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Figure 1 (Color online) Endogenous protein crosslinking. (a) Disulfide bond; (b) isopeptide bond; (¢) ditryptophan; (d) dityrosine; (e) formaldehyde
crosslinking (12 Da); (f) formaldehyde crosslinking (24 Da); (g) methylglyoxal crosslinking; (h) NOS bridge. The arrows indicate the positions of
covalent bonds formed by crosslinking. Mechanism of formaldehyde crosslinking (24 Da) is not clear
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nithine(THP)' "), 81T L) 5 1 i 5k 6 S 17 2B SN - (1-
carboxyethyl)lysine(CEL)" i 22 iz — S AKX (MG-de-
rived lysine dimer, MOLD)'**. 34, MGHJ LAJRIET 5 i
BRI BRI IMODIC!™. % 48 MG
A R IEfE P2 ) (advanced glycation end product, AGE)
TEAA A S 36 FP I B 5 08 B 1 HC A 114 1 & I AH
Sel64-69]

MGTEABTERYHATE Wih & #5745 B ZEAE . Shuster
s NV R B, NI BRABEE FATERE 91 L A7 AR Y IX 51
(Arg5-Gly5. Tyr10-Phel0. His13-Argl3), S#mApE
H Y Lys16 AT BEARhABRR F — 4 N BRI AS IR A
RAE, dn] DU U R AL DR AS P R RAE LA
Wi B AT tHBADFEREIR IS Bollong® A%
B, HKEAP % fil # A MR Ao A v = A i A o7
PN ERIE T 2 BEREME B K EAPT, 783 vt B 2R Fn
o 2 R % 1 22 (1R o Y K e 22 6 (methy limidazole
crosslink between proximal cysteine and arginine resi-
dues, MICA). X B /5 B R EKEAPT  RIKAIFH
2, NRF2RAEFINRF2FE AL PR, TR IS s
BEBLA.
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LA R, NOSHr Al 78 i rh 78 4 A8 8 S AId G,
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Tl K A5 4.

NOSHF & i WensienZE A2 % ks 45 55 [ B T4
(neisseria gonorrhoeae)f% [ BF(NgTAL) 5T H & B
M. RGPS 4% R LR BR TR Qi ied 78 rh ) DG SN g TAL L iy
T e AT LAE o 9 H AR i A B A T i PR O -
. AR IO BT BN A D R B
BB S E A, (HXNZER T 51 32 e 2 iR ik 5
DLS A ZEAS 5, AL Cys38 Y AR IR RE (I S Ak IR
TETCRL. TEAALFNA RS N X NG TAL#EA 745 i, 73K
RMRRIRE R Z5H. EEAIRET, Cys385Lys8[H]
KA HAFE— BN E IR T, BT A NOSH
AN sSSP R SR FE(Cys87
HCysO0)VRFFIEDIE S, T AfFEFECys38HILys8
AR, T EREEIAN & 781, HA Z D25 g
gz 2
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Tif 7 A8 1 5T S IK O o A8 v 45 T AR
F N2 58 A TS IOY B i 0 A= BRI e AR AR
PEBEAT T A4S, X T EEAE U 8 H BT scER, v Ly
HPRIEARL: — R W FEAREEC 2)FUK#RE(EC 3)iEit
A 1 5Tl P A B AR BN B, — R iR
L ERHEC DG SRR BI(EC 1) S5 B
— B R IR R 25 X SR 1 A He
TE LB, A5 RETEAAR N AR 1E T B AL R
P W TR SCEE, UProtein disulfide isomerase-
Transferases transglutaminasef%‘rf; T — B SRR SN
THEALRRE 8 A BUE UscH, S B REE,
Subtilisin. Laccase. Peroxidase, EHH#EMFCRE, &%
IR, RS Tk, REMGLUn T %D
SN I TR MiE A s sc ik, B E N AL
{H2 F R0 2 RS e R4k Fle £ B B, IR
ST AR A R N R T 22 HAA AL AR 1SS T B
(AT, [ s Xo- e AL HL BRI TR AIESE.

4 SR BOARLEN P ASHH T]
b 2F 2 B4 A i3S 4% R (chemical  cross-linking

coupled with mass spectrometry, {AjFRAZIE BTG AL
CXMS), 22020k 2140 w) & Bk A m . &

*1 RBAEEBFRRKY R

Table 1 Overview of enzymes used for protein crosslinking

FI Ak 232 865 (chemical — cross-linker) b #25 F i A
f, CRE2S [AIFE B RS . W LA A O i R A
AR UM BIE i ok, SRR T Bk
B T AT T A ™ AR T R
FHT 8 B85 A8 AR SR B TS . 7SI
PEEERT, Sr24850ne. 2isnE ey
REAS DAORBA T k. T A2 IR BT % AH 0% 4 444k (nuclear
magnetic resonance, NMR). XHFk A7 5} (X-ray
crystallography) S H R X HA il it s R, K
Kot BRAEDE 3, (21 i e 32 .

SEHR i Y AR R 5 A H A i bottom-up
A A ETRIEAT 53 R 6B BE(1212)™. 55—
B, B AT A AR SR 8 A A B B RN A
g2 RS 7 I A S A R = B S ol S Sl s - S it ==
it I A ZZ SR A T 3SR Sy, T I 1 B g B,
BB, K BRI TE R AR ER T
Ref o ikBe, A ESLm IR PV EES. SBIUR B, 153
1) R Bl 2o VAR o T A R F, AT T L
%%, R ERT, BRI RRB RS g, fif
FTiE A GBS X KB AT /0. S LB B, B RT i s
i b AT R IR B T B o 1 31— 2 I (M ST
). FANHEL, AL BGX S RRBL IR Se s 3R, SR
Ja AT RIS TS B S R (MS25E). Zad ik
WrBeE, Pl bR e A i e T b, BT

G TENME WA Hb L il
Transferies fanssluaminase ffp AT 0 G RRSIE  (74-76)
Ve e wer URGEET e 0
Subtilisin (EC 3.4.21.62) AN 1 BTK ZJIKCai Y 2 LR TV R [79]
Oridomueases eI e R T MENY RMEL LR [80-83)
ECT 1052 KRB SR AT a RS [84-87)
EeTi ZHLAlL e b IR & [85.9]
| (Lgf:yll FEyes PR R I&ﬁ?ﬂi??{f%;l B ﬁﬁ%ﬁ%ﬁ;ﬁﬁ% 9091)
/amine oxidase (EC 1.4.3.6) i B FUE KA1

a) “FIRAN T BRI B T B0 B T R
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Figure 2 (Color online) Flowchart of protein crosslinking analysis by mass spectrometry. Some images are created by biorender.com

SEBUXH IR BRI H A s s d o e ) B e
IR X R A B B TE R BEAT 204, 4 HH SCHRIRBEAE
”#%mw]ﬁﬁiﬂﬁ%*MX%uﬁuﬁﬁw
AT LA 4 11 53 R 456 A3 FnpyMOL ™
SRS SR 5 25 RN B RS AT 0T, I A S IR AV
AT B R AR B 15 ) 2= B S5 A4 45 8 LA SR AR
KA.

Xof AR S HRASE 1 I 246 By 22 Tl JEAR 5 IR 2R
A I A B AR R R AR, AR A T
(PR 2R 1 AR EE,  7E20 A EL FIFINMR . X
ST R AT S B AR JAE 2 SR B HES A T
B DRIE/ S Eth i - S Vit e R OF 1= M (SPl o6 N L 7R~ )
B ZOR B R HAN BRI T il B AT, BRA T
PRI B BRSSBRAFTEOT . i T TR SR S Ak
URVEACIRAE LA 2, QL3 s SR B B AR 1
FINIEPEACHR OFIE L. RN R, PARE S BerE
HA B RRAEAE, AT Rk PR a2 —
BB, SR TS HORAE N IR S R B ST AT R 54
WA FEARBIALEL, BlREE . EVET. R
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Figure 3 (Color online) Structure of crosslinking peptides. (a) Simple crosslinking includes cross-link, loop-link and mono-link. (b) Complex

crosslinking is considered as the combinations of single crosslinking
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Figure 4 (Color online) Identification of crosslinking peptides is achieved by different strategies. (a) Identification of label-free and non-cleavable
cross-linking peptides. MS1 and MS2 are acquired for all peptides from the sample including single peptides and cross-linking peptides. The MS2
spectra are matched to the fragment ions of all candidate single peptides and cross-linking peptides. (b) Identification of isotope-labeling and non-
cleavable cross-linking peptides. The label-free and isotope-labeling crosslinking peptides have similar isotope peak cluster in the same MS1 spectrum.
The MS2 spectra are matched to the fragment ions of all candidate cross-linking peptides. (c) Identification of cleavable crosslinking peptides. The
cross-linker on the crosslinking peptide breaks in MS1 spectrum and obtains two spectral peaks group. The precursors of the two peptides that constitute
the cross-linking peptide were calculated based on the mass difference between the breaking points. The MS2 spectra of two peptides are matched to the
fragment ions of the candidate peptides
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Table 2 Software used for endogenous cross-linking studies
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pLink-SS[ZO] http://pfind.ict.ac.cn/software/pLink/index.html By ik
pLink['%"'m] http://pfind.ict.ac.cn/software/pLink/index.html NG

Protein Prospector[m] http://prospector.ucsf.edu ARk
Stavrox!'"? Send email to michael.goetze@biochemtech.uni-halle.de ik G R 2T 1k
FormaldehydeiXLiAnalyser[54] https://github.com/Kalisman-Lab/Search_Formaldehyde Cross-links. AR
MassLynx"” https://www.waters.com/ LGS
Integrated Proteomics Pipeline!'"”! https://www.bruker.com/ TR Al A 1k
MaxQuant!"¥ https://www.maxquant.org/ NOSHz
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Endogenous protein crosslinking usually means the connection of two amino acids in one or two proteins by covalent
bonds, which includes intermolecular and intramolecular crosslinks. As a special posttranslational modification of proteins,
endogenous protein crosslinking affects the structure and function of the proteins. The main endogenous protein crosslinks
currently discovered in prokaryotes and eukaryotes are disulfide bonds, isopeptide bonds, ditryptophan, dityrosine,
formaldehyde, methylglyoxal, NOS bridges and so on. All these crosslinks have been shown to have important effects on
biological processes and molecular functions. The formation of endogenous protein crosslinking comprises the enzyme-
catalyzed and non-enzyme-catalyzed. It is reported that several enzymes are utilized to crosslink the proteins in the
literature, such as protein disulfide isomerase, transglutaminase, sortase A, tyrosinase, laccase and peroxidase. Some
enzymes are already applied for protein crosslinking in the field of the food industry. However, the endogenous substrates
of these enzymes are not fully discovered in vivo so far. In addition, the mechanism of protein crosslinks and the function of
crosslink protein require further exploration. Mass spectrometry is a high-throughput and high-sensitivity tool that is
reliable for the large-scale identification of endogenous protein crosslinking. In recent years, there have been an ever-
increasing number of studies on endogenous protein crosslinking by mass spectrometry at the omics level, and mass
spectrometry has become one important tool to study the endogenous protein crosslinking. For example, it is reported that
for the first time, 199 disulfide bonds are identified in Escherichia coli and 568 disulfide bonds are identified in secreted
proteins of endothelial cells. The results show that disulfide bonds can be divided into two categories: structural and
allosteric disulfide bonds. Allosteric disulfide bonds are involved in catalysis and regulation in the cell. Besides the
disulfide bond, other types of endogenous protein crosslinking also need to be identified and quantified, which will better
understand their functions. With the development of mass spectrometry technology and identification methods, the study of
endogenous protein crosslinking will be enhanced to a deeper level. From the early stage, the crosslinking can be identified
from single purified protein, followed by the standard protein mixtures, and now, large-scale identification can be achieved
in complex samples, such as in the prokaryotic and eukaryotic cells. However, there are still many challenges in the process
of sample preparation, data acquisition, qualitative and quantitative analysis and bioinformatics software. It is urgent to
establish a unique workflow to study the endogenous protein crosslinking technology, which will greatly promote the
development of crosslinking omics. In the present paper, we summarize the important achievements in the recent studies of
endogenous protein crosslinking, sort out problems on endogenous protein crosslinking analysis based on mass
spectrometry, and finally put forward the prospect of developing endogenous protein crosslinking at the omics level.

endogenous crosslinking omics, mass spectrometry, intra-protein crosslinking, inter-protein crosslinking
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