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MEAREEOREAMA Z, BEFEAEGH-HFEEMN. FRNFTTHFRAT G ETHE B A
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RETEMEMKER. ZHRABESE. AEEATY RRAEARRESEFWEHAR, V&Y

REEESE, LR ZaREM %K.
KT

1 5%

HE PG RS Rl N T Bk i 4 e s 2k
% (amino acid, AA)FFHI, MFHEA 28 RIREEER AR
SR DIRErtE R A BT RIS I AR
AR A R FRE R R AL 60 AR FHAE 2 )ik
4 Jili(solution-phase peptide synthesis)SZEl T &5 i 4 ik
BENEEM, B2 IS E AR A g
Ve J5, [ AH 22 Bk & i AR (solid-phase peptide synthesis,
SPPS)EE L 5 AW 723, HES) 1 2 k& Bt B 3k
5hstEf, NEARMAEE RS E 2T s
T RS AR SR

ARG ORI AR Wy #2030 R 3R B 1 o 1) 32 20k

EaftFem, BRERe K, S BEE ZafiRE FREN, FBEHR

2, HAE 2% KU 5 T R R e, (I AL S i
FEME LAIRTS BAT 8 B PE R B M R 2 — B B RE
WIIELINAER IR G BT, BeAb, 5 BA m ik
SRR 7K P B A ) AN AR E TR R AR B 1T E 2 i P A DA
B KRR, S i R MRk e ) SR % R R A T
GRS A T S, DAMEAE AT 45 S AN v ROk TR
U I AL G A7 ME DL 2% 1 55 4 5 B 1 BRI PR M )
EHR.

M 5N, BAHZ KA, R 5 EHE (native
chemical ligation, NCL). FE§{t % iKi%#z(enzymatic
peptide ligation)% % ik v BUEHHIAR, BiE %119
J&(genetic code expansion, GCE)F A& I:[F] 44 il 7 H0
IR AR A RO OB ARHESR " S aE sk, B 2 ik
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‘B 8 H #)(backbone reconstitution) /7 AR5 Z4 P & ik
(split intein) 14 R MK JE, 158 i 3-8 )2 AT A HE
HE AL E A5 e v BB H(segment  replacement)
BOATTRE, HAZEAR O R SR SEI6E 4 e 22 40 i A
8 U0 AR S B e A 2 A BB e o X
FL, RGWME LR EFE B R, R
HAEEAREE N H.

2 EHE BT T

ASTERE 2 [ O [ A 2 Rk 2 RO BOE R
ARMBAE T T3 S A A B RAZ DR, R
TIXEH AR VEMPHLE AR, A FIHF5 4%
REHTEUE T R, A SO RIF A, 1T
FEIEFENE HUBEIA S B A > A0 Tt e, AN, 5
3 B i T AR R R 1 T AR T

2.1 [EHZE

[ AH 22 Bk & A E Merrifield” 4 i LUk, — B A&
FI AL 25 G B SR RIAZ D AR . AR 22 K& e AR IR
NIE AR, KR B S B RR SRR 2T (— M 2 K
J7 20 £ Cig A N ) A A3 G A RS e B, A T ) 2
BARE T2 k(K 1), RIS BRI 4%
PREVAR — ERESPPS T ik R e iR . F- I Boc/
BzI{R#73E LAFL T S PRI (tert-butoxycarbonyl, Boc){#
PINsR R I, W3 (benzyl, Bzl)ZR{RIFARY MBE, T
1% F & %% (hydrogen fluoride, HF)3E47H fig 7)1 5 it
TRy, BAE 2 MRS 2R, B, IR 24
#9-%jj H 48 FikFE (9-fluorenylmethoxycarbonyl, Fmoc)/#
T % (tert-butyl, Bu) AFmocfry ' IELRY NG =L, LA
B LRI FEORA BV B AZ S, 7RI AN 25 A
£ FFmoc, 7E =% L (trifluoroacetic acid, TFA)Z&14:
[ I 5 B AR S IR DR 1T VAR AR
i, ST HNM, el KELASON AR Z
JRE2 I SPPS FJ 78 k4 i S 4 S5 004 b 51 kS
B, Cap iz HT 838 2 I /N 8 B
AR 4, Chen5 PO 12 i B R R AR i X
MIZ K, R T IR B2 Rnd3 5 14-3-3¢
EE AR, TR E B RS S
) 4E A, Dong5 ] Fl Fmoc-SPPSSZ IR T 4%
M0 5 8 RS . DL =R I B-TE A A B
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(amyloid-B, AB) &, KILZEM] AR —
I 0F B8 i T SR I BT TR R 4T 4 22 A

B X 2 K 2 R 25 SR IFI3E K, £ 4iSPPS
R EA RS 4 G 70 S MU BT 51 R BI85
i) R0 H 25 7 R, LR T A R Rk, FEIe
ZIRAREE . PR SR IR AL S Sk ek, TR
ZATIIE R B R T ). N, {EARERERTT,
WangZs PR JE T H15-f JE-4,6- R EILBIE (NDTP)
I T B A R RGBT, AT IR AN AR R S
PRI AT R8T e, SPPSHRAL T 8 4 A ik
R PR, 7R SRR 7T, Zhous M H2,4- Y
F-6- 2K 3L V7 I JE 2K (DNPBS) W 2 7 S—N i (1) S 1
PP, FLAE I P ) S A T R RT IR B R A 1% 2% A B
A AN A% 8 SPPS H ) i B Bl s S (Ut o-C ¥ e Al R
AW ), MRS T &R0, MORKE T ™~
VISTARK R, R SR I T S LR Yt 5 AT
TR EEA 4R,

Zhao% P g <7 T 3 [ £ ik & i (inverse  peptide
synthesis) S B&. a1 1b, T 5EH H HLBE % (ynamide) ff
EATINEWIRIE, BRI R RS IR S5k
tb ik (silylating reagent), JRA7 AR RCRERS PR I &R
. MRS MEES SIEREIGE RN, R4
BRACTE, TEBE /KM IR BB T — MR, ER
XA AR AT T S AN By 38 Co PR PP B B 12% SR S L
PR 2 B 9 S5k, TR AR R R — IR AE
G AT SEBLIG IR iSRRI AR, B4
TEBRRPEEREE, BERSTRTFAAE, 5
WA B B4 & B R AT A 1.

WangZ: MW IEE R IEN T, TFR 7 IR
RIFSPPSIARR. @il 1c, %Ak A HMLE 3 (Pic) &
RALGHIBu RS 2, TEMREELH 2 e s, I AT I,
TefEAL il & PickE Bl EC-X (X=0, N, S)§# ikt
2, MR AP A PF R 4R S B BE Bt R 5 0
REDIE]. eI b, AbATE— el R SRS IR
J& & No-Z RS, HRIE T IR BE R4 R itk i HR 4 Pk
B[] AH 2 Ik & i (Picoc-SPPS)™ . AT i A [ fI Pic
FARP I T2 B ERR (Cys) I FEAL 5 i S8 1k (caging/
uncaging), i1 45 pH -5 )t B8 2% A SL L E 22 1) i S AL,
BT S E R g Y. AN S, %R TE
PART L M i F B SR B2 A s AR B T 428 2B
J5 A, 545 45 I Fmoc/MBufk 2 A EL, FLAE IR A 4 A
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(a) Conventional solid-phase peptide synthesis (SPPS) \j \’,
o y \
N , HN=_ Y ,/
PG—HN~{ OH O VY 5
o Cleavage 4 y
Rctation]  oc—{AkEE) et =0 '@ e
[e} - .
. Final deprotection Synthesized peptide
P i N —> [Coupling
. Fmoc/tBu-based SPPS Boc/Bzl-based SPPS
o

p Repeat
vomm- Mot o)

lWash IDeprotection /Wash

(3 :
. 0 Fmoc j\ Boc
® Ay

N Silylating reagent N
H,N— Jj\ou y_gg) HoN— \jﬂ\s

in situ
transient protection

Unprotected AA Transient protected AA

Ts
=

Acid-base workup H o
esin N_—.
" Native amide formation g /\ﬂ/ \\\’)JLOH
@ We @ Ie
esin OH esin (o) N
r/’\g/ Activation \g/ \n/ NTs

Repeat the cycle

* High step- and atom- economy * Compatible to green solvents
» Racemization-free N—C peptide elongation * Amenable to solution- and solid-phase peptide synthesis

Aqueous phase o
photoredox catalysis AR >
@ N
crL il it

Unprotected peptide

O Cys * Mild and TFA free condition
) Arg, His, Lys, Trp * Rapid functional groups liberation
A ) Asp, Glu, Ser, Thr, Tyr * Improving hydrophilicity

Photocleavage linker Side-chain unprotected AA « Scalable amino acid feedstocks

HPLC pumps
10 foot loop,
o
Fmoc-protected L-AA 90 °C Resin UV-visible
B ',' 90 9C \l spectrometer
) 1
5 foot loop, E i To Waste
COMU, PyBOP, HATU ¢ ! /X\
1
poE = Purify
50 mL/min ! 200 mg ChemMatrix PEG !
'\ disposable reactor /: ) O O @
DIEA OOV
o
Vo @ |
4 R A A A A

B 1 (MZRR I A 2 IR A s S R BE R (a) TEIAH 22 IR & IR A TR LA R A% G i) CR 3P 3R 5 5 (b) BRI A 5 )3 1] 22 Jik
A R, (o) el Ak 2 BRI AR Y, (d) B ORI A 2 ik

Figure 1 (Color online) Solid-phase peptide synthesis and recent advances. (a) Basic workflow of solid-phase peptide synthesis and traditional
protecting-group strategies; (b) ynamide-mediated inverse peptide synthesis strategy [29]; (c) photoredox-based peptide deprotection strategy [32];
(d) automated fast-flow peptide synthesis [35].
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150 S T R % R VR T S LR 3,

B T AERS RS B uidE, & RCTF 6 A S S
PIE BT, Pentelute5 " THRIE T H S LFA L ik
4 fl(automated fast-flow peptide synthesis, AFPS){&
R, WERF T SPPSHIBCERM Y B, fEAFPSH,
PR SIERRTEAL . IR DL R e 55 40 BREBLE
PR LR 8 R R B 2E T e . IR R SR EE L
TR ESE SR, BT IR TR EE & B nT 4 &
232~3 min, 15 L2 FE AN ERA KK 2
BRI B AR 8 AR BN AL 22 BCE (BT 1 d).
5t gt (14t X 8 A0 22 Bk & ili(batch - SPPS)AHLE, AFPS
AMXGRFE T A RN, SRR TR AR EE R AR A
B2 PR R R AR, WK RST & B4 & ik
ft 7 5RA 7 B EOR A

ST E, FIHSPPSH LU A+ K 2
R B, FEIE IS iR A0H, TR 6 ik e S ity
S 7 E . AR, 166 KRR B A M B A% 1 8 15
I, AR SO B RN TR R SRR TR
B S I8 5 4 G 07 5 4l K B8 0 T R T,
Rk, WesiztA i(convergent synthesis)ft & £k 14 4 ik
(linear synthesis)#lg A IR LS, BIJGIE L SPPSEL
AEFIEIRZ R B, PR B v AR 4 e e 8 4 2 R
AR . 20 WK B s I A TR i il g 3 422 [T A
B S B R TR R I DG B SR

22 ik Btk

2 Py BOE R IR NG R FRAE KM, KM
B AT ORY 2 IR (B 1 5R) Fr BUE I S H B4
e RN, WS EARES RS A K
(LB AR AR S RELEE, B A 4y A
SRR RS, BT O 2 (0 AR i R ] B
WAL, AT AR T BRI, A A
Ml PN JORCE i R A B A T e A T fe i ) T R

22.1 ALAIERER

Kent25"V % J& ) H SRk 22 % (native  chemical 1i-
gation, NCL)J& Jo{rd 2 Ik B B i & B 1) AR AL
ZITEEE T Cuitii s B S5 N Cys Jv B 18] i ] i i
WA e J i 5 () S NIBEIE 6 7, (R Fh MK I AR
JR SRR (E122). R T AR A N 4 (R (0 4
G 71, NCLEA N S A Sk 51, AT 3 &% KRR
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PuEE, BORHLTEIMG T EARE E RS s, S,
i BRI B 8 0 B0 Bh B RE P (DS 55) . AR R
R S it bsi A, NCLEIE FH A7 sl M Cys¥ g RN AR
(Ala). SHEMR(Val). BRI (Lys)5F 2 Fha R ik
JEl10.11.38)

FESLEERE b, MuirZP N4 NCL 4 & i (intein)
SR A BT (protein splicing)Ml45 &, KE T
1545 1% #(expressed protein ligation, EPL)Ei A, SZE
T EARE G B AR A S, EPLIY
B JRE 5NCL—2, {EAERINE v B i3RI L, EPLjZ
HEBEAR BRSNS KEEGRE, @dASIkE
BB AE AR AN E SO A Com i lig Rk B, BS5A K
N A Cysif) 2 K B AENCLR N, AT SE B B 40
B 5 i BE To g (K 2b) ),

Z KL FIZE R 5 R (peptide  hydrazide ligation) &
A Liuge 0 R i — R k. Ra(e A ik B 4 S g,
HEERARKT A R BAGEEA. nE2c, ik
PLC 3 9% B v A e IR R AT A4, A5 ZKAH R 38 e 4
B E AR I i e A s PR B B, B S B AL A%
TR, 2SN Cysik BEHEATNCL M., 1% —<“Pt
H— B R AR, A3 T 7EFmoc-
SPPSH B F i 28 AR i 1 AN Ao e 1 1 &, JCHAE KR
KK BTG e e I B AL E, I e DN
FlCui i 2 K B . 2 KRR RoR L 2l
WENFIE T, EEAE AR & 5B T k
B REERTPY,

B35 7 H1 Hh i = CysBUAS B 7E Cys b B (19 17)
W EIT R T — &5 5NCLHAMYER: 7%, Flhn, Li
S AOITE 0 ) 22 8 R/ 95 B IR 2 4% (Ser/Thr  Ligation,
STL)il i 7E Coii 5| N/K B BE R, TERRYE 2% 1F T 5N
Ser/Thr% BN, O- 4 1 H [R) 44 I 3 HE A= sk 8 (K124).
12 AW ULSer/The A FEFEAL mFFAIE, NCysIEMK ) F
BEPH R it 7 B, HAEAH BT B R I
BL 47 £ 52 T,

5t RIEE, it — B 5T Wy s £ A i, A
KBTI T — FAMIE AL s IR R I B ' R
Z 51 B RS, @ T B 5] N T 4R
J52 35 [ e sz B B A Y. it Bode ™
TR 1) ou- T R - 32 i 1% #2 (a-ketoacid-hydroxylamine
(KAHA) ligation)F| FH o-li R 5 N-Ke F F2 AL K A B
Pedn6 A R e s, B R E e e A& 1 (E2e).
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(a) Native chemical ligation (NCL)
HS

[o]
'
Peptide 1 SR H,N Peptide 2

Reversible

Transthioesterification

[e]
Peptide 1 S
K Peptide 2
HZ

SH
o
Peptide 1 H Peptide 2

(b) Expressed protein ligation (EPL)

o N-Peptide HzNj\m HS
oS NtoS C G o] SH
) acyl shift + RsH + NCL o
N-Peptide S =~ ML "SR L C-Pertic N-Peptide g\l C-Peptide
H H N H

o SH
Peptide hydrazide ligation
> Peptide 1 SV Peptide 2

(c) Peptide hydrazide ligation

HS
o
+
Peptide 1 NHNH, H,N Peptide 2

l Activation

o in situ Thiolysis
_

Peptide 1 N3

o

Peptide 1 SR

HS,
& ] Ligation

H,N Peptide 2

(d) Ser/Thr ligation
o

HO, R
+
Peptide 1 O
CHO H,N Peptide 2

R =H (Ser), CH;(Thr)

Imine formation

0 R
H

e NEEG

Ser/Thr ligation

HO, R
o
Peptide 1 H Peptide 2

(e) a-Ketoacid-hydroxylamine (KAHA) ligation
9 R

+
OH RO .
| SN Peptide 2
O / H
+ 0~
R N7

Peptide 1

H*transfer
[
| ou
Peptide 1
|
O
Nitrone
(f) Staudinger ligation
o R
+
Peptide 1 OR! N Peptide 2
R2
\,P s
Ph*% N
R2 R kD < R2 R
ramm < e
Phy= "' : Phvo "\ Peptide 2
Phl \N Peptide 2 Pl{ N eptide

Ylene form Ylide form

-
>
Acidolysis
O-to-N acyl shift OH
> o] R
<:</ L
KAHA ligation o R
5
-0,
Peptide 2
R” S
[ oZ =
. o
Peptide 1 |
O
Oxaziridine
[¢] R
Staudinger ligation
> Peptide 1 gty Peptide 2
H
R2PPh, ﬁ
+ R,OH
Ph—"~ il
Pt{ R? +H,0
o R
Ph .
Peptide 1 gaa¥o¥=] Ph\\’ Peptide 2
RZ-

—N
- 61
>
OR!

B2 (WSRO B MO Bk B i R FE. (a) B R (b) ik E AEBH AR, (o) ZIERER™, 1) 2
SR/ EIREREY, (o) a-BIRR/FRNE R 4 &™), () StaudingeriE
Figure 2 (Color online) Principles of peptide chemical ligation methods. (a) Native chemical ligation [9]; (b) expressed protein ligation [41];
(c) peptide hydrazide ligation [42]; (d) serine/threonine ligation [45]; (¢) KAHA ligation [49]; (f) Staudinger ligation [53].
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T B i FH PR R AR (S)-5- S A I 2 R ((S) -5 -0xa-
proline), £7EIEHENL M e 42 SR R JE. Bode ™
MR4EEN R, TR THIRATA R R A s, st
LT AR IRFR LR iER:. StaudingeriE 21 f b 2
5 B et e ) T e e e B - A, R
FIT 51N AT 3@ B b e B R A A B e (26, i
4h, Liug5 RIS 7 LR B3 -N-F2 35 ik (aminoacy]-N-
hydroxy peptide, AAHO peptide) 4F1E [t i % % 5
i, JEIIN-OHZ 5528 H Bm 8. Zhao% 32
HH 4l 38 1% B2 (aldehyde capture ligation, ACL), [AIFEA
WIGEERA S TR 2 5. 1R N
Ui 2 L R IR AEN-OHAR B IR B 1,2,5- 40 AU
I EE(1,2,5-0xadiazinane) A, 8 i BEHL A2 AR
2 B 3 [ D ] A A Tk M. A, IR VRO
V2 T R B S IR B B ) B s R T
B 7.

EN A JZT, 1h22E4: 5 SPPSE: & O T i
LR B #255E M E AR, i, xfoe-ge
k% & 115 (a-synuclein), Li%EP¥ %@ 53 SPPS & Hife
i B, MIFNCLA 2315 R A BRI . AIERIIN-
T BB I (O-GleNAc) il B AL S5 R e B i ) & K 2R
B, s T ANEME N 8 F LT 4E S i . Aa i Rl
T A SRS, eAh, Lius™ O 2 ikt
P g H T & B4 & A i Ad-2 Ik iE, B
AW R PR R R R d- 2 K2 T iR T
ARG, MATBEE R T 2P EHE R 2 302 218, K
TE R E31Z RGBT 5 1 PR A 1) B AL 2 4R
%+[62,63].

222 FHREEBOAR

BEAR 2 IR R 2, 1l B A KA A
AR ONIEFEVE S N B E RE B AR R
VEGFEEAR S, AR A e B b e, LG T
AR ME SRS B Ak R i ST
(IR BB L HE, BRI OA LI THgET O T
Ragiiegs, DU IR 9 A 7 K B (transpepti-
dase)(EHEA 1. SRS, kg3 20T 7 Am K
7 Sortase 5 K41k Jlz N VI (asparaginyl endopepti-
dase, AEP).

PLAH B K5 ) Sortase - AN I Sortase S 4% fik
g, Retdr R IR A RICHLPXTGE 7, FHAEYIEIAL
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UYL IR AR, B S E N 5 SR H 2 R I 2 A
JE A 33 B8 56 RSB IO s R, AT S5 R 2 5 N/ C o PR
RARIC 5 T RE A (E32) 0,

AEPEHE K, TamZ5 47 1% [ Butelase-1 42 #1
TR ZR. Butelase- LB IR AR F Asx  (RAEIZ
(Asn)/ R A&Z R (Asp)FH T F T i s H m) 44, it
S FHRR A8 7 41 BN i 22 2 I 5 R IR, AT SR B
BOEB U s R R AR I (EI3b). FEEEEAL |, Tam5
Liu 7t — 5 J T pHIR IR I IE S B . RIS
R SRS LA s L IR IR BN J1 5507165, IRz E S
J& AR Asx AL sE S E 2R BT S R .

UbAN, SKVET Oldenlandia affinisi)OaAEP-1 2
—FhE EE I AEPIFL ARG, H AL 5 Butelase-13%
AHL(E3e) Y. ER B ), Craik 3T
OaAEP-1# 7. | Z P H B EE S 2 1m R, GfEE
15 A7 SRR e RRC T CHBICHR(C to O)fIAEME
Ge R A DL R R R — 45 9 R SR e
L B [ I A S 5 2T g T,

23 BEENTYR

Schultz25" 77 J 38 15 %00 T3 JE BRI
I NIEAZ B Z - tRN A A 5 B /tRN A XY (aminoacyl-
tRNA synthetase/tRNA pair, aaRS/tRNA pair), F 5 HT
Yuht 2 11 B G NIRRT UAG), ffdERA
A F: (noncanonical amino acid, ncAA)fENS LR IF T
O RN E AR 2 IREE D (E4). 5 M EHRE
AR, ZORESREETRARA . ATHANIEEA RS
FCRRTHE T, £ H AR B 5 R E AL RS 5 N T
SR PR, &G R SO EOE F Dh R 1 ik
3. WangZ5 "M £ — 5 F R % (121 (6 R nc A A F
N JBE =T B3R AS T T 75 B AR 41 B e b 5 ik AR A
WA N T s, Liugs "%t 74 77
PR, WY, 2R E AR E D HEE
AL e R AR R ES; ChenZ ™% J& T
FeA T B R K FL VY W figh A 1) 18 LT~ 7 SR Diels-Alder /2
REMETEAL,  SEI TR A0 R P R O R 2 R B i 1
BRI BOE SO RS R, T AT
GCEAMIE R T SR A, AR I BURE € 7 5
AR RS E O, AN TSR T3
.

BUEEN T RAMUKFEE 7 &AM
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(a) Enzymatic peptide ligation using sortase A
o]

Peptide 1 LPXT Jj\s >L‘§¢

v

G—XX

= G B | PX/TG — XX

X41= Any amino acids commonly E

Sortase A

(b) Enzymatic peptide ligation using butelase-1
(o]

L eepiice 3 I8
: A,
Peptide 1 giV[EC\AS Peptide 3

Butelase-1

(c) Enzymatic peptide ligation using OaAEP-1
o)

Peptide 1 N Jl\s »

HoN— X3X, b 3

. ‘; OaAEP-1
Peptide 1 B & @S Peptide 3
X3;=Any amino acids except P .
HS—#a® o

X4= Hydrophobic (P, I, L, M, W, not V)

H,N 53)n Peptide 2
Peptide 1 LPXT G)n Peptide 2

n=1-5

X;=Any amino acids except P, D and E
X=L, L, VorC

HN={X0G — L o
Peptide 1 ol VO RES S A Peptide 2

X;=Any amino acids except P
X,=1,L,VorC

H,N— X Peptide 2
Peptide 1 N - XX, Peptide 2

B 3 (M hR ) EHE 2 EHH R, (a) Sortase A; (b) Butelase-1; (c) OaAEP-1"]
Figure 3 (Color online) Enzymatic peptide ligation. (a) Sortase A; (b) Butelase-1; (c) OaAEP-1 [64].

S (a), HONME BRI AT SR E R TR
THRFE A LR, SRS T RSO (AR R b
PRIV BORE R G S BT A HE RN B TR
FIRE. IXEETIUE ) BT AT R E A R A A B A,
T AER R B B, e i g AT R R A
T A5 8 A A SR A BT R B .
THERIR T ) B8R B R AR I8 A o 2 AR
RO FEAZ —.

3 EHRSH

IR, FE [N % 4E (gene editing) F AR [ R Sl T
XA A s AL YR (T B EDNA) A Bl N . B 5
BRI5, g o S s 2 L R 2 2 T B 1 L B
JAR, MR RS EE AR, 5EENS
WAL R ) B R g AN F], B g 4R IR 10
BEAE IR B AT R AE M. X, R
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(a)

ncAA @ ﬁnetic code expansion (GCE)
-

0000 - iF

200000

0000 ) > )

20000 \ \
cAAs and Engineered

the added ncAA aaRS/tRNA pair

Ribosome

The ncAA incorporated protein

(b) Examples of functional ncAA

N 4
I

oS ' Ol
ﬁ
OOH H,N“""NCOOH

inking \

4
NO, N | F

H,N“"NCOOH

B

Bioconjugation
o)\NH

N
N, ©\f SN
|
3
N
b ol :
H,N“"NCOOH H,N“"\COOH H,N“"NCOOH

B4 (WEREE) (a) BEE T RHEARSEAR R LK (b) 2T % AN R S AR AR R I m s

Figure 4 (Color online) (a) Basic principle of genetic code expansion technique and (b) examples of functional ncAAs incorporated into protein via

GCE [75-77].

R ELFE O B g, B AR A o 2 B TR I 4 1) A 2 45 44
B R AR AT L dE R, BB
HEARER, WRIFERE TR LTS
F Bt B g,

I LA, DSR2 IR B e DA I T2
REMETAE. i, Woks 15 i ik B 5 V-9 1
(PNGase)fil &, 1E1% PRI FLANYI40 M o =23l 1 A A
N-BEHACAT SR B 2208 34k, IR A BLR A%
BRIE SRR A R AR IR, DavisZ ™K J& T SEAE(R:
FROOR S5 SR O w75, I AR A N A
wAR RN EELC B i, SCIZ ML, If
PRIFSTARK AL, NI AE A5 )2 T 2 4 0 4 45 40 I R 4
FRILEN-ThEE S . WangZUO R B 201 It
AR MR, Eim%ﬂ7J<$E—’H¢TX]‘FL€%HKE£C%CYS5£
S AT E AR, TR AL AR B R S R M TR C i B 7
(thioaldehyde), F¥4 HAE 4k 2= T4, Sl 2 KA A
1) AE V)8 X (bioconjugation) 5 K ¥4k (macrocycliza-
tion). ChenZ” it T J Tt ng = W % (pyridotria-
zole carbaldehyde) ik FPE A VMEEC NS, A ETLA
KA S A T 36 8 i v U2 U 2 1 B Ny A S 2 TR
BRI, RSB R BTN AR I AT (R = T
IR gmiHPe it TamAH TR, ST MRS 1 el
G TAECA F IR T T A, A
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AR T BEAE M, 52 11 1 30 5 5 5
FRRIRRE e B R AR BRI RE, PR A Rk
PRt S i e Bt s R R W . BRI R R R AR
FEAFEWIFRE: (1) X FFEA & (i1, (2) XF
BRET USRI EENS. mAR s
R EEIBUR XS S e s = = ST UIE 1 (TR S Gibu
FE BRI b2 5 ON AT 25 B R 5 7K 22k 1] i I 4544
CPERT, SEIUAHBI I . IR, R kB alifh
5 Fr BB 0% Bl S RS 1 I S R IR 48, AN
TR R I DL 5 TR R i K M B b 5
éEE[ZOQZ].

ST BB, OB R MR 5k 45
FSCHEE A REAT T RGIAGN. A SCE R RV B

BFEF . MAMEUFI B EENE. A2 RE R

BEIREWR N B RER RN & Ik
R R, IS ER 0T 32 B g 1 SRR i I, 32 2L
AL NP SRR R — & 2L H M (backbone reconstitu-
tion), IEILEEMEACERE A EHESEAL S R N SEILR)
E A SR T AR R AR A O, R B i (seg-
ment replacement), fHBIZ & k&S T A SeHl 4
oy ek B g
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3.1 BREH

B G B AE A SR R TR AR B K R
T, BSOS F e L XM 38 AR s
R 2 R 2 KR G . SRR I A A RS 1k
w0 WA KRS, BREWEY Y EES
JRZKS- SR, - T ) 56 2 B 1 0T 2 BEEAT 22 TN 2
A IS EE R AR REMS, FE
PIPREZE R, — P I B A A AR 22 ikt
AT ERTT R R PR 2 S R %
B kAT AT,

KT B B AL E M, FEIRRAZNE A& ot
RN J5 1B 1 11 2 Ik (ribosomally synthesized and post-
translationally modified peptide, RiPPs) I B A4 B 48 5
14, EHARH T-(NH-C,—CO),—HE 2 4L e, BEH
ABRTWEAS . #b. BRlizi. FREWRS
HERE UL R BB i RO i, PielZ % [ 3k
S-HR A H i & B2 (radical SAM)Jk B B2 (splicease) )3k
ATHIRHLBERIE FE.  1X RG] LAZERIPP AT A4 IR P4 355 1 1%
SR (Tyr) 7 A o -B- 9t % (a-keto-B-amide), SE
LT TEAZ MR AR RE S T J092: B2 56 1 oo- P - B -kl T B
(El5a), HA B2 —Fh tH KBTI B Pep XY fHE AL 1) 3= 55 5
B5HEA

fﬂmiﬁ%i¢ TR Bk i (thioamide) B 2 1
IR f /N — R T R RN, LA MR IE R B
A IREESRIL IO NS, 8RB AR RE 8 LA AL
AR, SO I 0K 0 7 25 0 5 R SR A LA .
Rainess " YA AT B FE 2 1] (in— A0 B 7R FH H
VB 7 I i 5 Bt Ok i 76 PR 280 J2 T 1) 22 S S Lt 2
e PE R L. Mitchell 25 @ Rk AMNE 2 Y, 2
GANT 7Y caORRKE Ik =5 B4 Ik e e A8 R i 19k e P L.
YcaOd it ATPA S (11O~ R AL fh R EEE, 7T el MR
A (UINa, S )i BOFEUAREE AR, A i 3 BE R Ik i B
JL(EISb), F I I m K EE T 2 (R IO DB R AE 1. B
TRIPPsIOFAE IS, HechtZ!'HAiEs:, 1EMAME &
B AR REOE B RN R L. XTI T AR A
FIFH TR 2 1) B SR B G R R B R R R LR
JERIR L BELE MBS 5E T LAY, EULIERT B, SugaZg!'™)
BE— 25 Fl FIAZ B Flexizyme, 4% 1 i B i HUA 1 2 B
tRNA, FHRIWTER RS R, @R E R T & F
M%&%M%% SN BB fie B P AR AR T — 2% T

ITHIE & R .

KT B2 R S S 22 kB SR A
IERARIL T 2 TAE"Y, Emm R, 1t
S5 OTVETE R & M S YA Ak B LRI

(a) a-Keto-B-amide formation by a radical SAM peptide splicease PcpXY

o

' H 1
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N
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1
X Y
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‘XYG’ motif

PchY SAM, e

[CaHgNol

o o
| n | | n |
I | | |

a-Keto-B-amide

(b) Enzymatic reconstitution of ribosomal peptide backbone thioamidation

[e] R
N-Peptide N C-Peptide JC L ES
H

\

-0 s” R
N-Peptide H C-Peptide

ATP ADP

s R
N-Peptide gl gy C-Peptide

Thioamide

/

o=$_o

B 5 (1914 RSOR: B REE A0 PR 4R A, (@) PepX Y fiEALTE it - - 1 20 (b) YacOfHE Ak SE I 1 4R M A8 M B Wk e

Figure 5 (Color online) Enzyme-catalyzed backbone reconstitution. (a) PcpXY-catalyzed formation of an a-keto-B-amide backbone [95,96]; (b)

YacO-catalyzed conversion of a backbone amide to a thioamide [97].
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E%ﬁ% Peterssons! b AR, AE SRR
JR RN S NTR B, I RGO T
%Eﬁﬁ%ﬁ%wm BJE, AR X — 5
WS TR T KB R AR R, TR BB IL B A R
PRI R ORI E SRR, I8 RS S AH OGS 1,
FRALREZE 737 Ve St T B S, £ b
Zhao%5 ! VR FE T — Tl T TR g P R T e e A
. WK 6a, 1% 77 VA FH BB R IR 5 R Bt s
N, AR E S T4 S BB AL T A R TR 12 r ) 4
W Ji P55 A B 3 R AR R R A S N, TG S EI T B
T PR s 4 2 A 222

bt Ho b 2 S RSB OB SR A, YangZE VR
TE T — P05 LV 4 T R A BN g O e ) R A
Bk [ L. %70 2 AN Bk SAk, 7EG IR

T SN-CIEH R AR A s, f1,5-AE7H%
(1,5-hydrogen atom transfer, 1,5-HAT)4=mihik F 3,
o SR TR C-ClE, B e AW 21 N R AR
3T PSRRI, T SR R PR 4L (&l 6b).
Francis 5 SchepartzZ5 " U F1| Ffl #3% J5 O— CHE 3£ 1T 7%
SBESEIL T B SR B AL AT AR B AR BRSPPSAE £ ik
g No-FR RN BRI e R, 8 A SR A A
it & FL 2 (dehydrolactic acid, DHL) 7T, %5 0-Fk
B BUWHTAR. ARAZA T, 2 BEKKEO-C
BT, ARG AN EEEM o, y- B BERZ (o, y-diketoa-
mide)45#4(El6c). X —HEANS AR — B MRS S
Hoyy- ML, AT T BB R AL B, B2k
A2 N-HEE ) S B A AE BT, A X 2 IR ARE 1
JIb A 7 M R e SABAR T 17 A R

(a) Ynamide-mediated thioamide-containing peptide synthesis
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PG~ \‘/lLSH _—

m-xylene, -40 °C

B H o
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R the

Side product

(b) N-terminal proline-like skeleton formation
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s
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Ts PG” N 0" SN
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PG~ Y N
DMF, rt,1h H H
R
Thi pep
1. DCE, 45°C

100 W blue LED

R o
; Peptide
N
S

Proline-like skeleton

Base HCI

Peptide :|

(c) Backbone-embedded a,y-diketoamides via O to C acyl shift rearrangement

SePh
(o]

N
N-Peptide C-Peptide

Ribosome / SPPS/ \H O,, MeOH

\SePh

(c) FEHESE I oy~ BRI e 3 2 T )

—_
—_

N-Peptide )kg/

a,y-| leetoamlde
O to C acyl shift
rearrangement

B 6 (MR RS RS S EM. (a) MREERA S IR I 2 ik &

(b) efi R FRING 2K e s B 4+ T i

Figure 6 (Color online) Backbone reconstitution enabled by chemical reactions. (a) Ynamide-mediated thioamide-containing peptide synthesis
[106]; (b) light-promoted formation of an N-terminal proline-like skeleton [98]; (c) rearrangement to form an o,y-diketoamide backbone [99].
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AT S, BUA SRS IR 5 N Y e 2
THEIKBCHT AR . — D7, ARG BAEAE KA T
AP =BG BOC AR 2 A, MELLE
PAE) B BRE T MR E AR EGEHRIA S 5
—J7 1, RiPPAHSSHEEE X EYIFA . iSRS K
R RA R R, H MRS 2 AR 2 B 2
PR B R AR, AL AR 1 R 2% = 4S5 1
) E S AL AT SV 2 B B R A X B Rk
[l 20 7 B SR E A 7 k17 H R A AR R ) B
L, A A SIS P i P i e A i o 47 T
W] 2 P Ak

T IEAE 23 52 10 b S IA SR A (7R U

(a) a-Hydroxy acids and the Mask

y-NH,-0l

Ho_q By _NH,

i Francis. MillerfllSchepartz& /E! 4 H 1 3 T 42
ZEAfIP L #H HE(backbone extension acyl rearrangements,
BEAR) . tnE7H7R, %07 B e R GCEROR, £
2 0 P 4 485 7T R T (mask) S8 % 25 T 1) - 2 R 5E AT
ANHFRE A 38, Bl e s T B R B
e, R EE SRR Oy E S A O g AT i
917 1525 FNVAN=| A w1 B2 8 /N e ST K N 72
PITEEEE KA 5> T N E RS (0O-N), 4R B 1) o- B i B
JRALEAL AP~ y-BS- 8 B, %2 B 3R (DFT)
THRAIRR], X LERE TR I R AE AT 7 B AR
FH - I 11 B 56 9 1) HLAS & Baldwin U B 5000 1) 7
MRS, 4SBEARBEWEAE/KAH . HEilr btk i) 22 e

0,H

H 5-NH,-OH

(b) The protein level backbone reconstitution

Protein level

acyl rearrange

Backbone extension

ment (BEAR)

‘
: o IIIH
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n=1-3

Protein with incorporated
a-hydroxy acid via GCE

Unmask

oA
R

> (o} (o)
> H
R T

"] p-Backbone, y-backbone
or 5-backbone
stable amide

BEAR

NH,

UV (370 nm)
N
or f )
P~ a-Backbone
LY - reactive ester -
reactive nucleophile

® Thermodynamically favorable

o Efficient in aqueous, near-neutral buffers

® Follows Baldwin's rules

® Relatively mild conditions

B 7 (MZ RO IR R A R RS I BRSO, (a) T P Ao R B R S AR 1A (b) B SRS AP I ik e HE S B 1 - P A B

JEATEEAENB- y-BRs- % B

Figure 7 (Color online) Backbone extension acyl rearrangement of protein. (a) a-Hydroxy acids and the mask group used; (b) BEAR enables in situ

conversion of an o-amide bond into B-, y-, or d-backbone segments [16].
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W AT BJE  OR A LI 9 SA A /0 SR
EikipHN 2 5. X AR e EMRET, I
XHZBER AT 20 TR BOE, DUREIILA FIGCE
A 28 BT 37 A0 R 0K ) 4 KB B PP AN AR R
IREGHHTT,

Toiefe T SA G N 2 ik s B s R, i
AR H RIPPR IR WML B 2R A, #IBIE R 4t
—IZH, RDFUE W] g ST VR ST e R R A, R
IR E R AT R N E R R B, BEGNES
PRSRMS LY, IX TR BENS £E B R AR AR FEAE )
WECN, xR RS HEAT e/ T I AR HE R 2,
NR G SRR 230t 8 5 45 K 5 D RE AR 52
St 7 a7 S T,

32 Bt

BB e O 2N S I S R B R K
B 1% (protein trans-splicing, PTS). %50 B AERFF K
AR SRS AT T, ¥ HEAREARABE— B
75 V1 5 B 4 R 15 5 e B A Bl E R AR TR 1 AR
Z Ik B BRI R, N K (intein) RE 98 75 70 7
DN 3 AR 3R BV R S B R T R O
P, 58 R BN B K (extein) R TE IR DEEE(B8a) Y. A
[F) R Je TR & B 70 RN & IRE BT 280 0% Ak
P B M e o IR e B AR SS, NE BB
Bt 7 2RI TR,

TESLIET, |, Pless®! RIS R IR T HIKER IR
A B (tandem protein trans-splicing, tPTS)ZRME, ) H
P Xt 1IEAZ (biorthogonal ) 4324 A 75 R 75 B0 AZ 40 Ffd PN 52
LT A U B A N A SR () SR AR T R
H AR A B4R AN-ti. A C-o =B Ho,
Nt BEI CAR Bl A — > 20 Bk Int - A 4 3L, T
Cifs J B EINAS S i 45 53— AN IE A2 20 24k Int-B EL 41 3%
ik H ) B PRTIN i AR C- i U 43 ) S22 9 4% 1) EL AR
S Bant-AMInt™-B, AMEEES UG, B B
HERET A, fEAHIA, P A& IR IR R
AEREETRE, A UK S E A RO IN- I A C- BTG
SRS, e T A KE ARG B(EI8b). 7RI SE
TS E RSB EE RIR AR 2 Ik B,
TEE A A HEA B 7 H ARN-um A1 C-di Fr BE 2 (8], 1iEBH
TR IERE NS KR T AL BER e mT ge k. SR,
ZRBSAIAFE BRI Py ik 5 R RS
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e LA T I JTCfS B B4 6 Sl A S 454, 3
AR, NG 32 3] — € FR .

Bt 2 b e ) s 1), Muirs U R H TR A R
%% ¥ (protein transposition)x i, FIF1EMRFRE H R K
RATBIFIER TS, SCBLEARE R N B B .
RS AL R iR )T B R, Jeik i B X, 78
Hbg 5 Int™-A S Int-BIF B, TR B 405 B mi
A HIRN S 2 HAMOInt -ARIInt™-B, H4)g H fi 7
(transposon)”. “ffduiE i 5 BT MHEE, X
ITRN G IR eSS S R AR R B P R BT R,
T SRR € A BRIG BT )RR IG,  JRE R R4 B A5
WEBMBITSHRMT, HEAIEW B B
B (E8e). B LI R BEAE T Ho ik th 1 By 25
J1EEVCBC I IEAE A 2 K, AT SEBILSE R B ) 1) % e i
P2, T B 5 v (B AR SR R ER T 0 9 8 R 1)
T BN E, EAREEWERSES)IE
Koy 2 EPN AT =87 B B v AT ), RTE
T RARZFAT TR B L HEAT 0 B It 1o
Bk, EMEERE E, MuirtU O — 5P TSH T 41
RIEPTgFEER R, R T 2T R R 30
AT B3 (splicing-modulated actuation upon recognition
of targets, SMART). 5 £& [ Ji % Joé e LA [R] 1) 52, At AT
Wit T A & 308 H B 89 Y] (conditional protein spli-
cing), FEMHIS RN &K R REAEIT ARIN 4 g K A2 BT ).
SMART 2 42 M| /2 4 P B A 1 2R 36 1) B 1 v B o il 5
B TEAN IR 73 224 PN 5 R BB S A (] P 4 P 2 T L ] A B
R, AEHANAE H bR 40 3R T PR 40 2 ST s R e =X
B4, MIIFEANM R I R A PR A s I R L Ak
F0] 5 TV ) 40 o 2 T i 4 A AT 2R AU 5 T T (and
gate) FIHE[ T(not gate) @B FEME, IF HAE M H
J = B AT OR BRI SR T R, mT B TR IS 2 Ak
Hg108)

Burslem#lShalem&!" > i — 544 Fr B & 4t i
EIEMMA KN EE S . wE8d, A
CRISPR/Cas9E R giB AR, & Je e H 2 Tk Int™-A
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POD)JE I (¥ A &5 T+, 422 35 B4 5 Int - AR Int -
BIf N 5, K ARy H bR 8 -7 2Kk 5244 (POL-
intein acceptor). fifi J5, 18 HL %7 fL(electroporation) 5 i
Joa A 3df 3% 5 T Aok A% o B AU B B Y iR

(recombinant intein donor bearing cargo) 5 N\ 40 i, 1%
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Figure 8 (Color online) (a) Basic principle of split inteins and protein trans-splicing [12]; (b) tandem protein trans-splicing [107]; (c) protein
transposition reaction [14]; (d) peptide segment replacement in cells [15].
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Recent advances in protein synthesis: from chemical synthesis to
backbone editing
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Beijing 100084, China
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Abstract: Proteins are the primary executors of life processes. Precise analysis and manipulation of their structure and
function are fundamental to life science research. Although traditional recombinant expression systems are widely used,
they face challenges in preparing proteins with uniform post-translational modifications, specific labels, or non-
canonical structural units. Since the advent of liquid- and solid-phase peptide synthesis, coupled with ligation methods
like native chemical ligation and enzymatic ligation, has enabled the chemical total synthesis of medium-to-large
proteins. Meanwhile, genetic code expansion has broadened the chemical space of proteins by incorporating
noncanonical amino acids. In recent years, with the development of peptide backbone reconstitution and split-intein
systems, researchers can now perform in situ editing of protein backbones both in vitro and in cellular environments.
Following the theme “from chemical synthesis to backbone editing,” this review summarizes recent methodological
progress in solid-phase peptide synthesis, ligation reactions, genetic code expansion, and protein editing. It aims to
provide a reference for the precise construction and functional study of proteins.

Keywords: protein chemical synthesis, solid-phase peptide synthesis, peptide ligation, protein editing, backbone
reconstitution, segment replacement
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