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FE 40 KR A2 (peptidoglycan, PGN)E T T KMo A FHRTEM, WEMART AN REZE A, H#
- FHEM G R A R RRKH DR X B AW F T8 iz R 0E. IREAE 4 3 &4 B D,D-% ik B (D,D-transpepti-
dase, Ddt). L,D-%% ik B (L,D-transpeptidase, Ldt)iX 7 2 B /-5 89 ik B30 Bk, (83X — RN T A7 #Y B & A AE 177 45 % DL
HATEHBRANT, RETARE N AR AREGREG TR — PR, A5k, BLENRREENKEEN
BT i e IR R 4T AR BRI 2 R R EF WA R TR, RER M E L kK # 1$D,D-# ik B X L,D- 4 fk g
N BRI LI RBEA DR BRI TS, NBT R RE. ERANE AR NA. ZRRAEHNHN
REERTHERBRERFENTID. MEXTTAELETRINEL MU ENFRRGZF T ZHNARN.

KR RORFER AR, RWATIE, RE XU R S, TR &, MR R

FBE (peptidoglycan, PGN) &4 B 41 i B i) 3 2
o, ARG R A R SR SRR, e % 1K A 240 o
AR 0, I OR3P 4 181 G 52 S0 R ANRIBA B 520
TAEEZEW T IR IER Y &), St
MRFE S5 PGNAE A 1 2E A7 Hh i AN ] e, AR
BRSO i B E M UE RIS AL AL, IRERBER
I35 GEAE SR R A L — B AE AT A
w1 B A% O R ] . — T,

Ik SRWE ) FE A GE A B rh R LR, BLAR
S2H) R SR R B SR B S T L B IR AR
BRI IR BE (IR ), AT 2 300 /6 sl 400 o JE £ 9 tR:
ZYEREMAENR. HTRE R0 - R %R (V-
acetylglucosamine, GlcNAc)FIN-Z. 0% H BE R (N-acetyl-

muramic acid, MurNAc)il il B-(1,4)H 1 88 1% B2 40 1,
AR B B-(1,4) & T N E R IEE,
P RCK AR SE. K FE N 15 MurN A 3 I 1k i e 442,
HF 5 NL-Ala-D-iGlx-(L-Lys/m-DAP)-D-Ala-D-
Ala, JESAPEIMREZIEAlANHEAR, iIGIUERER
TRl A AN, Lys W R, m-DAPKMIHE &
FPE R Horh =5 S ER TR I A RN A B R R A7
fE—E R, —MYONTE S 2 YL P 3 2 L-Lys,
1M BAVE R A& m-DAP. {H 45 & AR A 3T WKk 9 R I,
K T e K PE M B A B e =5t S Tk
IR im-DAP, G35 EEER 11 AR R . R E)E
FNFLFF B8 8 201,

JOR SR 1) B B 7 T2 R R B e il A4 A 22 B A 1) S
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PERLE: GRS 2026 2 FSs6 s Ha4 M

i, DL B He BT A 0530 IR 2 TB) R A BK, DAUE TR )
U ) = AR 4, T T 2 TR 4 R B — S T S R R
FEU. i AL A K S Pk e 5 BB T 2 A 855 F D, D-J% ik il
AL R 4-358 BE (K 1A), FHL,D-# ik #(L,D-
transpeptidase, Ldt)fEA6TE % 1I3-352BE(E1B). b4k,
e/ EANE P WA AE3-1, 2-455 A 2R A L B
LB A A AT DA B R R P AR KR, T LUE
=54 BRI, KM ) S5 R TE AN [R) 40 R F 2
HAFER R ZSR, Blhn, RoERE & 1R B ER E (Entero-
coccus faecium)Hr&D-iAsx(D-7 KL EIRELD- 7K
KBEI%), (H3EMEREE (Enterococcus  faecalis)F Ik )
FEL-Ala-L-Ala". KBS 1 FE B e s 40 B (1 Wi,
B, sz e T FE IR ERPBPA ) 4 3 (0 4 BR B (&
R T ) 2 L0 R O e P i .

145 b, T TR SR 1 R FSORT 25 460 1) 7 1 5 F A%
WEILHRFN TG 4047, B Ferh &0 25 & R = AR i ik

SRR A S I B b e 1, Bl R R A R 2 T
B e IR SR B AR DGR (K A2 2 T e ) a4k, R
Pa AR R B HE AL SRR ROTT KK — RBUH T IREE
3 A T T TR R R RERE. o, 2R
W (A IBCRL RRJR AT Vv K SE R AR B4R 4T i wE 7
WA, it — DRI S E A A prA R
R HARRE 2 e RER B R, AR X
TEEAEZTT MRS, R % SR 0 T R i 2
L HAETRIUAN G R RBE G50« 24 & ORI A 2 D 2
HEHH BTN,

1 FRITKIE A5 A0 JOk SROBE K216k S

DRI 1 ] 0 L, O SRR B ) B S
B kARG S H, R IR AL AR TR
JRE 1A A TR Ak 4 L B AT IS S 1 4 o 5 P2 A 7 2 K

) veuvszans
&P oo

‘ D,D-#&fKES

O SRR ZE)

Bl 1 A SN A& R IO A R R A #04r PBPs Wi i KD, D-% kg v PE AL AH A1 Ik B8 1) T ed-3 22 38%; B: L,D-
FR IR AT LUR I PBPs YR D-Alab 3 i 1) DU R RBE 1T i), HEALAR SR IIK R 18] FE B3-3 52 Bk

Figure 1 Schematic illustration of the transpeptidation process in bacterial peptidoglycan biosynthesis. A: Most PBPs can form 4-3 cross-links
between adjacent stem peptide strands through Ddt; B: Ldt utilizes the tetrapeptide chain formed after the removal of the D-Ala residue by PBPs as a

substrate to form 3-3 cross-links between adjacent stem peptide strands
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YRR B R 40 1 IR SR 0 K SR MR IC PR BT T i

71 AEAB-WBE IR PUE RIS, HH RO E
H (penicillin-binding proteins, PBPs)] £ E e S
Y1 B K SR 1A S 8. PBP AT 4 N 4 T PBP
A& 5 2PBP. Hrh, 7 7 EPBPS 5K R HE
SEAR SRR, o — &R > Bt FepE AL, 3 — 8>
B BT IR A BRI B IR S . K3 1 & PBP % A D,D-
FRIKEE (V) BRIk R A 3 55 A2 D-Ala) 5D, D- P ik (1) it
CTE S IR AZ )i A, 50 BT i 59 S IR L A IR
FpEmEmUST 84D, D-5 RS T PBPHT AL
AL R PI A VIBRCHGS T AL ID-Ala, FK4
547 D-Ala i #2463 Ik 135 A7 b (8% Ik S R,
transpeptidation)!'®!.

JOR SRR S HER ) TR 0T 440 T 1 2 A 5 A A AN AT B
G, PGS SO R R P R (AnB- N BRI . REK
YT REE LR . B- A BEfEE 514 K & D-Ala-D-
Ala " IREE RIS, PLE RV T 2G5 & I
PBP{ % REGIETE. - WL hi A R Z A H
TR P 2L ) AL R, A HER- N e g A
SHIPLA FAS TSRO G0 E MR AR, A
IR v 22 3 P VRIVER 53 A0 1 JOK R 2 R Tl A QA 2 22,
PBP S M A i ATE £ I G540 A5 A 3 A R S B 1 7
TP B 2 R, JLrh 70 %0 B- N B S P E R AR
SR JJHIPBPREAEAL it /L SR A FH T 4EFF 40 MU BE () &
FRIIRE, BCONA ARG 25 P OB R e —. i,
15 PR 5 LT 245 D5 B, T P 47 AR 45 8 B (meethiicillin-
resistant Staphylococcus aureus, MRSA) R {E 16 H 48
P AR ABURS B B (methicillin-sensitive S. aureus, MSSA)H
FRIEMIPBP1-441, FiHh & IAPBP2aix — X B A Btk Hi A
TR R R Ik, 5 EUH AT AE At PBP A A0 il I
AT 76 BSUDK SR A2 T, DAL AL A 46 0 T T 245 P v R R
S A U,

P> A0 A BR e R 4-3 RSB SS IR Ab, I8 A% A R
3-35ZHRIR TR HIBE 1. XA A 12645 21 £ PR J 3R T
“RVUARI 25 RRMS 1247 IR SR BE 2047, AL R DU AR A
7EI}, PBPAF{D-Ala—D-Asx-L-Lysf) 32 B 58 4 4%
L-Lys—D-Asx-L-Lyslt U, B4 B nl it Ldes 2
FIAZ BEL ) & AL SE PBPAC BRI 42, AT FL 38 B- P
I S A ZON e R R R4, AR I de e 24 o i 24
PU R R EZE DL R, Lt BRI RURE 22 K
G PRI BIVEGN B h )z e AL, AR A
AT, S BT SRR . (BN
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i Zi AL 1 —Fh, Ldt5DdedE (458 i) 2 S AELded
BB B0 R PUAE 22 AN 2 R 0 B- N Bkl R b AR
RIRHDL. A% BT T Ldtyo 95, HIE AT U5
BN, AT AR 8 R IRPUAE R AL 1, I
TSR3 TR AR 243 Fr A 24261,

MAEAL S B EE, PBPREAGA-33Z T A i R A0 45 7
o E S, PBPHEAL RO 22 S BRI BE E I B SR i I
it IUKIK 845 ArD-Alaf Bk, A p— AN lasE IR
55 AiD-Ala, JE UK SRRE-2 IKEE AL TRk, 2 )5,
P A )42 P i e L 0 JO b ) 35 o 2 B TR (B
HERTH BRI EE B B dy, B k4-3 58 1k
FFREUPBP(EI1A). fEIX—id firh, $RALEEHEE Ik 2 5
BERR LR I, T 3 A 2 5 1 JOAR B DU A Pk Dy 32 A4 ik
FET) PBPJR T4 KR ¥ ¥ Sxx KI5 J: % 74 il 8 5 e
(SxxK superfamily of acyltransferases), 1% 3¢ 1 i i1
e —HAFIEE LT SxxK, SXN5KTG(EZ
), E=YESE R U F R A R, b, SxxK
J¥ T If1 Ser-Ly sta) e AL TE AL R AZ L. 5 Z AL,
Ldti A CLHRE 15 WA AL 45 A 3802 YuD, 385 AL T
Ciii. 5PBPA3HIDAH AL s SxxKANF, LdtfIfHEL
TR R R - R - 2 SR =AY o,
e e R R AR PR AT R T DAt 2 BRI ThRE, HIX
IE T 22 58 R ik i S A% MUty () IR BE & DY K, T 3E T
FKES21 20 R AR FE N 4E _E 33 5 = 541 EL-Lys/
m-DAPFFRELE &, TR A i e S 1) Bl - e 4 18]
i, Haizr g Inia ik E3 50 BT, &
LI IR R 11 3-3 32 BE (I 1B).

U R ) e A T AR A B v B RS, R
IR LAt 5 Ik il 172 2 8] 2 13 465 ) 22 S ity SR B2 ) S AR
BRI, eAh, AN [RIGH R A= 1 kSR BB (1) 2 5L R
PAEEA MR R, FERRBIERE =917
NGB IRMR LR b Ban,  [RIREAE Dy 5 =2 TRH
B, W ZEHIAT R (Bacillus  subtilis) 13557 Am-DAP,
PRI ER T (Enterococcus faecium)IL-Lysfl 55 FiEHH
KM D-iAsx, 1M 3 ERE (Enterococcus faecalis) =5 N
L-Lys_FJEHF )& L-Ala-L-Alal®. 1R 40 5 (Lt /e i
10 B B () IR BE 45 7 58 S BRAb, 0 T A 45 K A2 Ak T
RERILI AN F A AR, B, TR KRR, R
J R R LAt Al LS R I 088, ol 2 2 F AT B4 1)
Lt %} L-Lys ) 85 AR A7r 220 5 198 10 168 T &f Jee L v
FER) R g, (AEEGERE LA T A Y [ L-Ala-L-
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Alafll 8 ) LA i BEE B DY, PRFCLde S R ) AR
R Z8 i TR 1R A L RO AR AR ORI B T AR R
TFR B, A FERD DAL At kB ) =
2k, WU H RS T IR B A2 I A AR I 2 RS AL 1Y
TR RIPR, T I AR AUk R A T 5 i 1 5
PRACH AR IC RS Dt FE I e B2 e d R SR 4 T
TAH.

2 BEERBCORTRER A R .

20154, Spiegel FIPAP Ty vkikiE 1 i@ 4 PBP
JEPITER AR ICERET FI-KAA. 5% &8I H 1
FRB 45K, FI-KAARICuf 2 PBP Bk A 4 0 i 5
F¥L-Lys-D-Ala-D-Ala(KAA), Niif it —/N & (lin-
ker)L-Lys-Gly-Gly 5 %t 73 T AHZE(EI2A), AT @ AR
PBP i A i3k 111 ¥ f4-3 38 B4 JL AN A N IR SR (1]
2B). PRET A1 1o L I A B AR RN 2 R T
Bt AT 2 B A AR A I . 20 B SR AR B R S 56 E B,
PBPAN SZIRE AL FERY, 2 R A dhiE, &
1 T 1) B i B R (walll teichoic acid, WTA) R ¥ PBP44H
B4 B 1EAE 4 0 0 1 [ B (septum) Ab B2, R FI-KAA
HBEAT FE R A T DAd e 565 5 8 A BOW /R iX —
HEDR. WTABRZ RAZEIE, 2O6(E S AEMEEFRE
JEAL BB 5 o Af, e 25 PR ARe S (B12C). & A 145
B, A A1 HPBPA Ak 35 1 7E 48 B 4 S R LA
WTAS T 77 207 PR 45 161,

TEJREERT A, Spiegel BN it B FI-K AATK)
e ICIE P IHAE 7 B AR IO RNS, RIIEIE D R 47
W, PBPATERGIRAMRIFE R IEAE . 56, T A647-
KAA(f811i45 Alexa Fluor 647/{FI-KAATRENbRiC &7
W2 h, KRR _EAGATHG. P B 5
EAEKEE R0 hE, FEHAS68-KAAK Rl
7.5 minfEHT & KR BE T - AS687¢ K (EI2D). A568
5 A647T5 NG AL E &, R APBPALERR SRR K
LB BRBE V. FLKAARREH R T 3T Ik R 450 (1)
o KR TR 7 RO R 25 e 1 D7 TR FE (AR AEL, 30
JRZRWELE W 5 AL T 9. B A6 FI-K AATRET (1 )
TERAPL, WFFEATEE— DR R F A KRS 1 &
THAENE, DLR % R PRETFE IR M & U IR R SR 25 3
AT IR,

PRARIEDAB T IERET A1, A 50 [RIREX AT S it

Lty It FRE AT W R AIR . 20194, Pirestf 7t
PHBAD i 1 S0 R IR S, 0T T il LdtskDdt
R S AR IC IR SERE Y DU K (fluorescent tetrapeptide, Tet-
raF1) 1 Tk (fluorescent pentapeptide, PentaF1)%¢ Y%
£t DAPentaFUNMI, Spiegel M3t A R 2 ATETE
SERERLDL Ik B IR R 25 K (K12E), H [FIRE R A Dy i3k
PR DR HI LA 3 A K R HE T (E2F)PY. Ddt
(T PR A R 2 3 S A% I =5 7 L-Liys ¥ 5 225 T2 Rl 1t
Befgrp ), JF 5 Kk ERBE b ) KR B K AR 4-3 58 (]
2A). TetraFIJU| HLAtIR 185 N KSR BE(EI3A). B T-6k
/LPBPiR AL 7 (KI3B), TetraF1i) %% Yo A5 5 Fr 7t Hu g
JNLAtHIEALTE . 2L, PentaFItH JEvAAE ALAtHI IR
SIS, R aT DURE 54 45 75 PBP/Ddt I ffE AL T 1.

PiresHlf 77 A1 BA P45} _E ik TetraF1 1 PentaF1 5 51 ()
FECIRETE 2 P A0 TE P B A0 R AT V40 1l AN
XTEE. FEIEH KRS, 5 TetraFIILIE & (1 BRI 2K 14
)7 615 5 9 FE A2 PentaFI3L Y & 2H 58 B2 1) S % (#13C),
Ut B SR B 3K B Lt/ 3 (AR d EE DAt B A s R, Bk
b, BT P R EREHR T B AR R AL B 3-3F014-
3SR LI 2. AE A FH =ik B 75 B R R P AE AL B
I, TetraFIbRic 3 i PentaFIbRic kb, AHELZ T, 4
FHBR T 52 1 2R PU A 2 (G2 % 15w A K5 ) A 248 0 5
F TetraFIFIPentaFIFRic 39k, AR R HE mU AR Ik s B
MPUAE R (T B R AL E R) R ESURIRE 567
N D R RV D W 71 K o s B G E 7R
EHE SRR 5 S AN PUA 3O R AR —FL
eI T TetraF1F1 PentaF1AR1c A 45 5 PE.

FERLFA 5 TH, Pirestif 78 BN 5 4 i o oK Tet-
raFL R FEREE R T2 BT ot e 2, Sk 7 =5
ALD-Gln Bt i A0 AE Ldt /1 3 19 3-3 58 16 2 4t ff B £ e
PEH Y E AR W70 P R 2% TetraF IR EE, X IE
TH G AID-IGluE A7 R a- AR EE IR AL 1B 1. 45
BB IR KRB AL I TetraF1-28R M0 & )5, 20 F0AT o6 44
MuEE FIRS AR S, e AL i) TetraFIEREH I B A 2%
BEANpEE. DL RS ID-iGIn Bt iz AL 2 43k
FF B LAt A KRR FE AT IR SR A IR I 0 B 2% . JE 28
Rt — bR > T =T B, BRAE 7 MurT-GatD,
RIMurZSJEHBET(Mur  ligase T, MurT)F14: 2Bk ik
¥ EED(glutamine amidotransferase D, GatD)/ 5

RVERTARRD-iGlult il LRSS 7 7 P 1)
U PknBAE 518 I 7 40 J EE S ph S T RE. Tet-
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YRS U R 40 IR SR (0 IR R SR AU bR I AR BT 7T 8 e

A
S 4-3 T8
R = COOH g L-Ala 3§ L-Ala-L-Ala
RS
B NH, E NH,
O (0] (@] O (0] =
H H H H H H
/ka” N\AH N]A”JYOH \N/'\”/NMNJ:’C\I\H\N/\H/OH
NH, PO o) 0 H H H
2 © 0 NH, Q Q

Bl 2 RAERENE T DA IR K R N AR IR SRRE. A: 2T DAt EREFRICHLE R 2 Bl BFIC: FI-KAATREN 4514 POt A H]-
L-Lys-Gly-Gly-L-Lys-D-Ala-D-Ala; C: ¥AE(WT)5 WTA & i i 1) (ATagO) 4 3% (08 4 BR 18 73 51 F Alexa Fluor 568451
FI-KAA(fAFRD-AS568, £Ita)kric, - Alexa Fluor 488FRiCHITT 15 & (Van-A488, &)Xt AN dett. HFIR: 1 umPY,;
D: &% 4 Alexa Fluor 647FR1CHIFI-KAA(D-A647, W5 B)FRIC2 hfi, P2l B REM AR 4L R 7% 1 h, FEHID-AS68(4L )4 i ric
7.5 min, [FI A Van-A488(4: () Arid BN, Lul R 1 pmY; E: PentaFl 544549 % )63E F]-L-Ala-D-iGIn-L-Lys-D-Ala-
D-Ala; F: HE5 43 B 5 4 PentaF G I bR 830 minf) 3t B A2 A0S %, B R: 2 umBY

Figure 2 Peptidoglycan labeling by fluorescent probes through Ddt-catalyzed transpeptidation reaction. A: Schematic illustration of the functioning
mechanism of the Ddt-based probes; B and C: structure of the FI-KAA probe (fluorophore-L-Lys-Gly-Gly-L-Lys-D-Ala-D-Ala); C: S. aureus WT and
ATagO mutant strains, which are defective in WTA synthesis, were labeled with Alexa Fluor 568-conjugated FI-KAA (D-A568, red) and Alexa Fluor
488-conjugated vancomycin (Van-A488, green) for cell wall staining. Scale bar: 1 um®"; D: S. aureus was incubated with Alexa Fluor 647-conjugated
FI-KAA (D-A647, blue) for 2 h. After removing free probe through washing, the cells were further cultured for 1 h, followed by a 7.5 min labeling
with D-A568 (red) and cell wall, then stained with Van-A488 (green). Scale bar: 1 um™; E: structure of the PentaFl probe (fluorophore-L-Ala-D-
iGIn-L-Lys-D-Ala-D-Ala); F: fluorescence imaging of Mycobacterium smegmatis labeled with PentaFl for 30 min. Scale bar: 2 pm'**!

raFIEREHE A IRSEERAY), 7T LR AL /R LAt = HRIFH LRI ARYE. 8 K N 28 65 B & 4k
HIR SR BEAC IR R A, TR I 0 IR SR 0 1 AR 6 ok oS R ARAE, T DA S EILAH B e S M I 1) 28
S LR A AT T A N 2 g i P00 IR AAAH 5% 3 7 AR 3 (pathogen

B F T4 BB & UK SRR I g o, DURKIRET A associated molecular patterns, PAMPs)¥ ¥ 51 B 4e P 5
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R=Hg% Ac

OO

oo y
?

?
— &=

|
R

R = COOH & L-Ala 5% L-Ala-L-Ala

B 3 VUik#RE TetraFl 83 LdtfE Ak B % I SN FRIC IR B 0E. A: TetraFIWE NELIE At A LAt S HIFRICHLEH R Z 18], B: TetraFl
FiTetraFl-LysAc&5 #)20. TetraF145 #9975 Y65 [#]-L-Ala-D-iGIn-L-Lys-D-Ala(B); TetraFl-LysAc&5#) A7 Yt 3 [#]-L-Ala-D-iGln-L-
Lys(Ac)-D-Ala; C: PR ERE & TetraFIbRic (159 ¢ EHE. EEBIR: 1 umPY

Figure 3 Peptidoglycan labeling by TetraFl via Ldt-catalyzed transpeptidation reaction. A: Schematic illustration of the Ldt-mediated labeling
mechanism, with TetraFl functioning as the acyl donor; B: structures of TetraFl and TetraFl-LysAc. TetraFl: fluorophore-L-Ala-D-iGln-L-Lys-D-Ala;
TetraFl-LysAc: fluorophore-L-Ala-D-iGIn-L-Lys(Ac)-D-Ala; C: fluorescence imaging of Enterococcus faecium labeled with TetraFl (red). Scale bar:

| pm®¥

JELAAR, i G e S L FH LE 240 T SR . — S35 SR A 1L Ak
P HPAMPI) 43 1 45K LA e e e 363 0. At
FORIL, IR JFA N BRIREF 175 't i o 2 S 4oy
NP TUR TANFEIR ), U6 bR M BR R IR SR R AT
WepE AT, AEIRRBHE R R, BT BRI
TH TR PE B, 58 B 0 4 T bR 2R B ) A R AR
FPTL FEIX— 5w, bR DU IRERET F- 5 5 %
PEARZE Z 8] [Flinker K AL 8 N RCR 5 e b2 1) 2
A 8 i e P 2 18] (A48 T, it e 8 A linkeer 5 AT
REFFRRPUARZE B 20, T K A linker K 2 U AT B B I

HREFFRIC AR,
o T HAM AR, DURBRIRE AT F k2R

BB G Bas, At — 0 N TR PG 2454
o ¥ IEAM G SMERE SRR T . BT RN E
IS R m] BRAS/N 7 T (RIETUER)BIE, BOANE

AN FFFREIN 25 1 AH B8, 20234F, PiresHf 43 A1 BAV45
G mdi A R BRI IR EREE, JF K T PACMAN(Pepti-
doglycan Accessibility Click-Mediated AssessmeNt)f-
&, (ERAF R AL RS IR R (di-
benzocyclooctyne, DBCO) VY BKEREH#E G N K S B 25
Fyd1. DBCOR] ATE TG @ AL B 5641 T, g U3k 4]
R A AR HE 1 B SR - R IR N B 2 B (strain promoted
alkyne-azide cycloaddition, SPAAC)JE altfa e ) — mk
FEL FEPACMANT &1, il B AN 7 A&
RAFHI 0 BT AN 255 RE /0, AT BLS kSR B
DBCOKA: mithi [ i, FEHDBCOS GL M AKHA
B REPRC I T CIE H R SR, IS 5 FRARE.
PACMAN-F- 5 14 5L DU R R B 7 254 b AT A2 1 e O A
B, AT BT BN T 29 R AR —Fh sl i
TEA MR N IS &
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YRR B R 40 1 IR SR 0 K SR MR IC PR BT T i

MIREE -8, FiR eSS AL L-Lysth Al LLF
FA LA S B AR NI 52 A T 8 5 N IR R, N
TR 150, PiresHIBANPUEE20194E I K 1AL
P A A4 T 6 1) DU IR EREH(EI3B). it i X TetraF1fI L-
LysO 34T Z BLAL 1, B AT 388 5 DU BRIRET 1T Bk 5%
SAREEL NIREERE, BT 5K [ TetraFl, TetraFl-Ac
615 5 R FEL157%, (B4 RT LU BB 52 e bx
ic, JEILT SRR REERET (A 4T

OV SR SN UK B, LdtfEAL3-35 Bk 5 —
S5 5 TR 1) B- PN R R R JR M 2 AR DG, AR, T
LAt7EIR Fsh i 18 B B R i Rk i o, DA LR AR Y
FE W IR 5 8- N BERK R 257598 Rk el B %5 P& 3
oK R A A R e B R 2 A 1) Rk 1 (F DB RN LAY 22 B
A BETE 718 N AT KT & R R TR K AR, AN
SO X AR TR R N BB E B R i 2 . KDY
FRBEAAIRET TetraFl-AcLys ELEE XN RIEATHEE, Skif
TN B T B R LGS Y A i (B4, #EE
J&, ZIRET AT RRIC L1 8% I I TE AN B, BN /N R i
B HE R LACRI3-358 B 40 WL, i — B A5 & IR A0
2 %% (fluorescence in situ hybridization, FISH) #R%l,
SE 25 PN TR (LGB 3 1 A e AR AR5 IR I AN BT ) 13-358
I A e s A (F14B). ik — 25 dh, 7544 Py LE 5 Fh B- P
T e S B AE 25 96 2 5% B RNV T MO g i B A P Lt
B IR, RIS 205, SHUH—8, Rfe
W KR W E I A E R R D IR AR IR 2R, Xtk
PR, TR B- P I 2 AR 2 nT g S 8ERIA LAt
AT AL A K (IR MERR B, 11 3 U B R R
7. ZAAR P BRIC SRS T DA v A5 BT O R B el oA SR b
gER, FRRAL T LS Y TE R AR, R
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Figure 4 In vivo labeling of the mouse gut microbiota using tetrapeptide acyl donor probes. A: Schematic illustration of the Ldt-mediated in vivo
labeling of the mouse gut microbiota and live imaging of the fluorescently labeled bacteria by intravital two-photon microscopy; B: fluorescence
imaging of the localization of 3-3 cross-linking structure (tetrapeptide acyl donor probe labeled, green) on the surface of Clostridium sp. ASF502 cells.
The bacterial cells were stained by fluorescence in situ hybridization (FISH, blue), and the overall peptidoglycan architecture was labeled with
Cy5ADA (FDAA probe, red). Scale bar: 2 um™'); C: fluorescence imaging of mouse gut microbiota labeled with the TetraAA-DAP (green) and the
TetraAA-Lys (red). Scale bar: 2 um!*); D: intravital two-photon imaging of fluorescently labeled translocated bacteria within the intestinal vasculature

of mice fed a high-fat diet. Four hours after oral gavage of the TetraFI-BHQ probe, Hoechst 33342 (cyan) was injected intravenously to label cell

nuclei, followed by surgical exposure of the small intestine for imaging. Scale bar: 25 pm
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Figure 5 Peptidoglycan labeling by TriF1 as an acyl acceptor through transpeptidation. A: Schematic illustration of TriFl labeling mechanism. The
upper panel shows labeling mediated by Ddt, and the lower panel shows labeling mediated by Ldt; B: structure of TriF1 (fluorophore-L-Ala-D-iGlIn-L-
Lys(D-iAsp)); C: fluorescent imaging of Enterococcus faecalis labeled with TriF114¢!
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Table 1 Structural features, labeling mechanisms, and applications of stem peptide-mimicking probes
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Recent advances in the peptidoglycan-targeting bacterial labeling with
stem peptide-mimicking probes
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Bacterial peptidoglycan is highly conserved across most bacterial species and serves as a critical target for antibiotic development. Its
chemical structure and biosynthetic pathways have been extensively studied for decades. PGN cross-linking, mediated by two distinct
classes of enzymes, D,D-transpeptidase and L,D-transpeptidase, occurs at the stem peptide and is essential for cell wall biosynthesis.
However, the spatiotemporal dynamics of this process remain challenging to resolve, limiting our understanding of PGN’s synthesis
and remodeling. In the past decade, stem peptide-mimicking chemical probes have emerged as a valuable tool for PGN-labeling and
dynamic investigation of the cross-linking process. This review summarizes the different types of stem peptide-mimicking probes
designed for labeling PGN via either D,D- or L,D-transpeptidase-mediated cross-linking, with a focus on their design rationale,
functioning mechanisms, and research applications. The structural flexibility and diversity of these probes offer broad potential
applications in PGN labeling, antibiotic development, and microbiota analysis in different biological contexts.

bacterial transpeptidase, metabolic labeling, stem peptide-mimicking probes, fluorescence imaging, peptidoglycan cross-
linking
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