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Recent Advances in Chemical Protein Modification via Cysteine
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(* National Research Center for Carbohydrate Synthesis, College of Chemistry and Chemical Engineering,
Jiangxi Normal University, Nanchang 330022)
(* State Key Laboratory of Respiratory Disease, School of Pharmaceutical Sciences, Guangzhou Medical
University, Guangzhou 511436)

Abstract Proteins are the most abundant biomolecules in nature and are involved almost in all living processes. Chemical
modification of proteins is an efficient strategy to mediate and study the physical and chemical properties and biological
functionalities of proteins. Most protein chemical modifications are based on the bioorthogonal reactivities of the side chain
functional groups of certain amino acid residues. Among 20 proteinogenic amino acids, cysteine has become the best choice
for chemical protein modification, owning to its relative low abundance in proteins, the unique nucleophilicity and low redox
potential of its mercaptan group. The recent advances in chemical protein modification via cysteine are comprehensively
reviewed and the challenges and applications for future development are discussed.
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A, SE B AT TT R R AR A AR A R B X s
AR AR B 5T 1 51N A SR 10 Dl B 2 2 141 14 75
FOg) iz TN TRV 2408, [E N AN SGR
FERNT 2 IR 2 5T A AR WK 23 T I AR R AE e N 3
1T TIRANRIT 0L AT s A U RN, H A
Jit i T BRI 70 T B AN 2R OSSR
TEAT EAE AR BBIA EE 3BT, 30l 5 2 S B P

HAR AR A FUE B 20 FhR ARG LR A4 R
(LK, WFH R AR Sec £ HEMT
TGA BB R, BEARIESS 21 ARSI, H
— BB LR A BE B A VIR B BRI, W22 &R (Sen) M TR
ZR(Thr) [R5 . KT (Asp) IR R IR (Glu) 1R %
W TR (Lys) 282k | LI E TR (Cys) S 2L K R (Arg)
(RIS | % 0 R (Tyr) P Iy ¥4 52 DA B 2H U2 (Hiis) (A DK I 3
S RO AR A S B M H A 5 T IX S8R T RE ]
AR BRI IS SRR AT 1. 7 I S R S R I V7% UK Y
o, Cys ERISREE T3 BA BRI S—H Bk 2568 LA L
SR PR AT AR AR D), JRR g ik, B MR oE A%
PE. 5 — 5T, Cys fE8 AR F 1 H R FEERMK<
2%, E1F B A R T R AR R, Rtk T
TEE X Cys MBI 7B N 72 (Scheme 1)114),
AL RAGE T IR OR 2 KON R 1 5 2 I R S T 1 F 9
B, JEXHEER TR SR AT T AT

Ho \ I
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ﬁ = Small moIecuIeJ\J
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Scheme 1 Chemical protein modification via cysteine
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Fii ik 5 g AR 1) SN A2 B I SRR AR I Tk
— el BLAE 1935 4F, w7 Bl o H AR 2 1% %
(iodoacetamide)fl Cys [ 5 i47 ) ¥ (Scheme 2), JF
W2 AT E AR Cys Bk 78 f & AR mENS. BT
AR Lk i £ A0 Lys 503 His B0 5E B G = A2 B S M,
AR A P PR A1 1 54X S Bt % (chloroacetamide) K 6
G I G R AN AR, kR 22 T A e AR
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Scheme 2 Protein modification using iodoacetamide

2009 4, Chalker PRARZLISIFIFT 1-76 FE-4-BR
NSRBI, G AR R AT R 5N
FEARFLE, R T KL Suzuki-Miyaura 55
S Bi(Scheme 3), SEHL W EE E B IRAEME, XL
A BTy 3L A 25 1) aed 98 < e HE A 1 S S 2 31 T 22 ik
AR A BB L, I 7 E AR B M IE .

r | R—B (OH)z, Pd cat.

S
37°C, pH 8.0 r

Protein

Protein

B3 KEEFE A LR Suzuki-Miyaura {5 B
Scheme 3 Protein Suzuki-Miyaura cross-coupling in aqueous
media

2013 4F, Pentelute PR R HI 5 B @ 12 U
Ni(SNAT), K& T —FN#AXNEE Cys 757 HEALE
7712 (Scheme 4, a). HT7/NTAAE %A R 1 fEEVEART
RBIEPERAR, AT — 0T R T ARR, RIMES
It H Bk #% #% ¥ (glutathione transferase, GST)HIMEIL T,
AR IR T IR R A B K 51 (p-E-C-G) L1
Cys M, THEMER Cys N2, S Wi A 44
J2E 2 h LLP(Scheme 4, b)), 2015 4F, il AT1RV SR Bl
FRAE “m-clamp” 2R N 20— b B il 2 FR - 2R TN &
FR(F-C-P-F)/F 51| 1) Cys A DL 38 14 Hh AN 4 SR S
N, FE P BRI Cys AT AR B SR i1
71 [ % (Scheme 4, c). AATIRIF X Fh “m-clamp” FIHRFE,
TEPUAR PSR4 o 7, & TR BT
), MISEEL T ik #E v R 58 HER2-positive FLIJE 41
i

2018 4F, Meldal F1 Diness 1458 25 2213 i %oF 75 5 i
FIFE AT A B B, SEHL T X 2 IRFEE I Cys
HE R Z1M(Scheme 5). 75347 1 RAE NN-—HI
FA L (DMF) A LG () S Ry M, T E 6 S S 5
JWE(TEV, RMEEA—A Cysl29, AL S E&H 5 —
A Cys170)HAT A IR, 75 H7) 2 XX P4 Cys
HRIEAT TABM, 777 4 AT LA Cys170 BT i $E
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e, 1057 HAKT 3 MTEVERUR, XXMM A B
Cys #RRA MR, XAk FAE LA AT LA T4
MR AR R A BRI POEARIC s IR E A G L
PRI LA A 5 A

|
rSH .

Protein *F \ /g R— '/

Foo . i O\\S/NR2
F
NR A
2 o)
F F F F

Act|V|ty selective ( Cystelne selective (2

@ﬁ KIW

Unreactive (3) Site selective (4)

B 5 AR 8 5 I 2 R R e A2 1

Scheme 5 Fluorobenzene reagents for cysteine-selective protein
modification

HE ARz R A IS % /M R S5 1 5 Th g 3L,
e R A R AL R A LR TAHE Rz /A
FIEAL PRI SO A R S 2019 4R, XU KB
AZEE I HIBARRI ] Cys BB T BOR R T —F

R
X
—F,
=
S

Protein

2776

http://sioc-journal.cn/

© 2022 Chinese Chemical Society & SIOC, CAS

Cys 2 & FE AL B i 41 81 F 2 3 AL I & B (cysteine-
aminoethylation assisted chemical ubiquitination, CAACU).
ITER R N-Je 20 2-IR S 58 % Cys 1)
R OHFAM, B IR Z R SNAS 22 R4
H M (Scheme 6). fx BT % /MR E AR B2 R
MRS, X R IEREE WNRIEZ) 1.5~6 mg/L 1)
HARA P YOEE A E A, EEEA R
RWIE RAAE Lys MIEE L1, X AHI Cys B ihi
132 B BEEE Lys fTAEP 02 =AWt ml DA 25902
ZME(DUBs) IR A KM, X1 E H2BKc34Ub #%/MARI
U HL 7 2385 (cryoelectron microscopy, cryo-EM)IE IR,
PRAFH CAACU [ HA RIFRZHTT T IHE. S0
SR, SXITAERAE T CAACU SRBS/E AL R A4
YRR 7T v 1 B SO Bz R B I B 2 R AL
H.

2 50%kMITERMN

TSRV i 2 Bl Eci F ) Cys 8RR im &k,
ADCSsPSRIHIF R — B A IR RS v G T 1A T 145k 2 — .
ADCs /& H P (antibody) 4% F(linker) A1 41 0 55 K 43

T(payload) =#B/r My p. H 836 E & ah 24 i & 3L s
(FDA)LHE BT 9 3 ADCs 1, 5 5 K 25W02 0 5ok

@?ﬁ]ﬁﬂﬁﬁ”ﬁﬁ@%%ﬁ’]@cheme 72601 TRk Y g 2 Ft A
N ADCs EHTIE ik, 2N e R0
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Scheme 6 Cysteine-aminoethylation assisted chemical ubiquitination
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Scheme 7 Clinically-approved ADCs with maleimide as the linker
AL B R e AT, Ak EMLRR, SRR BOR BIE bR L B N ORI
AN, AR V. JF AN )3T 5 2 B e L A A ke, A M RE IR . R ST R BRI P fie v )
B BREE, F BRI G AR E R, S RAE —A C—N BH WA R AR SFBOTH, HX MR
I B R (retro-Michael) 2 B2, {575 T SR gk F i A WA 2B R A R AL A2, C—N BT,
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Y5 Cys WIBRIEAE A B 264 T R 2B T SR N N A B T
T 770 (Scheme  10). 243X S AR BRI 40 & W0 7%
A 9OG R BB B 2 B (PEG) &I, BAITAT LAX &
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JErR R B W AR e E. RIS, AT RIHE I P 37 2
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2017 4F, Chiba WA R T —Flogh 5 2 1A
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FHEE B FHE Ay FHRELGEDT “ S Ek
227 (click [N BEATAIR, M REAT — IR AB i (Scheme
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Scheme 10 Irreversible modification of polypeptide and protein Cys using carbonylacrylic reagents
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Scheme 11 2-Azoacrylates as bifunctional reagents for peptide and protein Cys modification
2017 4, JEE LB B\BHRIE T 5-30 it 3Br-5MPs BN —Fi i R0 HAT B K 2 Dh RESR R 121
A (5-MPs)E N Cys & 1ii7(Scheme 12), 5-MPs [ 53 FRAILT P IR A 1 35k 179,
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Ak — 2 A0 5 — gy 7 B R B S R B AT N K

(Scheme 13). 5 IL[RINF, 3Br-5MPs i 0] LRI & 57 /5 B 12 5-307 FF A i 1 D e 3 2 ELRT Je R e Bk 1 2 1
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Scheme 13  3-Bromo-5-methylene pyrrolones as cysteine-specific protein multi-functionalization and disulfide rebridging
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2018 4, FHIEBRBIALOR R T —Fh i id M i 3 0
MR 4-BUR IR G B (Scheme 14). ZA 7l T 146 7
IR NI LR B, 1 R S R A S g, BRI s o A e
IR =40, N =4 w] LATE 3 5 7R BEAA R A7 AE T SEI
TR, FF HAZ R D S Bl 1 0z 21 3 X3
(UBXD). MAFKHIBEA 1. s 71 8 3¢ AR
LK MERS Jeb{R % 55 3C FE 25 ARG S5 8 i I3 A 1811,
AR T TR S .
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Scheme 14 4-Substituted cyclopentenone as a highly active and
traceless protein thiol modification reagent

2018 4F, ZhFURAHP LI N-H FE-N-IKFE 2453
T 5 e ] DA e 428 1 b R B 1 0 179 37 2% S S (Scheme
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2019 4F, TXRERAANCTZI 1,4-—fiF 2L kmeny LA
N v R e e B M ) XLy e 22 IR AZ 11 77 (Scheme 16,
a). TEMRMEZE P EAME T, 1,4- 7 3 K ik ok 43 3t A
Cys NI HERE R4, AT LME N2 I & A i
PR (ARERENZ, fER AT 1,4- 2k
WK S Lys [WEREEAN N, MAERMEAHLIAEFRIF 1,4-—
BRI M T] DL S e AR . X PR 1) S5 I 1 R i
J 15 S 21 22 BRI A EAZ 1 (Scheme 16, b).
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8 G5 1) R R B0 6 1) S N — R FR 1 2 B R EE 91 K
7 51 A& B B Ak - B B O 3R N R R (thio-yne  reac-
tion)381, T ARk — LLE RS AN Cys B J S W 2
I FH JoR e ) st L 205 R 30 AR B SR A TR SR R,

2013 4, Waser BRAZHPVR J& T —Ffs i Jk ik
F(TIPS-EBX)k SE LA B~ 34k )z ¥ (Scheme 17, a).
%R BTG R I 4 R A, FEIRAT 24 R RT Ak e

Oy

PBS 7.4 0=8=0

CH4CN, 37°C, 5 h (SJ
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B 15 N-FF - V- 20075 R ok 456 ok 1t AT 5 25 A W A K

Scheme 15 N-Methyl-N-phenylvinylsulfonamides for cysteine-selective conjugation

NH

NH,
< N02
SH N
[ JVan

(a) Protein + O,N

SH HS
( j HEPES
pH 7.0

(b) 'unprotected peptide —

;)

NH, NH, NH,

ON__N N
=4

unprotected peptide

2
H
Nj/i}
Aqueous buffer S‘S\/|N
pH7.0,30s '/
Protein O2N
O,N NO,

NO

R

s SN N S

J DA Q y
DMSO

unprotected peptide

P )

N N
NH, { P_—_( )
N N
O,N NO,

i? = Functional groups

B 16

TR I R D U e A M R R B 1 BB VAN 22 BRI AL R K N

Scheme 16 Dinitroimidazoles as bifunctional bioconjugation reagents for protein modification and peptide macrocyclization
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Scheme 17 Alkynye containing hypervalent iodine-mediated peptide and protein functionalization

B, RIS LE S e g R B, 12l nT DLE R
RIS 3 SO 12 1R R 2 ORI 37 B — R A sz 87 . FH 2]
| AR AL 228 i (Scheme 17, b), 181 J5 1) & H i
EARTARRETT DLk KA click [, XAEE R
A2 B TE RSBt TR A TR, (HRZITVER)
JRBRTEAE T RA BB AE R AR H Cys 4 e fbR B =
T SR 2018 4F, Waser 158 2H 410K 1220 I vy 4 Atk
AR () S N 2% A AT T VR B ([ R pHL 5%),
fif R 1 R R (EB X))k 7] AR 25 268 1) Je 2 i 1 i A
(Scheme 17, ¢). &H & %E GeHIH EBX ISR K
AN B BT R 8 B P, e Rl LAE— P R AR
Suzuki-Miyaura BB Click M. 2020 4E, 1% B4 142
PR T m O BRI, AT A = A R
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LRAP R i U A TR S B 75 22 IR 2 P o 2k 1) 2B
1, MATAMEREAT T ARSI SEES, EAETE M AT TR
K. filr, Waser @SB w0 il H 1T Bk
& %(Scheme 17, d), F&F T &M FIEL KM EA
JoR A R PR

2018 4F, Pentelute VREIZH“HRIE T —Fh A7 s ik #E 1
) Cys FIFRERATAE DR R B (Scheme 18). fH1HF
BIE, ZRNEREFRATAEYME A L C 5wEl# N
Uity ] AK 7 511 (DBCO-tag, Leu-Cys-Tyr-Pro-Trp-Val-Tyr)
RIS, e e B TE R & e B b Cys e EE Y
220 1. AATIRI 2 s R X it e S B AP AA 22
PUEAT 7M. X T 702 B AR A RE e B R R A1 mT
DR S 1) 56 B
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7E Waser R 124 I, Bernardes /@4 %I7E
2021 R T — A S-BRk IR I e T B - — I R
ERAE B B 2 K SR B2 15 077 (Scheme  19). %47
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kynylation using 5-(alkynyl)dibenzothiophenium triflates

R FL R T SR AR 5 AT DA 3 L A R A
TR R AE N N0 Arjona 1@ 4H 4R IE T H ARG
BRI AT — R AT VIR BOSRAE OR AP B [, 24502
PRI 5 2 BRORI S 6 S 7 2B RRF). B AT TS T 3%
S B, MR IRTE A B . i DL S R i
FEAEIN, YRR I i 2 bk mT DA i 36 478 e R0 7 e
0 CF, HZ:MEMIEE L HRA Boc-Cys-OMe 7EA LI
o) S5 I EL A A R A AL R R XA 1 (100%, 98 - 2
Z : E, CH;CN/CF;CHOH)“81. HyT-1% [ B 4 76 A HLV

Protein dimers
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FUEREAT, DHAR X BB T 22 IR 1A BB 1.

2009 4, CAEIREAWIR R T —FhiE 1R
TEK A% 22 Ik FIER 5T Cys 1& M 7572 (Scheme 20).
ARG FE T bR BRIEEE A LA B T i Xof S B
DA B AL 23 B R SO 45 SRR, I SLIE M A
SRR > P BR i A~ IS > bR IE BRI . 7R R 7T X SRk
B, TR Z AR n %, JEH R L
(3 AW LT RE 0SS, Z MBStk % . AR A
TR IAE R E B BAR A& T, B2
I8 I K SH RS

1 2

R R
SH =
r agueous E/\"/

- o O medium S 0
Protein + R'—X
Protein
SH
R3SH r
aqueous Protein
medium

B3 20 G AR Dy TR RR ) 8 1 BR AR 1 )
Scheme 20 Electron-deficient alkynes as cleavable reagents for
protein cysteine modification

2019 4%, Bernardes WA POME F 24 Eh Ak 4 3
AR e A S E R Z KA E T Cys A& 1T
(Scheme 21). IX P FME A SRS PEAR i, 4 min g A]
LAERL 80%LA L IEeAL, 76 1 h WHLAEeieth. | T
Z=hk '\TJC‘EI'J}?%%H&E%%A%ﬁm%ﬂDEi/*\ﬁﬁ-ﬁﬁii
F, AT R i R R SR AR A BRI I e A A R AT
Ja 8 Ebﬂﬁ*ﬂﬁ%ﬂiﬁ*ﬂﬁﬁfjf”iu&ﬁﬁi@ .

Staudinger 5N A LS B S VA=A i S S AS

FIAH L) G B9t v S A (Bl IV Jk ) 1) S . I Al b
Hackenberger PREIHPE 4RIE | Staudinger-Phospho-
nite (SPhR)SC. 12 J WA FH 57 FE It 18 6 126 4% 14 i A 35

R 2 RN B 1 TURSE, AT SE IR 22 JIRN 2R 5T
%%1&%.
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Scheme 21 Quaternization of vinyl/alkynyl pyridine for the
modification of cysteine-containing peptides

2021 4, Hackenberger Pi@ZH2F]H SPhR J v &
J& 1 —MHT ) Cys M55 i T WM i R A ) f 1
TER, SRETHZBRIEEAT LY Cys Stk O, 35—
FINCL Z AR R INE= Y, SEPL T X 2 kAN F
JR ) FEPEAS 1 (Scheme 22, ). FIFIXFH 1%, fhATH:

o

A Cy5 wJGHE ]I 2Bk Bt Ji A h 22 2k St (Pt
Her 2 5 5a BEHUAR)BEATIRER, 15 BP0 5¢ 06 BIE
YI(AFC). Sk EN, A TUREH NI R T £k I it
REOIWE R e 1 2 R 1 BT Cys 2157 (Scheme
22, b). FHET 2 S IR i AN S L 1 0 R D AR N L
RN Mo 2R = b R B R AF AR e M, 2019 4,
TR 2H DA FH 538 K P 1) R 358 I Tt e A R i 2 1ok
G ADCs. ABATMSE FH R SR BBt 11 il 22 2R s A A 22
HHRPUENDUE, AT 8 ADCs. ZJ7EeHt 17—
FEET Cys BRI —AURE T V5 L, axut
ADCs JEILH T ks e VAT E PR P R 4T R v 1.
2021 4F, Hackenberger BRI K e T —HK =2,
I IR ERGR], SRR LA PR 7 PRI E AR Cys
HEATAEM, I BRI 12 2 i PR (Scheme 22,
o). XMW LAMES Z IKElE F i Cys 58 U8R — I
R B JGE, BAEER A —NE Cys BIAEM S F(ndidsk)
JBL, INTTSEIRAN A Cys AR A0 55 F AR BE.
MAZHEVE B R R, &7 Z-Z, E-Z VL)X E-E

O HN™ N

H,N— unprotected peptide —< OR S
NH, ’/
(0]

OR
NPoor —

1st Thio addition

‘—SH

2nd Thio addition

© %"
c R
%0\

H,N— unprotected peptide —{
NH,

SH

OR
r- (\’/P\NH

Protein o)

¥ S
e

Protein

[ Aot
s O H

biomolecule r

biomolecule

="
LA

= Small molecules, Unprotected peptides

‘ = Peptides, Proteins, Antibodies

B 22 ZJHIEBERR R AN — ZBREL IR £ 7 22 SRR 2 13 5 Th e Ak 7 Th A4 82

Scheme 22 Application of ethynyl phosphonamidate and diethynyl phosphinates for peptide and protein functionalization
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BIKE

ik SR

SRR A 45 50 ¢ 5. BEJE, MAIRBL Z-Z F E-Z
MR St R 2= [ E-E f R ekt s
P BEIRA Z MU A = R, ARX R 22 D R
(1) 35k — 2 Tk I IR Wi X500 Dy B 1 o — B 1 AR B A
J AR 25557 ] BRI TR AL T R

RGBSR E AR Cys B RN A53 =
R, EATRI PRI AR A S 2 B S R e . AT
fifULIZ 7 8, 2014 4F, Loh 5 Xing [41BASOI R T A IE )
Tk Je 2 2 o — FioB I SR A AR T, IR SEB T 2 kR0
E A Cys i F M2 (Scheme 23). 1% M AL IR N4
PFF B AT P43 B e e HA WS =4, S E B
2, BIirEmAS GBI A A e AL
PR, A AT FH 12 S w0 A4 g i R EAT T B

H
SH N
(0] ~
r . THF/Buffer, r.t. W R
+ \)J\N/ R
H

Protein

Protein

BRI 23 BRIGIEIL A s Bt p ik SRR 1R
Scheme 23 Allenamides as selective reagents for peptide and
protein cysteine modification

2018 4F, XA EEUR AL TR BB I e AE B 2% A
NATBATE I S /R B4R, MR 1 R (1 -
A B-REBAMINL. fedle, AT IR R () a5 A BE AT
ARV, FERRBERZ A N BT 5N BA SR RE
=3 AL, 4 T OB BLL B AL A Bl T
24, SEHL T RN SR 1 e B PR R - TN
B2 Sk, MATARE T MR maL ik
FE Howm X FE R B A Cys A2 2 1 7 VALY
(Scheme 24). MEFERRE, 1ZJ7EET Cys FRIERT G

LR B (1) B LN K, BENE A Rt L B — 1 Z-Rg TR
. ZIRBEREANOKEVELF, HXSiBEERIH T k&)
SR PEVE, 7R B E R b s IR AR, iR
B ORI, BRI mkmk. MIREEIELE R, R AE
IEPEME RS S OB PRGN B AT DUE 2 A2 M)
REPEEEA (W3 B AERSE). S5kF
B, Bt SR S TR RR . B DL R A SR T
R T B E Ittt BEEMATS Metanis R84
G AE, 8 R R i Xz 2% (GATC)/ A B B 1 4 41 711
(BPTI). 4 1fi% &5 1 (BSA) LA K 2 Bk B30 (Trastu-
zumab)HEAT TABM. IXFPIEAI S N RIBEI I p-PR S AL
RNER 2 KA A R A AR R i 7 T, g
YIFF IR T 7 %

5 &RRFSE5NEARFMEBR SN

& JE RS 5 R NAEA NG R R IEE R E
BEVE B SR, HE A RS AR K o B R AR
A BUR P A WAH 51 IROBE 26 S & 8 il N 2 5 I R
BT i AR 1 20 R B 2R BR ) T &R ik F B 2 5
HEEFEMRIRRE. EFR, BAE BRSPS
PEUF & BRI T &, — SRl T2 R RS AEY)
KAy T4 ES 5 10 Nl S i o0,

Ball i H VR & T s A ) B B LA %S Cys (1)
&1 77 %(Scheme 25). A1 17E 10 pmol/L ] Rh(OAc)2+
10 mmol/L ‘BuNHOH. pH=6.2 121 ~, 1 FH & &4k
EW5 L IRE A B Cys #3478, 15 B8 E 1=
. R T ESEZ VAR, AR N R i A
HBEAT TAEME, 2 AB =5 B SR B T i iA1= ) AH B
JEILH T B = AR E .

[=]
=]

%\N/\/OH
SH )
Tf s Tf
N PB 8.0, 5% CH3CN r
- + = Z-isomer
Protein = OH
Z 37°C Protein
Tf (0]
0._0 N~
§ Z # °
= \/\N o AN
Fluorescent tag Drug molecule 3
O
NN o If ~
K N //
HN "\/\Jb”“/\§ Zz N
H Tf

S
Affinity tag

Bioconjugation handle

B 24  RBEIEAE Y miE BRI B AR Cys tA B il

Scheme 24 Ynamide as high cysteine-selective modification reagent
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Protein rs
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Scheme 25 Rhodium-catalyzed cysteine modification with diazo reagents

REVIEW

TEAE G I SRR R B, SR 2
SR A R R, AT PRI T AR 2 IO A R
R . 2015 4F, Buchwald A1 Pentelute [4]BALS21g 40
THEAR TR ANC AR 0 2 T R R A 1) 05 B #8400, 7F pH 7.5
GEmis, S5ZIKRE R Cys bS5 & A R et
(R I S B (Scheme 26, a). ZIRE=MITERL . B LA K 4R
A TR T RIFRIFE M. 2017 4F, ARA 16X 48
WA B G EAT T BUE, & B — R8BI CE ALK
A, IXEFH AT LA A Cys ﬁﬁﬁﬁﬁ%HKLﬁH%&
T BT 5K A 45 ¥4 (Scheme 26, b). X S8y5VE 2 KK
WS Cys BRIE AT LA AL T 4, i+4 Al i, i+7. 5IEFE,
AT TR P A A ) = 05 B B O A4 (sSPhos) & il 1 7E 23 S H
FoE 1) 7KV AT HUAR 4 7R 04, 23 2L ) 48 R0
w7 B TR, BT DLE 2 A AR T R e B 1 b G 22 I A
Cys #E{T1&1fi(Scheme 26, c). MYk, XA HIA 4
JEAANE T ORI ZR . P H L R M &5
HEYEESE ], RSk, Buchwald 1 Pentelute [41BA &

Jee 11 4 J A TR0T 22 JORR 2 1 5 PR — 5 A I e 4
JEAR N 2 AN B B B A S AR T VA 1) TR
FE T EATAFEMR 7.

2018 4, Spokoyny 1 Maynard [#] BALCOMsE — 4 i i
A IR R 2 SRR E I = R, ) T BLiE
PEVEHGT 2 IR ER 1 B Cys #E47121fi(Scheme 27).
X PR -5 Bl S B4 G, EANEI) pH G (0.5~
14)A 5 min BPATZ5RBRE. 3X A = A4 T DLz
FFEFERNETERE ], T DAE 2 RIS B ESINZY)
s ROGHEM LR C 155, Kt FER, 555 -=
M &R A DU T T R R & k.

6 JfE{LE) Cys 181

Cys WMEMRRR T SHAE N EAZ G S N4, I
otttk E T ZME R Cys BB T
V1071 57 Fe— 45 [ M (thiol-ene reaction)il % +2 t H Hi3&
gl R LA TR, BT E A R B R, B

SH RHCy, SAr
r . 20 mmol/L Tris,150 mmol/L NaCl |/
(a) | Protein . PrO ' Ar PH7.5 Protein
“O'Pr "OTf DMF/H,0 (V:V = 5:95), 30 min

SH HS

[ ]

unprotected peptide . |PrO

RHCy,

(b) )
“O'Pr X

SH

[

(c) biomolecule , MeO

then HS/\/COZH

0.1 mol/L Tris pH 7.5 r W
unprotected peptide
MeCN/H,0 (V:V = 1:1)

then HS/\/COZH

e

biomolecule

0.1 mol/L Tris pH 7.5
rt., 10 min

then HS/\/COZH

i} = Affinity tag, Fluorophores, Bioconjugate handles, Aromatics

BR 26 4EERFINZME

Scheme 26 Palladium reagents for peptide and protein cysteine modification
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BHLKE
r% ) r&m N TSGR ST A5 BRAE 25X B) A BRI,
o o Ar Solvent SELH > N % —
i)+ (oA S ot 2016 4, FRIEMAIRE T —FhIEE S M- 4
<5min

B 27 A HLE R 2 R B BT e R 1 05 FE AL
Scheme 27 Arylation of peptides and protein cysteine with
organometallic gold reagents
W — BT Al [N, X8 S B AT B R R o
AL ST R F Tk 2B 1.

2011 4R, AL R 2H O8I i 2 B I e S R Je
T PRI (1 7775 (Scheme 28). A N-2
Witk O REAE B R SRR SRAMDGIRI SR R AT Cys
KA, =) —M Lys R0, A 872 Lys
KA S 1. BEJE, AR 2 S R B
BEAT T iz BB,

(0]
HNJ\
r o j\ hv, initiator H
Protein " /\H CHs rs
Protein

B 28 A ik B SR AT 4L

Scheme 28 Site-selective protein acetylation
2014 4, Popik FR@IZLIOME ] 3-54 HHE-2-Z8 M T AL
PINQMPs)E 350 nm FR 7G]RS X 22 kAl 82
JRHEAT T i BEAE(Scheme 29), NQMPs | 7] L%
RO“WE TR, SEEU. RIS, 7
VITER R VA (<40 pmol/L)8 £ I Bk A7 7E M 1B I T
ARG AT LSRR TE IR B R R B B IE TR RS, Bl A

ABATIAE P AZ 7 VAT ML 8 A #EAT T i FR s .

OR
SH OR HO
) - o
Protein 7
HO PBS rS

Protein

R= OH

HN—° ooH

ﬁ/m”wﬁwwfﬁga H /“K%%
o S ‘/?ZL/\"/N\(\%O OH

4 °
Y
Eee

o NMe,

Bz 29  ZAkAIER B 5E BRI ISP E AT ek A AT 2R
(4

Scheme 29 Selective and reversible photochemical derivatiza-
tion of cysteine residues in peptides and proteins
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S Ni(Scheme 30). {HFEREKIZE, 5akilER UM
bt SR TR B B A S W S A 5 IR AT AR A B R 1k

N
oS =
365 nm hv
(SH photo initiator rS

DMF, rt, 05~1h
unprotected peptide unprotected peptide

Z isomer

B 30 SRAE- P S RIAE S T KB R A
Scheme 30 Application of thio-yne reaction in stapled peptide
synthesis

2017 4F, Wang PR&ZH 7 A% PO 2SS 075 LARY g
R EIE R, SEEL T X Cys AT 21
(Scheme 31). 1%/ & 7E G HEAL T AE A T 7= AR 5 2
B HI%E, SRS S b 20 O e R ) 2R
Toft, RN SRR S M BT 1A ) B R A BT 1AL B
Y, B REEE A BN — D RBE. A X
i AR B R AE BN R R AN BE BT B, R
PR 2 IR AN 5= 1

("

SH A~ R
OMe ¢at. (1 mol%) S
BocHN MeCN > OMe
BocHN

0 Blue LEDs

Catalysts

B 31 WG SHDEAEARIHE L F B S S
Scheme 31 Visible light mediated thiol-ene reactions catalyzed
by organic photoredox catalysis

2018 4, Molander MR ZH 721 A Ru 1 64T,
Ni 1E A A7 DA SRR 35 1 &R T 54 5 (HAT) 7
SEHL T Cys W75 34k (Scheme 32). 1% 5 M ik £ AT JEE
VG AR iz, XA R R S
mol%, F£AIRH T A MH KNS Cys JUKIIEME.

2019 4F, Bon Fl Wilson Z5 IR A% J& T —Fhfic 4
S Z KA A5 Cys PIEFREIZ1i(Scheme 33). i
T8 S 1 B b e TR A7 1 4T 8 4k 57 (Ru(TT)(bpy)s) 76
LED J¢ I8 352 Ik NOXA-B i#E471& 1, 1 min BIT]
SERCR . BE S AT 2% R N R B B AR T B, XS
PURA T A MCL-1 286 {7 _E[¥) Cys #EAT T 45 5L e
A Z Fitri.
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Scheme 32 Cysteine arylation using dual nickel-ruthenium catalysis
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S
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Scheme 33 Ligand directed modification of cysteine at the protein level

7 ZEH
%Eﬁ$ﬁ¢ﬁ%&§%¥%§%TuLLﬁw

SN R 5N R, 7R R TR R R R
Eﬁ%ﬁﬁﬁﬁTéﬁﬁﬁmlﬁﬁ,\¥@ AL

&t —Fii B Cys A2 181 7k, 0% IkeliaE
H 5T I Cys /N 73 i B a2 SR TR B i e 2
o P BB MG 7 3. SR, IX AR AL 5 T I e A S B
RN, JEEREE R AR SRR R, ik, B2
FAVRET — RHIE TGRS, 23T 771

TERB IR AL DL B Cys &1 R H . 2016 4, Madder
%ﬁ@%m‘mﬁﬁﬁmm%ﬁnIWﬁﬁTé%m
A28 5 [ B2 (Scheme 34).

8 N if Cys HILE &1

L EJET Cys 8 A R R ML 2B T 1R %
FELE Cys MIHAh S IR IR 2 (M. & 24 Cys
¥ 25 JERR B R AR A A2 T DL I 30 4 R R Je F) i
IEARCERSEI, ZEARKA T B A W d DR T
Hbg, Wi A S MY R e RS, S B s
A (bait) il e, SCHLBE B RS AEAR BLAE &R A
B, T I LSRR AL 7 A 1 v S SE A AN
AR AR, BRI AR LA B AT B 10 42 (Rl
SFPEUC. S5 —J7 M, Cys HORSHEMR L AT LLIE S PesERs
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r RSX
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Scheme 34 Common methods for disulfide formation
JE AV S AN [F) R SE B (Schemes 4, 18). HAFIEE
A2, N o bt 28R B T 7E IKBE ARk i R, IR B
BHEGREEPINEVEERER], W UE Bl S N s
PAk 2 A A 1T A SR T2 8 T4 S A 1) B
Frid & B S LK 22 IR S5 4.

2016 4F, Gois WREAHHEERA Y5 1,2- 55
B 1 5 8 A= i DY SME e, SE 56 N 3 Cys HOHRF S PEAE
M. AL, 2R SAERRYE SR AT N IR SOE B S, AR
S F AR AL 5] AR RE 1 (2-FPBA) R, J s i 2 Kk
e, AR, 2% (azolidinoboronate) vk YL iy, Bl
N B (1) 4% [2] 2 RAZ 1 ) N 3 Cys (Scheme 35).
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s SH
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N ™ Protein
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/B\ O
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B 35 2-FPBA FEN MR N diif Jht & R A2 ik 771
Scheme 35 2-FPBA as selective N-terminal cysteine modifica-
tion reagent

2020 4, RNNIRBEHTSHRGE [P 1,2-2 ZE 00
TEAEMMEFAE TR MBS 2-((behidk) (o7
30 F ) T — i (TAMM) ) . [ 77 7% (Scheme  36). 1%
S T SRS e M LA S — T R B S D IR,
M B4 2- 75 56-4,5- — S MEME(ADT). 1,2- 2 FE R
AT ELGINEIZ oA & 5 A 9 N-Bis Cys, AT S
Z WA A B RS HEE . T L E TAMM 0] DL
T Z IR, RARZIMETTE, TR ADT 263
IR IR 5 8 BB i B R A, XA ARt e B
ST AW AR M 1 — MR B

2021 4, RNANREATARE T —Fp 2-2K 55
I (BAAYS 1,2-F I & BE W e 4i &+ 3 5L /K-
Ji UL S iE NaBHCN 32 J5 P fie 4655 BR 1) v A4 PRos 1) S
[.(Scheme 37). 1% B A7E A B2 A T 1 J B 3 B I 3|
7 2700 Lemol 'ss” !, [AIEY, ZHBKEENERHT Cys 5 Lys G
i R4, BAA BLREEFEIEM S N-Ji Cys ML 2§ BAA
EFREREE ARG, R T IR A L.

SH
HS r .

H 1
N R

HoN ~ Peotide/ + NC%\/ C

0 Protein CN
RS 0
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Ne— : in— J\
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Mechanism of TAMM condensation

R__O R
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o f NH,
R
ES gy AN T HoN mCN ?NH
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SH_  AcHN | CN
S\A e

HEER

Sec VENEE 21 P RARG IR, H A5 Cys RAATLL,
AIESN Cys [F—FRARPRISOL KT, BATT R0 2% 1 o A B
EIAE, Sec MIEER] SeH MR PE(pKa=5.47)Lk Cys {l]
B SH (pK.=8.14)Z58, Kb efEA A TR 2
JiiF4k. 2021 4F Metanis SRAHBIRRE T —FBT1) Sec
b 2EAB A1 J7 15 (Scheme  38). 1% 77 12 th 5% 3k ikl 3 e 3t
JHELE A B 1 A AE T AR T FR B i ik B B, AR
Je FHAR 5T 1) SeH [ W AR i 5 FEAER B AL P2 ). A
@IS Z T ESE I T & Sec BEHAMRIZ 24k, R, 1t
TBERFZTTIESEIL T & Sec Z KHIHL.
9.2 EIEFHITEMLEFRC

LT R I8 2 B % B2 AR (Positron Emission Tomog-
raphy, PET) 28U VERIGL RAE N RER R, BEHIEAN
VR, SRJGTEARSN AN #8256 SR SR AN & A ) 1k
TR HEAS B oA, AR IR EALBOR 56 il BHE =
HEH) = HERARBOR . IR T A ) S8 2 ) 78 2R 5 5%
KOTSRS R, 2018 &, Kee, Davis Al
Gouverneur [{BAB2MgE A 5-(= 560 A 38)- 2R IR EL it 85—
PR SR N R SF R, SEILTEZ K Cys b
) 1F- =95 FH Bk (Scheme 39). 1% 8 TG 5 ek U 45 Jad £
A, AR N R SR AT IS B AT A 27 108 45 1 e A 50 PR T S
N, RSy A SR B, 'SF-SCF, AR A 4 R 5 Ak
FEAAT .

s SH
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Scheme 36 TAMM as N-terminal Cys modification reagent
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Scheme 38 Copper-mediated modification of selenocysteines in
peptides and proteins

St O Base SCF,"°F
|/_ DMSO/H,0 r
Peptide + S*OTF 25~ 40°C ’ Peptide

\
CF,'8F 10 ~20 min

B39 LKk BF = A
Scheme 39 '3F-Trifluoromethylation of peptides

9.3 EIEmmEIRT

2019 4, Leung 1 Wong BB E T S REmenpi /-
TR Z AT EER Cys 121, A AT AL i
IR e kX7 R e A0 R PR BT, e RO 2 ik Cys AT
S Bi(Scheme 40). FET X ME BRI E, AR S
X NI F (HSA) 7P LS 82 F (BSA) LU B & 3R 2R
BAI(BCArg) B Cys ST 1wzt S5 utE
I, AR AR S ARG 25 A T e A N, JF
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Scheme 40 Cys-selective modification of peptides and proteins
using isoxazoliniums
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ft.(Scheme 41). B4, Cys |57 30 S W Wk i Jo A7 1R
AR R A S, SRS A A RO B AR AR e AL
ISR N IR, 133 S-HERAL A=), 1% S ] LATE
KA EAT, I B& Mol R B T # AT U AR e N, b
B R EWA TR EALATRY L. ZE AR S
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Scheme 41 Nonenzymatic stereoselective S-glycosylation of
peptides and proteins
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2013 4F, Barbas [T ¥4 /@2HBSF] A A 5 Ok JE0E
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N O
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Scheme 42 Chemoselective labeling of thiols with methyl-
sulfonylphenyloxadiazole reagents
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SRS E AT AR B AR 7280/, 2012 4E, Davis B
RO 81 YRR T e A 3 2 1 B AR B 2R 1 1)
AR, FERIHZ TR A BT NSRRI A
(Scheme 43). F=¥Hli-fRAb ) HA Lo faE, W LA
JE PG 7 ¥ 7 I A A R ) B R SR A .
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