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JRRE SRRSOy B AREOR W AR AR e R R S S RIS SO AS RS AR (R AT I, e
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AHEAE F AR A AR Dy RE, R, BIFSEER 1 TR 25
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R, AR R BTRE il A 5 A7 LT 20 1) 2
K, WE AL E. AR, W T K/
AJ G PR SRR A AR B (bRUE, A RERI X R
FORWEFUIL LG . R, X R T7 AR IN
FRAK g, HE 2 BRI T AT R
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FEAER 3T, ARG IR A5 B A
K b AR S AS AT, Ay LA 6 iR
AN SE W EE A U BAEH Mﬁﬂum%—k%
BOREN . SSMRETNEARE S o X
TSR X PSRN, AT &ﬁ i
FEwmy s R A BTERERAG ., 75 ZERE A 400 5
d. WJCLRFATAR AT, A7 B TSR P R 4
FIFIAHEAE O, e ARG IME AR AS
W2 JG A AT B o i, Pt AN S 8 1 A &
A FERZm ;s £ AT ARV AN SN A1)
ACIHRF AT LAFS 21 5 22 (1 £ 141 o 2% ) 25 44 FHAH BLAE
17 B2,

WA A I 5 ST A &5 A ke Sk o0 AT B 1 T 2
2R a1 20 R, 21 thady)™, 2 2012
L, K CXMS [RFFE SR KR H B4 M\ 2000
EI 124 RGP 2] 260 5, 51 HECH M 2000
LRI 2 057 FE3E N E] 8 864 ki (F#E K H T Web of
Knowledge, http://apps.webotknowledge.com/, 2013-
09-01). AT I F2 AR M2 B0 AR PR 5 B 545 43 47
H%%ﬁﬁﬁmﬁ/,%ﬁT%ﬁﬁmra%&,

ﬁlhf%ﬁ%ﬁ &ﬁ%ﬂwm%FW?ﬁ
ITERIR. B R IR DRSS IRAR B AR AN ] i 7 A=
(M = AR B, BN S B S5 5
SRJF AT ARAZIRT 70 B W SRR MLACIBEA
ek Bl PRI REE . S5 R UERT SRR Y
s B RAZRE T [ ASK K K e dt AT 1 .
1 RERFERIKERER

AL A FAEAN RN B A B R D), WA A =
FAZIC ) (K 1) a. BAZHEFAME K (2K

Type-1 ZZ MK Bt Type-0 KK BE AEASI Mk B
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Type-2 2CHE KB
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—O EHEH2

O : MEUIfL A
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Fig. 1 Multiple cross-linked peptide forms
B 1 XEEARBYIRFEHORKKBEAZHER

5 L — i A8 Bk — £ IK Bt mono-linked peptide),
Type-0 KR HEIK B b, KB A HE (B2 Hk
71 P iy A 16 [7] — 2% K B¢, loop-linked peptide 5%
intra-linked peptide), Type-1 J5 %Y [ 28 BE Ik B

- IRBURIAZ IR (SR RSk 25 IR EL, - Inter-linked
peptldes) Type-2 KA AT MR EL .

SR BRI B, Type-0 A2 BEJTA B 5

B bR A AT DA A PR DR B . X =R 2R AL 1)
ATIRMR BOAR & BAN AT 7 1 I SR 4. AT
oy S R (R A A 1 B 22 SIS IR
B, Eotw Type-0 F1 Type-1 3471 Type-0, 1 J& X
ATIRIRBEAE, (R i TR LB A H L,
AT H R,

2 TN BES5EE

AR FOE R, M TR MBUEEA, hTH
FrAZ IR BN i AR S s b . B oy
SIS, — MBS W AR T U RO
RAKERCR. AERXTTI, ZAEROMITFZRER
AR, AT 2T R I LA A,

ATTRAE il R 43 B9 AT DAL B 1 5K IR B K-
BEAT . A S T PR A T DA e I M L Uk T v
(sodium dodecyl sulfate polyacrylamide gel
electrophoresis, SDS-PAGE); Ji & — WA H [ Al
1R O 2418 357 R (reverse phase high performance
liquid chromatography, RP-HPLC). 5 Z W& 11,
WL IRBOK - 1003 1 5 i AR R A A a HoR L o
FH B8 e 52K (strong cation exchange, SCX)ZIAll
43 F i €6 3% H; R (size exclusion chromatography,
SEC)4E,

3} SDS-PAGE (1550, 38 ik =2 V) AL
AR TR 4y, D) i 7 STl B SO 6 A v
25 K AT W) S s BE ) (matrix-assisted laser
desorption/ionization time of flight mass spectrometry,
MALDI-TOF-MS) 5 ¥ AH (4, 1% 5 H 15 57 1% 15 H
(liquid chromatography-tandem mass spectrometry,
LC-MS/MS) 43 #r. XM IriEA e T K 52411
P, JEE X BT A R EE A R RS Y.

SN ZRFES, EREAN TS S 2T, BR T
— AR N E A, HELEY, B
RP-HPLC 7p &2, X Fh VA BENS A R0y 25 2 A
i A IRIIRE, (HANBEXRS ATk B AT e 4k

TN AR IRBCEAT B AR, W] LM ISR A0 (5 1
AR XN TTVE T EAEAT A LB A Y F SR IR 7R
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Y. SRR AR BRI F A BB A RS A
PRk & 8 S AAC AR B AN X R iEA
AEX 4> Type-0. Type-1 Fll Type-2 — FF 22 BL I =,
DR A EAT T3 B A A I A

WER T — 003 BOX =R ARG kB, mT
DA 223 0 BH 25 7 A2 4t 43 2529, A Type-0.
Type-1 Fl Type-2 — Rl A2 I A i far 52 1) 2 931
KHEAT 3B, HAURAE Type-0. Type-1 KA [%Z
IDCIR B v 2 A 21 2R B T ) S 7 R (OF 20 R B
KRR ZIR) I, AT S 5B IKBAHIE, X
B OPEAR Ty 8. MeAh, i TAC IR B i ot =
KTHFKE, B LA nT ORI 43 707 € il 4R B
VW50 T, RS KB, 0k S AHE
R (AT IR B 25

3 RERF

AZIR I BARE T, ARSI, Ak
R vk, 0 TS5 RN S A BT AR R 50

ONa, 0
o
I 0]
o) N 0L o
o N n_
(0] IS—O
Ioi ONa*
BS3
O
o) o
N/OMO/N
O (0]
(0]
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AZHR A R ECRT 73 ] A I AR (542 1677 7 K
Ho ARG T WA
3.1 fEERIIERH]

] B PR AZ IR 0 0 25 P A S R AT R — >3
DI, Hor, g T AR ASIRR) 2 B S S b R 35
1 Mt W % B 2% (N-hydroxy succinimidyl or
sulfosuccinimidyl esters, NHS ester), £$5X(3%H1HE
W% ~F BRI (disuccinimidyl suberate, DSS). *{
IR BT WE Wi % — PR BE (disuccinimidyl glutarate,
DSG). — (fiff 3 B 1 B W OB ) ¥ — R WE
(bissulfosuccinimidyl suberate, BS3) Fl1 . (f#fiFL 55 ¥
TRV k%) 1 R B (bissulfosuccinimidyl glutarate,
BS2G)(/4 2). BS3 1 BS2G A%} DSS 1 DSG #4in
T, i BS3 5 BS2G Z 0. DSS 5
DSG Z [A] I IX 3 WAE TAZ R A BE . EAlTmT
IR (K) 04 ) 2 ik B 2 11 00 N i P 2
HEAT IR S

Na'-O, o o ONa*
S =Qs,
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Fig. 2 Structrue of BS3, BS2G, DSS, DSG
& 2 BS3, BS2G, DSS, DSG RI4E#

BRIABE 2 a2 AT LU R L. B oG, K
FERRBUh SR Z, RAEma s . Kk, K
ISR, ARSI S N A AF AT T AR 57
P AR, AR S ER KRB N s 2 40 1 oAt
RIEM R A SN, ALK, AIARE FE R i
(RIAZIR LS 25 21 (1 AR BB D

BRItz Ak, B SIS AT AREAT X AR AT,
DAL P s (KA 2 R AN ] o] DA AN RS
BRI SN O SRR G Y AT
A, E A A] DA 2 R S o,

32 HEXREF

FROAZEA], $RIhaen] 70k =38 a. AZHGH
RECE B LT s WY W I DR R 76 = S
b. ABEFIREEAE TG B b e AR R R A
B R IR AT LAY ] A EE AR
el H R AR, — R A AL
() — el LMD RE (R 1).
3.2.1  HASERER A TG

SRANEE 4] (affinity tag) ‘& RHE AR THA
R TR %52 0, LEASIBERA s s IS A
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S, SEEAAHP RS, T L E S AR
ICFUMIIR B, HEBRAS S AR PR B ) T4 Y
FIXSCLR M, H AT O R 2 Py SR 3 A R RS 1
A PN RRAE T, AR T EEAR R R
B FEH BT IR B g, — BB KL
A LA ARG, XA AR A T NI, 15
B IAZ BA pit 2 18] Fr9 2 8 PR A 1 F b 57 55
322 HAREE T IRAS SR

AT I AE R IR B = P i i 28 = AR 11
TYAEE Y, APEARRETE R . LR AEAS
IR BN T HEFPRER 1) 5 70 T (U 54 4%
PE R VR I, X AC R IR B e 2 A B —
B R I AR 2 R A SR A i, TE i, X228
TR s BEAE R FH i I P (55 i Ve 1R A7
FEMESR Wi LR A5 S A AR, B 2 kAT
WA, MR T e UR.
3.2.3 [ ZEbRad AS IR

A AT, o] LLIERR N R Zb
RPN 1Mt B N Ly o S N O S A D
HRIACIET], HEAT SR AR, XA AR I A I
P f e T AFE R RS IGR, B &
JIER R R A ZE bR e, i T AR A IX - ok
P A AR ], g E R TR
SEBERAMNN, B h eS80 fRE

PRANIETE, AH[EERE A AR 1 EUE 5 A AR RAL
FEAC RN TR, ERR LA T TR,

REEOATIA — M8 2 R AR AT R BT . i S I
ZEPUVHR AN R, AR € AT I AR S RT 43 Ry Ak 2 ki 2
(chemically cleavable). S AH / il Wi % (gas phase/
mass spectrometry cleavable) F1GHT2¢ (photocleavable)
=R R RO AR N T w2 T B
ARSI, DRI TG iR R A B 25 1 FHAT I I 22
TE B BRI TR e R OG BR T HL i SEAR A M R
AR, T REIE R IR O/ B AR e iR
TACZE W R X el T, AR AN /R
IR IEA RAER, AT MR G R, B pUE S
W 2R 5 T IR SR DRAT AT WA LIS, DR T AN 3 T o
TRREE s DGR R /BT AR ) Ak
T-B, el A R AR B SR AT AT IR
AW, e T KB R A, A T AT
JUHE S E

] B AT 1) S5 R £ AT I ) 3K T AT IR 1) B
FEARM S, Q1 DSS A1 BS3 £ AL 44 AT LA [ i 3F
TR bR, — RS, RO AR % A
PIOLHA, AR TACHERR . R ATk, Ik
A BE R, ]I AL A AT DA
WHIA E. Ak, EFRMEAEBAN KA S R
J&, RO AR ) % B H AR T BT

Table 1 Characteristics of some common linkers (Sorted by first publication time in ascending order)

F1 MOENZBHEFFE (REXEZMEAFHET)
R REEMSH L] BHEMEH 987 FMEROD KBFIRREER Bk BHNEEE
PIR 2005 [34], 2006 [35], Y Y A/ S 437 RIIERINAEWS
2009 [36]
SuDP 2006 [56], 2007 [57], SH SRR 11.24
(CID-CXL-MS/MS) 2012 [58]
BAMJ 2007 [59] 27 e 7.54
IRCX 2008 [60] S 16A
BiPS 2009 [48] \ St 54 104 REWEFHAT 9
SBC 2009 [49] Y Heid 1024 CIRSEZE L= 810y
PR AT RN
Azide-DSG 2010 [37] \ Y A/ EmE 774
DEB 2010 [38] \ \ SHFOEERE 734 S HE ETD WY
BuUrBu 2010 [43] Y SHFOEWIRE 12,54
pcPIR 2010 [45] Y e 404
BAH 2010 [46] Y SHFOEEIR 1234 ¥ ETD W5
CBDPS 2011 [39] V Y Y ST 144
SSIN 2011 [42] \ i 14A
DSSO 2011 [47] Y SH SRR 1014
BDRG 2012 [40] \ Y A SRR 27.04
CXLs 2012 [41] V V Y SHFOEEIRE 204
DC4 2012 [44] J A /TG R 184
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4.1 REBUEEEEERES
B OSBRI it . L R B
PEAILE, fEs B AT E, TEERIE ik

4.1.1 FJEK

b T B A7 AT S B AT I FE AT AR A T
100%, Bt AAZIC KB = B G, A IETE 2 H /b
G592, SRS B Sk A (B 3).

g

b
—_— 116
CDK9/Cyclin T1 E
e 662
- s
CDK9 |
35

Cyclin T1 s

Fig. 3 Low abundance of inter-linked peptides
B3 RAXKBERTREKBESEMARIK

AW A
IRBAZ I R = T R AL & 2 (& 4). AL
TAEIKBORYE, HINEZRMASEN, HEER
TR AT QR T R T B IR R AR,

4.1.2

ARAZ IR

A

L I Type-0 ZAKB:  Type-1 22Mpt kB Type-2 ZZIMkB
I 1 VAN I 1

Fig. 4 Complex peptide forms after cross-linking

El4 MREBEXKESERSHASHK

EASESCR S
T A7 A0 A P A IR BE 111 22 Ak W 24 T8 1l 11
T CLR RIS I I = A I A IR e B -, ACHRIIR B
T R B R R RS B AR H
%‘BE g ( [zg] 5)[57, 60,62-65]
4.14 MWRAFEEK
MK B P A KB AT 4 G B B, P A

4.1.3

Be EUF, DO R EdE RS I 3 e R
(K1~ J5 R (3% 2).

e kB AR M B
N 0
WHRET WHET

HHH
HHH
H H H

J
.

i :.|.

Fig. 5 More ion types in cross-linked MS/MS spectra
B s XERE-REEMNBSFMHEES

Table 2 The search space difference between traditional

database and cross-linked database (Trypsin)

R2 BRBEESIBBEERZRTE LME

(Trypsin Eg1]])
Database Proteins  Peptides Peptide pairs
E. coli (MG1655) 6126 3.35x10°  5.63x10"
C. elegans (WS232) 24652 1.18x10°  6.96x10"
H. sapiens (ipi. HUMAN.v3.87) 91491  3.72x10°  2.77x10"

4.1.5 =V L

P T AC IR B FH M AR IR B2, ey A
FE G GE T TR AT 45 R IE RV . AKEEN T
B E S v, AEMERGRE . R AT MRSy T AR A AE )
L DT LAAEAS IR I 13 1 46 R R 3R o) b, b
OB et T A — 78R A W S e 5 TR (W T {5
42 RERIGEELEEEZEZSRHG

RS I U P A s U A BT L. T
TENT T AT R BREARG —F1 5 H A 45
W), H i T AR KB BIARG S s, 1T
AT AR M. AEIXFPE DL, A8 BT £ 1)
H 2h%E FUEF S A R, R AS e L
421 —YukE%E

2000~2005 4, AT e — R AT —
T BT, GRS R, Tt
S HbRACHRIA B I BER 7B i, PR — g0
H SRR I T3 A BT B IR i AR 1 U Y T A A
I, RIACAH AR IRB AR, 23— n R =20 K]
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AT N ThRE. — 9GS e £ 5 MALDI-
TOF {45 A M. 31X — I3 b A 25 44 1 31 0 4
Links™, MS2Links™. ProteinX XX F1 CLPM "
L{_J@[szt, 6872

Links (X 44 ASAP) & f5 W[ A8 BR IR B — 2 i
K% e B, kT 2000 4F. ST R Links %
PR RIS IR B S e g R 5, 3R A5 B0t
THETUN K] FGF-2 S5 iR B BEAT £ 0, IR0 ik I
H e agi k5. MS2Links (.4 MS2Assign) /&
Links [ J5 824k, ‘75 Links BCH, £330
REM SR B 4 e 45 R 5, H MS2Links Axil — 2
T, TN A e 2 R T SE

EAR 42, R R Zhric ke A Bh AT 1 %
SE 7 AR X BN Y IS 7[R A7 2 bRad ik
X T AT B ) S e R ERE L, O T
JCEARGNYY, WS WA AT 2

—YuEE ek, BT E R RS, H
RE M T4l AN RIS, teah, T —9)
RIS E T, WAREE R R RS I . &
R FE— % I H R BE A0 8 B IR RS, (RS
br b, TR StREEY) . AR R DRSS
R (52, AR VR e KB S . 54k, X
F R ARAE 5 A BRI B & — BURE I 31T %08,
WARATEER. DM, IXRhTVE— HA RS %=
R, T HE— LR FH i MS2Links (MS2Assign) X
FEM T HORBEA T N TR, IR BB S B0Z T VAR
BRI, R R s T R
422 gultE%E

AEI MK BTt B 1) — 2l 1 58 e VR R bl
SRR A R IR, EE AR —KE
VAT IR IR B I — 2l 1) 56 ) e v e A ok A AS 1k
IR B )5 FITA Bt — 2 vl 6 1)l , - PR FH i K
B ES A R G AT g B s SRR
B O AT IR B ) — 0k ¥ i e AR, vt A
SEIR L T AC IR B 4 e 1) — 2l P s PR A 2R |
HEROSATSTASOON S RUAR T R M e )
75y SR AT AR B — e Py B e i
WS, BT T2 E.
a. K AT IR IR B T n) U A O R AT TR IR B 3 e
Ir] it

X 27 VR TR B A R 5 A T
R, B = RR R R/ S 1. A
JE, A2 n RGBSR R B e ik . BB
KBS iR ZEd 1, BT R R: . A

FERRACIE, AT IR e — gl - b ke, TR
R, iR,

| I €7 LS HEN

HGH 2 A HE S E e i 1 I A A
B, K AR IR B 1B I A Ze PR IR BBz ik, AN
1M RE A8 AT W O P R (0 — P vk R B
e, WML G WA R KRB, 55
SERASERIKBON AR L, IR &1 R A 58
. IR B RTINS, AT DAAE—
SEREFE 155 B 73 A R 2 IR

2007 4=, {1 Rappsilber 25 # 1 $¢ H ) XDB J5
s TR A EU AR T R, e 4k
XComb J7i%F XDB JiiEHEAT T3t — 1 iy sk e,
XDB J7 £ F P48 245 S w] 52 5k B 25 R AT
GRS, WaiEEEdEE, #—PAH
PR A SRR TR, anT DA R B
RGN ZTIRB A K. XComb J7ikH
A G XK R S v o ok 1 E R
%, EBRIUARIREL, $e T 83k,

IR B B FE AR #1775, v AR A
A PRI ESCH 2 A P o R AR IR BT ()48 2R 5 [ Ak
N REME IR B R4 2 0], AT R Al 24 )
WIR G EHATI R, T H TR
WL, AR, P AR G b H—,
I M S B IR B BRI B 1 5 LS
SRR BOMAR L, AR B AR, X
AR5 58 X4 B 15 B R 2R HL (K 6);
=, Mol THAA AR, IR R
KOs FEREAT, — ML 100 48 A 74108 1
PR, AAHRAS LR T 3X b 7 A B A A At il E )
MH.

Hodli e b B TSR

Fig. 6 Only parts of the ions are used (black solid line)
B 6 HIEELEBAEZSABRINEZRAZAANA
BAERET (BEILEEBD)

. TPk

BEEBONHI B TR 72, AW R 5
BTG SLR ITE, e e N T o
AU AL, i T RE R ZE R KRR
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P Da JGH, KT RAMEM KB REMS HEN 4T
grfeikrt, JF BRI MR & 1 SR R A B
MRB e R, ARAE AT MR8 E . X T 51
F)E A, AT N TR, BRI SME .

ATHRIRBEAT R A — 2 IRBAE AR R Ak T
AT EET I AR IIRBUSURE B M, Rl AT DA
TR R AT %52, 2008 4, [ Singh 25
KA Popitam Ji%, IR T I IBIE R I
HHATAZHCIE BE %652 . Popitam 7y EFEH L 5L
I 30 B PR o B AT R R, 43 2%
JIRBLEE IR, JF e v T A B2 &5 RO0S B F) DA % &1 2%
B ARG R T8N 38 R T VE AT A IR B 2
€. 2010 £, Chu & V) 4 T80 3% R B
ProteinProspector % UL A 45 14 I FE fh BEAT 5 0E, Jf
W CLAN SR A5 A T ATIE S e A R K A

TFBAIEER, IR AR B E r) Ak
HRUIR B ) R — Rk, HoAZ O B AR R AT
IR IR BN 7 1) — 45 Ik B S AT RS 20 A0 A — AN K
SREME, FI 55— SRR B RO 8 1 R AT
BEE . X7V S A T B A Bk 2R AL B T 1A (R
FEROGREE, & H BRI — S IR B ™ A e 1 g
T S FIRBUIRE RN A AT I8, 0 T hEee
FAZNRBUR RIS BB IR Bk ok F, - XA
THEALIAF R E (K 6).

M. AZIH AT I ek

YA TP TTE RIS Bt AT, kP
FATIRIRBAE — Gt i Be oy B TP A A IR, R4
TR BRI = ot il FREAT 20, AT A I Ik
Bt Pl 562 0 i) jU A Ay A 8 R IR B 161 25 5 1) L
=R AR AR B AN PIR (protein interaction
reporter) FEA, T 2005 FEFFARAY FHPT,

PIR AZIIR A — A DU B 7 2B, ZRE IR Y
SEH ATIIREER 7y bRid B R E SR L.
AW A0 TR O TR, AT IR TR BT 20 P
R, NS L 1, TR IRIIRE A S S
I& (reporter ion).

2007 KR M) X-links A2 5 PIR AHRC A
BRAEN. BRI SR A5 S W R A A R W 13
PRSI Edl S| FID I Reriao Sid  P S PR E S 3e
IR R AT I 28 7 A 1 BRI 2 ) FR) Jo G ok
T e 0 ISR 3 2 e ST AN ik 5 B iR B il
WAESKS N7 B HEAT PRI, P E =l Ba i
H R U A R TR BT IR, 2010 fE KK
) Blinks #CPF0E— 204 T ek, & HUE T AZIRIIR

B 247 A 1R B TR 2 TR) R e i AR B Jab 5
Py [FINAERCT BIRBAS R 5 1% Mascot™ ) % 7€ 45
R, ST e,

PIR SR H = R Tirs SRR BosH R, 2F
JECH I B ], T A LR A R T
AT R 7. X5 ik R a] ORI A (S
SR BT B A AE R e s 5 B
oy TAERJEEI N LT RN S, JE—0 4w T 3L
IS s [ 55 94960 X o gk A it R, — MR R R
E AR BTN, [R) I A 200 F e ik il 4B
PIACIER, TR . Al IR — M K
B, RASIR A R R B ) T 5 () 25 4 1R 4 A
5518,

b S AT IR B — gl AR B R T AT R B
AR AT

L H T AR B — 0 ] 2 i Hos A & 5|
e R TR SR S I A ) R T IR . 31X —
IR RN A S B 1 B K XA TR T P 4%
SRR B =T AR AR B, AN 2L
BT X — RUGEAMET LA R B
SEBAE LI, A A S B T I AN E T,
BIE B3 258 3R A, %8 IER S IRk B 1M e
B iR,

F T AT B A% 28 245 1) B UK B M RS~ 7
G, X R B R T Al AR i B
HEBE S, EREAREAREAK. WAt Pro-
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A New Approach to Protein Structure and Interaction Research: Chemical
Cross-linking in Combination With Mass Spectrometry”
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Abstract For any protein, its 3-D structure and interaction with other proteins are vital information for the
understanding of its function. Traditionally, NMR and X-ray crystallography are employed to acquire such
information at high resolution. However, application of these methods is limited because they are extremely
demanding for protein purity and quantity, or protein size and crystalizability. Chemical cross-linking in
combination with mass spectrometry (CXMS) is a novel technology developed over the past decade that
complements the traditional methods with its many advantages such as high throughput, low cost and relaxed
sample requirements. Here we review the various aspects of CXMS, including separation and enrichment
techniques, characteristics of common cross-linkers, development of database-search tools for CXMS data,
algorithms for validation of results, and application. The future development of CXMS is also discussed.
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