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Fig.1 The workflow of CXMS
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Table 1 The information of some commonly used cross—linkers
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BS’ ; OM Ké K/ProN 5 11.4 AT A bR 1982 (17
&i & ° ) K/ProN
HO5S o
PIR & i T K/ProN‘5 43 I T R 2005 [
ﬁ K/ProN ¢S 2008 H]
Y AT [ bR
e
EDC y Lo K/ProN5 0 R 2008 &5
/\N/’C/ N~ s DJE
o] 0O, - .
DSBU q 0 e 0 K/ProN 5 12.5 Jo i T T 2010
No NN _N
) OJ\/\/ ,\g«r‘ \/\)j\o ! K/ProN
o o] N=N
sulfo-SDA il N/OM K/ProN 5 3.9 A 2010 21
0=S$s
I 0 ERRIER
(¢]
S ('? 7 5] S B L [14]
DSSO 0 33 8Lk o. K/ProN5 10.3 Ppigs RTES 2011
N e N
\!)(\/ \/T K/ProN
o (o}
CBDPS ) WO NS N { K/ProN5 15 Tfii%??%ﬁ%% 2011 12
o 2 e f I K/ProN Gl 2020 B
W Al R e
2
Leiker ’ \©\;§, K/ProN 5 10 WEE 2016 24
ng@ K/ProN TR
Diazoker Lo e D/ES 15.6 2018 17
™S o \/\,[L/ D/E
2 H ﬁ H 2
BMSO S G L0 s chC 242 JoR T 2018 1
o o)
" o O
NHSF F—ﬁ@—/{ Sl K/ProN5 7 L] 2018 120
o O—N
ERRHER
o
0 o}
o o
PhoX §~Q JQ K/ProN £ 5 ER 2019
° ’ K/ProN
HO—P=0
[
KAIGO m L, K/ProN 5 18.2 A 2019 117
OH o/\/ov\o H R

o

VLR IR TS T WAL 2 ProNFR R 1 TINS .



2022; 49 (4

FRER, % UEXBERERANHRIER <741+

2 REERAM

h T YRR TR, AR SO 3 T A
G T T, WERNEREN 3N SEOR
pH. UREEFISCHEFNREE . iR . bk, m AR T
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e S TRt v AR AR I Y S SFa VA ]
By LR pH AN E IR N AT, SCHRGR AR 2
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RIS N, 3 AT BE 52 M 8 5T A 25 # A fig 7
R, XA R SR AR B AE e X
PR ALK 3-S50 A, SCIE RN 3 AR A i
N (invivo) BEATFRIEAN (in vitro) HEFT, U5
AR AU AR S 2k, 75 A4
I NI T IR N, GBS 5 R PR BE A 1 4 i i
(22, 4N DSS “* il Azide-A-DSBSO B! 45

3 g 17|

AR AR SRR Z 5, T B AT ™ P T
PIURBe, DMEEA BTSN . B R4E 5 Bre
g A AR R K A R R, R R 2 1 B i o
H A 00 Bl 2 5 25 11 B Trypsin, ‘B BEAE 1 2 R
K FIAG 2R R (%) C iU, Fh T8 22 R Rt 2 R e
EAFPAIhERRE Y, HENMESHIER,
159k Tyrpsin BV G R BR B BESE Y, HLAE 5 1%
gk o ANk, XFAEEY, TR P
NHS B O 28 30k T 2 e, (1158 sC I Y
H5 AR A BB Trypsin fgty, SEk Trypsin fiE U I 1
FRBEH . PR, AIREAR Sy 9l oAl

JE e, ARG GRS R F 22 Fi it a1 7 il
YIM AT J5EE (parallel digestion) B, BlBE5
W=y iz, A S Rl kA T B 1T 53
AT BT o b . SEIR SRR, I TR DIAR
Lo TSR B A5 A8 HK 7 W AT LUK Trypsin i V) RE !
FE B Z B AR . SR, AR AR R I,
FEATEE VI I A 2 U B VIR B B i 44 @, H
WK W= W oy Ay, By FUAd ] Trypsin i
YIIF 53 A7 g e oA RS T2 IR ER &
i), X A Trypsin (R4 TEEY] it gk 2]
IV FH 22 i 1 047 i U0 7 2 R 22 1 A B B 2K
H 2/, 20194, Rappsilber [ BA 52 1 [E K%L
SE PR TR B TR IR AR P A 53 AR AR R e
B (sequential digestion) X AZHK =)t 4 1
U1, BRSEfH Trypsin D), BEUIZ L2 )5 #mA

5 —FhE§ (40 Asp-N., Chymotrypsin, Glu-C) i
FrmEY] o Y R RE A R AR e U Bk B A B2 A
i, SR U] ™ A 0 SR K B TS B i T A
W, DRI TSRO S HSEEEH o

LY Z 5, SRR 4 PPN RS
KB, AL 4G A Az S8R S W 2 MR B (linear
peptide) . #% S8 K | — Ui A& 41 9 2 M KB (mono-
linked T¥, type-0 peptide) . KB &R 2B (loop-
linked 5%, type-1 peptide) Fl Ik Bt [H] () 22 56 (cross-
linked &Y, type-2 peptide pair) . JHHr, ZPEIKEH T
HEA 1 RMRB, WAkoMHRR kBl iy 22k th T
TAWSRIREL, WA SRR BB SR, FEIX
AFPEAI R IREL T, SCHRIRBeRe e i 2 iy R
ZIffE R, SR ACHR BT HOR TR S 1 FEERBOE
Ko SCBRRB AT LUE—2ER 53 R Wifh . G 2R A2k
(2R IRBOk A [R]— 28R F BT, IR 2 1 B A Y
ZZ K HK B:  (intra-protein cross-linked peptide pair) ,
T3 PR A A B[] 1 2 IR BE - (Inter-protein cross-
linked peptide pair) .

4 TEMERHESTTE

T AR iR B S B0 = i — N 4y, K
FETE S IR BXT A IR I BR F) S 13 e A RIS 4 R
RRAFRE 2 T % 20 2 09 s BRIk B,
T X I T E S . A B SCHRIR B B KB
A Ay AR RElA I . I B AR A T
B, ARRIJFEFIH T 2R AN R, T ik
T EARN A
4.1 sER4

S RN AL T3k R A I JUR B 86 7 28 35 A9
PR, AT E AR AR, SEN S R AR B Y A
CINCE SIS Rl /S st 4 g SN = Sui U
BCH . Bl WA B PR AR (biotin), B
585 FEME (streptavidin) A3 1R 58 A9 56 FIVEH ,
PRLIH T DL B R 2 R R WG R o AR SR ik B . B R
) — DA R KR, T ALFHAY (steric
effects) , W] g2 52 M AC I 0 B W50 0 L
() 4% A AR W) R 0y AT A S BK R A PIR T
Leiker ', CBDPS "**"'| PC-DUCCT-biotin **' 4§,

R T REGRA Y R AR ROV ORISR, )
RINGIA TSGR SCH W 2 fe . Bk, #5
He3t (alkyne) S EEEY (azide) MIACHKHSE
AT AW RN, AR E i A A 2E (click
chemistry) (77 =UliILal SEMEW SEMR L
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AN, SEMEACHRIH B R, RS hE A
VR EELWARE . R THEMS RS YRR
BN, M HILPAREETAY 11, BARELW
HEYNEASYE (biorthogonality) , 8655 IS FL A Y
SN S W AR XA N LY
o PSR B WI A] s AR SR AT Azide-A-
DSBSO P! cliXlink %', NNP9 5/ &%

20194, v [E_E R QS 09 R SCER AT AR
Heck M1 BAAH 4% 15 11 13 W] &5 42 52 K55 pBVS 27 il
PhoX ', fEH 4w Ib KB R & 4 ik, 1EAC
R AR M AR RR LI, SR 43 Sl — 4
fb gk (Tio,) A [ & 1k & & 8 + 3 il a3
(immobilized metal-ion affinity chromatography,
IMAC) &EHCHRIREL, R3] T A S ER0R

SRUL, TR AR SRR B & R T
HARIFBTHES, BemRO & S SR Y
JREL, fH T RSSO LR IR Bt 7y
R, E T A B B AR R AN 8
fp R SR AR TR A AE Y — A
[

42 BESH

HH T S ICOBU FH 7 S5 IR B A, HCH fp A4 R
AR TR B . 55325 512 BRI FH AC B ik
K RS AN U NG U SR I Pu il e
24 (strong cation-exchange, SCX) ffjf %7 mfi 4y
F HE BH £ 3% (size exclusion chromatography,
SEC) " 73 B ACHR KB RIAE A I AR B, ATk 2] &
SEACHRIRBE ) H Y. fEnRPHE - AcHetagikrh, [
L R i AN NS ol 51| I B/ E 2B U N B
FERS, PRI F A AR B S [ AR VR 0485, vk
J s B, T e O H A R T A AR D 8
SR, PEMAE,  RIHAS R B A A A L B s
] 7E5rFHERR gk, [ A b & A /NS Y
fLBR, UiishZst aastind, BB AALL
PR AR O B B ARG, TSR A R Be L RE AN
FLBR A SMISE L, BEIRACRL, PRI AT IR BT
AR R IR o €A o3 B 5 Xt o3 B AR Ak B
A —ERCR, (HRARSCHR R B & A B 2 1 st im it
VI i, A 3L oy o far AVACRR 5 52 56 IR B 2 30
BF, AEELL 5 SR IR B o B
43 REEE

B 42 (ion mobility separation, IMS)
MM B B AR TR SRR, K
5B R 45 68 B B i B % (lon

mobility mass spectrometry, IMMS) J&—FhIIHE5H#
KB GHTI7EE: BY TER I EE B, #
BTG, BRI B, X
WA TR AR T — Y, A
[T, sy, RRFNZESR, 58S
AR 2 J 38 o FE A7 R B AN ] 5 38 2o e e i
FE, TSN RIS 140 s e i S
() S P AT it 3 AT de A T BTG 40 B . 2020 4
T2 [ 3 A JE 21 2 B0 5 i A ) LT BA B2 Al
FHAER T A A X FRIIE 25+ B2 (high field
asymmetric waveform ion mobility spectrometry,
FAIMS) ¥ Lumos Jitif ¥, —EFEME Fores 1Ak
JRBEES T MRS HR KB 7, K HEK293T FE i 1)
DSS ZZHRAL R SRR H T T 14f . [A4F, Heck M
BA 00 fift T2 48 1 A A B 0 3% (trapped ion
mobility spectrometry, TIMS) ¥ timsTOF Pro Jiiii%
X, 7E PhoX R FNalifb & AL Y JLhil |, #2050 e
T AZHR K BB 1 R S IR B 1 1) Ze M IR B T
ARG T 50%~70% 19 S IR 8 i 1 2 e JIk B
BTHCREZIGE, BB 7RI s ARSI kB S
THIRCR

Tew R M i, R A Ik, #
SETERE SR A BSOS IR B A T e A, RO
B B, At FUR AN (S R BT E Z [A]Y
— PR R . MR A RTIE Z IS, AR AR
BTN, R AR T 22 A SC R IR B 1 B 5 i
K, SR I AZ B I B e B H , IR ROk
F, WHYST “E%8” TcHkB. HAET, K24
ACIR 5T i A AR Al AR RO R 2 (data-
dependent acquisition, DDA) J5=:CREELAIE
BGE, TEXRTCT, B AR YE —LE R A
— PR TR T, SRR B
IR B i I o R RE RS TRt — 2 rh P B
BT SCHRIR B, WIRLE BB T AR sc kIR B, RS
P T B (S A R 1 R B A IR IR B A 8 3%
L, D0 BE 7 5T 5 o S B0 A BRIk B i) ' B . 2016
4F, Rappsilber A1 BA " Fi] FH A2 156 ik Bt 14 B 25
HROR . Al AT AL R AR, TR TR TR
BT A R DT 5, ORI AT 2+, Fi
KT 1300 u b Bk F R 8 ik K, fEX R
BN, RERSRE G 59% ARSI bR B R AR 90
H AR 2% s Bcig B, — g B 7 e %
MK BRSO

SHRUL, HETSCE KB S i R E Rk
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WA o7k, ARITTERI T SR KB i) A R 45
fib, BARREEE]—E R ERACE, (HERICRILA
feTtasE] . WARBELE G AR B T AR U AL
I REAYN R sk K o3 2ds, TR
R B A AR A2 R I B, o RE 0E — 2P Btk 4R

5 TERRERBIBUERRTTE

WAR TS FUE R (liquid chromatography-
mass spectrometry, LC-MS, @FRMEREEH) 245
PF AR (3 () B 53 5 B ) AN B 1Y) JoT o 43 B e
S ARk AT AR OR . T 4.2 AN A Tl
FIBAR 3% 3 B ACHR R Be ) s, TSR 24
AR AR A B RR T, SRIG A 4 XT
SEMR R B ) B iR 2 vk
51 BRBREBRRFEEGT

AT 2 v R DR R A O Tk AT 3
Flv, o & Rl 1 5 2 2 (collision-induced
dissociation, CID). fifighiif#24f# (higher energy
collisional dissociation, HCD) #IH, F % £ 2 fi#
(electron transfer dissociation, ETD). CID &
pJ1B%EER I = i A el 5 e e oX 12 WA A ]
PR RRBL Y 5k 1. 9 CID WR 3 8 -3l 0 7E 1
T-BF (ion trap, IT) " RcE A & ik,
TRE B R SFNRE B R AR B B R SE A
CID-IT Y2 & J7 U HA BUZ R . REUE S RIIEE
HR B B o B M ok AR X LA, BAFTE
AR “1/3 800", BTk s b/ T 1/3
BT LR R Ak, AR AR
th HCD w2 7 =, B RE B 76 55 0 19 Alf 18 =
(collision cell) PN 5¢ BUREE AR, RIS R B+
WAL B BIERF (orbitrap, OT) A5 il ",
HCD-OT WG T AAFAE “1B3%U", HA 59
M RAE R . U v AR, (R
. CID-IT 18 —4#t, CID flHCD EZ ks, 7=
by BT

ETD J&— i F1 CID . HCD 5 4= A [l (iR 24 7
K, BRI B r B 1 545 BT R B S
T Z IR, (IR B R A 1, AHE T
CID f1HCD, ETD WEZAZ KRBTSRy m, H
NG SUEMIEA], TR B a5 TR
WG E, MM S B e B s, TR
ETD 7F & A8 1 T 5808 580 48 oA )iz i
FH o {HJE ETD AEAEAAE IR RO 58 A i ) i, it

1R R B s E TP AR BRI BB 0, R T
PR kB R R AR, PR R T
ETciD "' MIETheD ' fpE24 X, BIFE ETD firdd
Z a7 CID B¢ HCD # % . ETD F % i %4 N-Ca
HE, PP ¢/z BT ETeiD Al ETheD [R] i 7242 b/y Fil
clz B F

FH T ACHR R 75 B P DRI SR 0 S HK o B ) S it
WS AIR KL, TS5 43 B A vl i 5d
55 T AT W 2R 1 A2 K ) T A T B BB 1Y) S i A 2
Bio A THETRGR, $BTEA ] W25 BT se Bk
(AR B AR AN AT W 2 Sc R RR B 5 25 RUt, 4 eis ]
Wiy SR A2 59 T A2 16k 1) IR B R oA T B SR A8 R I Bz
52 AR ZBRARE M UL R T L

FH T AN 1T TR A2 156 R B ) A IR A o i AN 25
DyWiEL, BT DA AT I AR Ik B 240 A 2 H
PR FE o 2B, LA T 5 22 S8 R IR B3 A
20124F, JbntEapRbea bt oe B i B RS RK AT BN 0 |
FHBS® 2 HK ()5 MUK B iR 48, XTIk T CID, HCD
FIETD MRS & i, & BLHCD PR B 22 1561 14
widr (Kl2a). BHIL, XFFRAT W2 sc Bk EL
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Fig.2 Fragmentation methods for cross—linked peptide pairs
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Fig.3 Three methods to derive masses of two peptides linked by cleavable cross—linkers
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Table 2 The information of some commonly used search engines for cross—linked peptide pairs

K2 MOFEAZTBHMEERSIE (LERERFEFFHES)

G5 HOHRA AT WY FEUTIE QO214ESA1HKZD KRBT
ACHRA IR

xQuest 2.1.1 J http://proteomics.ethz.ch/cgi-bin/xquest2_cgi/download.cgi (JEi%Vi ) 2008 27

StavroX 3.6.6.6 J http://www.stavrox.com/ 2012 187

pLink 23.9 N http://pfind.ict.ac.cn/software/pLink/index.html 2012 ]

2015 1107

2019 ¢

ReACT 1.0 N https://brucelab.gs.washington.edu/ReACT_STAT/index.html 2013 4]

Protein Prospector 6.2.2 N https://prospector.ucsf.edu/prospector/mshome.htm 2014 7

MeroX 2.0.1.4 N http://www.stavrox.com/ 2015 L8

2016 7%

2018 11

2019 11

SIM-XL 1.543 J http://patternlabforproteomics.org/sim-xl/index.html 2015 P!

2018 [

Kojak 2.0.0 N http://www.kojak-ms.org/ 2015 [

XlinkX 23 v https://www.hecklab.com/software/xlinkx/ 2015 17¢]

2017 77

xiSEARCH 1.7.6.1 J https://www.rappsilberlab.org/software/xisearch/ 2016 et

2019 B2

XLSearch 1.0 J https://github.com/COL-IU/XLSearch 2016

ECL / Xolik 0.3 J http://bioinformatics.ust.hk/Xolik.html 2016 ]

2017 4

2018 1)

MassSpecStudio 2.4.0.3497 v https://www.msstudio.ca/crosslinking/ 2016 L2

Xilmass 1.0 N https://github.com/compomics/xilmass 2016 [

Mango 1.0 v https:/github.com/jpm369/mango 2018 [#1

MetaMorpheusXL 0.0.312 J N https://github.com/smith-chem-wisc/MetaMorpheus 2018 B

MaXLinker 1.0 v https://www.yulab.org/resources/MaxLinker/ 2020 He

OpenPepXL 1.1 J https://www.openms.de/comp/openpepxl/ 2020 B

MS Annika 1.2.17742 v https://ms.imp.ac.at/index.php?action=ms-annika 2021 F1o4
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pFind A1 A T SN AR AR T ARG 56 14 5 42 7l
Jide, FFRLTIN R BLER T2 OB R T2 Az
ALK B (25 RAG 0 . TR R — TR A
(R 3, DASSIERURSS SAG 56 R ), HoAE
il B RN E A, AW LA JC AR IC B 9
FON bRiC ;IR IR 32 KGR E. coli 4L, W5
HIEE AT A B N TR AR IE o EARIE
X RIF, TCRRCKER A SN FRICRE S B EA T 32
BN 5 fefi, A TOARicACH =) A N fric s Bk
I VIR, IR T RO S R . TR
XFEOL, B4 S UK A BE S e — S vh
TR . SEPRER AR, HG0EnR B Y LU (%
W11, i, SNAGE R IR IR R . B,
R R IAMCCBE; K5, B e
49 32 B XK B8 oA 10 1SN AR BB 85 7 R A L
e, fE—gagd, TR IOARICA UNARIC BB
TR FOAE, USRI 1 1, A%
ELERIER, BN SE R R R NACER
ICRE e ST B, RN B KB, AT KR
HEK A 25 R . N Z AR UK EE— S5
TeARUI N G2 5 1E 4 R B A5 A 108 8 o 4
HICHbric NZRSEAA.

BT AR GE FIAS 6 R SN AR AR IO, iR AF
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FRER, % UEXBERERANHRIER +751-

I 2 NI 7 T B G B S i SR TR S (e
immunoprecipitation, Co-IP) "¢ | B &} X 244 52
(yeast two-hybrid, Y2H) "™ F1 3% il 4l {1k 57 3%
(affinity  purification-mass  spectrometry,  AP-
MS) P8 EEHOREE S, ILRIBESEER B EAE
8.3 FEHRAKTHXZERKRERE EEM

ARk, 3t TGN (B 171) . BEUIEAR
(55375) . WAEHR (5475). BEIE (e
) SFRATHAR R, A BT K SS IR B
FEBORBZ, HAWRIH SIS E 40 5% . 2008 4,
Aebersold A1 B\ 27 FI F [R]437 Z AR ic 22 B 57 DSS-DO/
D12 8 R 51 % xQuest 7£ E. coli H1 452 5] 71 X358
BRAZ o 2012 4F, FEAF Bk IAT BRI & pFind 41 BA
I TEFRIC 32 B 5] BS Fili8 R 51 % pLink 1£ E. coli
F1C. elegans 43 31| %5 72 51| 394 1 39 Xif A BR AV 141 5
20164F, %A BAFIHI AT & 4 5Bk Leiker 45 E. coli
HIC. elegans WIACHRA 15 %5 20 SRR T T — 4l

2%, 433K F] 3 130 F1893 XF A HEAV A ', 2013
A, 5 AR R S 24 Y Bruce 1B 74 F) AT b2
AZHEH] PIR Al R 51 % ReACT 1E E. coli WP % 5 3|
708 XFAZHRA i o 20154F, Heck H1BA 7 F1] FH AT 17
472 HK A DSSO Fl44 2 5 % X1inkX, 7F HeLa | %
FEF 2 179 X AW A7 a5, 5 R T S5m0 ] W7 45 Bk
R 3Z e s 2017 4, % A BRI AL AR 4 53
FYE RS, B HeLa 1S B o5 % 78 20 s 2 7 3]
3301 X AHRAL AT T )R, WFSR N BRI HZ Rz
| NI 2 . 371 It | 073 ) 1 B
GO, ANWTRIHT 4 2 1 B4 7K B S R A 2]
SE. 20204F, Rappsilber A]BA 140 [&] Bf i A A AT W
SLZZHE) DSS FAT Wr 2452 BK 57 DSSO, LA AR & 5|
% xiSEARCH, 7F fili & 3 & & 40 g (M.
pneumoniae) HIEFEF] 12 509 XAZHAL ., J& HAT
M E W4l s . 35 T Hit e R4
K-SR ST ST 9 T A%

Table 3 The information of some proteome—wide CXMS studies

R3 HoeEEREKTEHTERRERRITE

o Yl il HRGI%E FDR" ACHRAL i AR KRB
Acbersold E. coli DSS-D0/D12 xQuest 5%@CSM 71 2008 127
HARK E. coli BS® pLink 1 5%@CSM 394 2012 ]
HARK C. elegans BS® pLink 1 5%@CSM 39 2012 o]
Bruce E. coli PIR ReACT 5%@PP 708 2013 4]
Heck HeLa DSSO XlinkX 1 1% or 5%@CSM” 2179 2015 [76]
HAHK E. coli Leiker pLink 1 5%@CSM 3130 2016 24
HFATK C. elegans Leiker pLink 1 5%@CSM 893 2016 24
Heck E. coli DSSO XlinkX 2 1%@CSM 1158 2017 U7
Heck HeLa DSSO XlinkX 2 1%@CSM 3301 2017 177
Bruce Mouse PIR ReACT 5%@PP 2427 2017 b4
Rappsilber C. thermophilum BS’ xiSEARCH 10%@RP 3139 2017 [+
Heck Mouse DSSO XlinkX 2 2%@CSM 3322 2018 144
Heck U208 DSSO XlinkX 2 1%@CSM 8710 2018 [
Sinz D. melanogaster DSBU MeroX 2 1%@CSM 7436 2019 H13
Gygi Yeast E-EDC/sNHS PIXL 1%@PP 2549 2020 13
Urlaub Yeast BS® pLink 1 1%@CSM 3887 2020 [0
Rappsilber K562 DSS xiSEARCH 5%@RP 5518 2020 14
TR K562 DSSO MaXLinker 1%@CSM 9319 2020 He
Borchers Yeast CBDPS Kojak 2%@PP 10272 2020 B
X Mouse DSSO XlinkX 2 2%@CSM 11 999 2020 H41
Rappsilber M. pneumoniae DSS/DSSO xiSEARCH 5%@RP 12 509 2020 L4

D CSMEE/R A RE K 2R (cross-linked peptide spectrum match, CSM), PPFE/RIKEEXHZUK (peptide pair, PP), RPF/RNALANTZIR (resi-

due pair, RP); ' & [ A A 1 5 A ACIBEAYEDR 2351 1% A15% .
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ZEHR FDR At 12 20 A 4 oy 28 56 IR B 6 7 1) o o
el T E R BTk, (B A BT TR E
AL 20583 Rse st — i, ARG IR
TR T 57 )23 R FDR #2836l (R b 2k e 4 fH H i
REBECHRRRBAS R 5 A S K SR BRI
FDR ftiit, A0l Al i+ I 96 UE T = 2 K Y FDR, H
HEBA R . 55—J7 1, AT TDA K FDR ]
T3 VA S 2 ) FH 75 P PR A Sy 874 O T ) I i 2 o1
B, BRI R VA O LA 4 TR 20 T 2 4
FIEFIR,  Anfnfisyh B RS 22 0E A2 ) JoT s 4 o v
HARIFE IR Z —

TREESEHT T, B AT SCHR BTt A5 A i b 232
e A, AN 50% PO, AN, H ALK ST
TR A R BT R 2 23K 5 70%~85%, FEARSIHL T
JT TS R BE AT 0 BRI AR 1 TR EE
rEZESGE THBRNEEIENHEL, W@
MSFragger "', Open-pFind "' 4, ‘B 17E4E
BRESY K TR ZS[W], %8 T R5MNEY] . BAME
NGNS TR R IRARE T . SR BT A 1 TR
JEE i BT UG LT 1 5 B B 35 50 1o TR e b [ A 174 )
M, WEAMNEEY] . BEAMBMAE, MU
P (15 S DA TN Wy G 7/ AR A 14
Hb, SCHRIR B A B e T 18 2R 23 [l [R]
WS — 20 KA R 2 [W], AMEATRE ™ s &R
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TR, R A B 5T AR A TR EE i B T I ) R
Pkl

TREEE S 7T, mAR HATH 37 s 48 e 5 H
B4R —J1 (£3), {HRappsilber [A1BA = {574k
TH A48 i 2 Ag Bk S g v 22 /D AEAE 20 3 %38
A o5, Gner S 21 B 22 Y SR IR oS 2 TR P 7 5 IF
I A Co IR, b SO B ) A IR o i e 1 TR B f
B ST B2 M AT — s R, SR ISR B s
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Abstract Chemical cross-linking coupled with mass spectrometry (CXMS) is an important tool to analyze
protein structures and protein-protein interactions. In the last five years, CXMS has made great progress in both
methods and applications. In terms of methods, on the one hand, cleavable cross-linkers and new separation and
enrichment methods have shown good prospects, and on the other hand, more efficient cross-linked peptide search
engines and quality control methods provide powerful tools for CXMS data analysis. In terms of applications, on
the one hand, CXMS combined with cryo-electron microscopy has determined a large number of protein
structures, and on the other hand, CXMS has shown the potential to analyze protein-protein interaction networks
at a proteome scale. The intensive research on CXMS in methods and applications reflect the important role of
this technology. Here we review the various aspects of CXMS, including cross-linker selection, cross-linking
reaction, protein digestion, separation and enrichment, data acquisition, cross-linked peptide identification, quality
control, and application, and mainly focus on progress in the last five years. Lastly, we discuss the challenges and
opportunities of CXMS in the future. In section 1, we review cross-linkers from the aspects of reactive group and
spacer arm. In section 2, we give tips for the cross-linking reaction. In section 3, we describe the sequential
digestion strategy for cross-linked proteins. In section 4, we elaborate enrichment methods for cross-linked
peptides, including affinity purification, chromatographic separation, and ion mobility mass spectrometry. In
section 5, we elaborate data acquisition methods for cross-linked peptides, and compare three methods for MS-
cleavable cross-linked peptides. In section 6, we elaborate search engines for cross-linked peptide identification.
In section 7, we describe quality control methods for cross-linked peptide identification. In section 8, we review
applications of CXMS and list some proteome-wide CXMS studies. In section 9, we conclude the paper and

discuss the challenges and opportunities of CXMS in the future.
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