS) AR
A T B SR S R R A A, DA
T B 2 B s o, JE T MS B9 A R4 R R &
w7
5.1 Top-downZEBRHFE N

Top-down & [ 20 % 43 #7 2 Wt 7 I A #0077 45 &
AR S B BOR, EE R  FE S (HRMS)

aHrRABEIN S B E AR, Ha K TEREE
TR RE AT AL B R A5 2 MS 2 A DL K a4k
H (&2).

( Sample a MS analysis B
preparation
[ EProtein MS MS/MS
\/  extraction
! |
T '3/ Desalting,
F separation
} Data evaluation
N J J

Figure 2 Top-down proteomics workflow
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Figure 3 Bottom-up proteomics workflow
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T8 [ Sk i A PR AR G S R R i 4% B
BT, CAGE R [E] 4 v E & I T 4R s I, W1 Chen
ZEPS I K [ — F SISPROT (spintip-based proteomics
technology) 3¢ &, &6 7 8 1 0 R I8 5 e AL, |
fitg ) A= pH RP Ik 73 B9, ) AAE AR e B0 AL bk AT 2
b, HEA RIFHEIE. (2 EAT, REAR M A K
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AR ISE T I 8 LA 400 1) 751 5 i % B 19 48 ) 0
522 MESERZE T MS N, B4
FA IR VR 5 0 5 S I 5 3 0 2 S T VA A R B g
AP35

RPLC £ IKVR & W 7> B i B R e T . Hefth iy
BEALA, G s BH B 1A e B (SCX) i B B9 128 e
% (SAX).SEC filzE /K AE H il (HILIC) %% 5 RPLC
B, IIT R Z 400 B~ F a7 Bk, ¥ BA AR
7 B AL 9 LC A CE $AR B 38 7T DL i 2 B B AR
M7 2%, SR T 2 E A AR .
523 R  Bottom-up & (1412552 HIM 45 & B A
Toft SR 35 7792, @t oy A 00 SO PR S0 o v 2 9
Fr 0 0078 75 5, W LA 55 34 40 770 25 5 1) o 1 oA
. FEREAT Bottom-up & H 457 70 Hr iy, H s b 32
IS stk Pl ER i U g S Wi YN SR R VA (]
KE LB . Uniprot i H BT % H B0 80HE . 2 T %
O A 2 B 7 B F £, W0 Proteome Discoverer
(Thermo Fisher Scientific).MaxQuant.Biopharma Finder
(Thermo Fisher Scientific) 5. 1% B 1% & = 5B, [ &
A e B O Cys HYJIR Y B Ak, 8 D0 10 m] A2 81 i
B UL H5 Cys Lys Fl Ser b A7 4101 1) 771 42 17 DL Je 2R
FIBTN A ) S BEAL . B ES UG, ¥ MS/MS %
RS WA IVAOEL Jet /RSt R R A S S N N DL JE
e K i 1 MS IR1F HORE v 8 1 5 R IR B AT LT
DA 5 S0 FR B Py 8 1 KT 2 FR B B, DA Sk SR ) i 3
A A0 0 5 5 10 B BOR 28 R L A o P

R JB (furmonertinib) & —F il T4 J7 NSCLC
(P M et Sk TK . Wu 26k Bottom-up & [14H1%
RIARZE B JEAE NI N 5 HSA Ik Bt LKCASLQK .
ASSAKQR AN & &, ML & 7 R BLES S AL N
Lys195 F1Lys199.
53 HMAFIFI-MERELESYEE T

B ) 2 25 1P AT OSBRI R (parallel reac-
tion monitoring, PRM) 1 £ Jz & ¥ Ml £ K (multiple
reaction monitoring, MRM) T.) ¥Z B FH T-%J 24—
TR ky/bich - SR (ERE iR Rt Ll Palb 1 g =
A e B FC R R /> . MRMUE A = 5 D0 B
FE 5T BE SO0 Ik Bedh A7 7€ B, A g M v HARXS PR, 573
PR AR WA EJE (osimertinib) & —FiH TI097
NSCLC AN R 38 TKI, H AT A T2 H— A i 5
5B Je-Cys 45 &M MRM LC-MS/MS J5 %, AJ LLXH3,
oML A 2 ML B B B JE-RE A R4 &)
A7 &M, 1 PRM 5 Top-down B¢ Bottom-up 5 i 2%
&, AT T S AR R T kB B R B HER E B, 5
MRM AH LG 73 #F 2 A0k 610 5 vy, (HAR EVERS 22 . 72

B 58 R SR 1 S B 75 SR 9 A 7 VA T I 104

B Ao I 7 V5 A, T AL BR VN 25 - B RO
VIR e R R AR B AR . R AR EE TR
AN, ATRERS IR B TAE R 2 S B8RS Tk,
117 SDS 45 2 T ¥7% 4 7] 1) 5 B4 ] 5 - P0 o o 25 - U5 11
BT AR, 3 ORI S 4, 38 T 5 e v P v
PRSI DR, IR >4 )R I 7R A0 Bk R 7 V% 25— B
ARG E RS CHEE . Brown W RILT —Fl
A - T R I 2 T P ) n- 58k TR -B-D- 37 5
BELF (n-decyl-disulfide-8-D-maltoside, DSSM), A % if
AR MR B 2 T £ B . b4, T Cys Ml Lys 3
N AR R B L4 A A a5, HL Cys< Lys [A] I 543
Sl A2 Joe 35 A R Bl 1 IR U )67 e, DL A AL S Tl
DI REXT G- R Ss SWE miE . SR
Hh ] AR 52 B 75 SR SR F TE e B A0 i A 2 B AR g R AT
A1) o

[F) B, ML 90 25 T ) A 4 P AR A 5 W 245 ) - B 1 R
SEE)E BN OCHEN 2R . 7E T AL HE N 0 200 FH A 4
T3 VE R F R A 0 T BT B PR /N g3, e R T A
7 MS R P AR T . SR Ak, BEAR g A S AL B
FAF X g B AR . 5, A LR S PR AT
AN (GNPl 751 32 B % R P A 1) 2R ) RIS R A

, SECLT AN N Hb B A I L R . BT Hb Al

RE 5 I % R 56 4 M 4 A LA IR ), 2 SE R B EAR
WA ZMA T EAOSAY ML GRE, R TR
SN EE A VI IHER B R TR
6 REESRE

Lt 255 25 1 B 45 G R AR R 0 T 2R A
2 2B 71 % G DL TR AR RO %
B S BT EORAE U O I R AR A 5
M J1. 40T, 2T MS 1) Top-down Al Bottom-up £
1 20 5 R R R R TR S 7 T VR E )
FH T % 5 AN ) 75— 2% B 1 T RO & 4 B 45
R RTRONER FT S0 0 1) 770 - i 2% B 1 AE ELAE A AL
AL T S R . A, B At T L0 # I F S iR
TR AR SN REH AN EONE =, FEE DX
28 B A TR I TR e e Sk 4 ) 750 AR I 9 b, X -
e e T I S T IR e JFC TR 288 A5 7 % e Sk S 4 ) 71
) I B 4 A N U e b o HLE AR I K 2
FIHIF 7038 £ B R R T HSA, Xf HAG 2 Hb %5 /5 )5 K
FIRF S BN B = o BhAh, i b At s 5 259 7
A G5B IR A RN ERER (AN SR i R AR 2 AR Al
i) A AE LA 10 1) ) AT B O

FL At 1) 5 L B 5 A A G IR AT T I 1
ZHI . — 5T, L I A2 2 M A A 1 AH A I A
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S A S0 0 2 2 1 45 R 5T 0 20 T ORI T e

3699

I Ak B R A R AR O R M . 55— 5 T, A RS
ARAEE B WS 4 &5 25 5 I 30 B A 4 6 R, 1)
T W 7 Ak B A 25, HE R VR LA DN 3R 22 55 R, T &
Z, T RS 75 5 A R P A R 4 A L
A B 3k — 25 BRI 3 1 570 45 48 A #) ADME i 2
LA IS RN, /5 2 — 28 i .

S T S e NED P b e
VPFT B ST T 2 5 T G 4R B R £
4 R O AR SRS B

RIS AT (8 7R A R R R
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