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[ Abstract] Objective To analyze the interaction mechanism between novel inhibitors Compound-A/B and key target enzymes
(InhA/KasA) of mycobacterium tuberculosis using fluorescence probe technology. Methods ~ Multiple technical approaches such as
real-time imaging with fluorescent probes, surface plasmon resonance, isothermal titration calorimetry, liquid chromatography-tandem
mass spectrometry, intracellular co-localization and colony-forming unit assay were integrated. Dynamic distribution of inhibitors within
live bacteria was observed. Binding affinity and kinetic parameters were detected. Binding thermodynamics were analyzed. Covalent

The binding affinity of the
inhibitors to the target enzymes showed a time-dependent decrease. SPR KD value was increased from 78. 45 nM at Oh to 165. 28 nM at

modification sites were identified. Intracellular targeting and bactericidal effects were evaluated. Results

48h. However, it exerted a sustained bactericidal effect by covalently modifying the target enzyme Cys128 site and achieving effective
co-localization within infected macrophages. The modification abundance was 68. 45% at 0 h and co-localization coefficient was 0. 78 at
0 h. After the these, it reduced the colony-forming units ( CFU) by approximately 2 loglO at 72 h. The inhibitors significantly in-
creased the thermal stability of the target enzymes ( ATm was 3. 42°C at Oh). Multifactorial analysis confirmed that their antibacterial
efficacy was significantly correlated with the degree of co-localization and the reduction in CFU. Conclusions  The dynamic analysis
system based on fluorescent probes reveals a new mode of action for this inhibitor. It triggers long-lasting bactericidal action through ini-
tial efficient covalent binding and sustained target occupation. lts efficacy is more dependent on the duration of functional inhibition of
the target rather than on the balance affinity. This provides the important mechanistic insights and new evaluation strategies for the de-
velopment of anti-tuberculosis drugs.
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1 #R5FHE

L1 #F#F BEE 2023 4F 1 H & 2024 4F 12 AR
Bt 5 I SR AR E S BT BRI AR B2 R 7 B bk 46 ARAE
FEGE RS 9 A bR #E : D GeneXpert MTB/RIF BH %
H MTB DNA #4014 =5%10 copies/ml AJ/>ES#k; @
WGS S5 )R =98% , K4 B 35 )% =95% ;3]
7E Middlebrook 7H9 ¥ 1A 1% 77 A A2 € A= K, OD600
7 72 h PIIKE] 0. 35~0. 45 ;@ H AR (U1 InhA KasA |
DprE1) ik 548 qPCR IESLAIRTF Ik 7 (2~ A ACt)
=1.5, HEBRARE . O F 75 4L il Lu il > 5% s i 9% 7 K
J& CFU $148<1x10° CFU/ml ; @5 HE 40 B AHE 42 X 9
KA B (550 bp) , 3306k HFVERPLEIRTSE ;
QFIEIRET T 5 518 55 (45 POV R38R B > 1500
a.u. ) MG HT s @R I8 2 BT B HE 25 2% R R
(NTM) , 34 M. avium M. abscessus %5, A BEA LY
#% WHO TB Laboratory Biosafety 5 F§7E BSL-3 2444
AEER HHAERRIERFERAE T80 CURTFIEER ], Ho
FRERE 6 B, £145 Mycobacterium tuberculosis H37Rv .
AkasA | AinhA 5 MRS g 2R 58 58 A8 0K 5 Ife R 73 9
Bk 40 Bk, $ 4 GeneXpert MTB/RIF 15 4= 3 K 28 1l J
(WGS) BNFE B 24518 . ABFSE AR U144 =
R E T B AT T S AR B D1 s o A o [ ik
5:202402(K)-02] .

1.2 FHik

1.2.1 SEgUryk OEREE I Hl& 5aifk . RS
His, #1725 Y $E A InhA T KasA 3635 21K ( pET-28a-
InhA/pET-28a-KasA ) #fb A E. coli BL21(DE3), T
37 CHiFE 2 0D600=0. 6 J5 /A 0. 5 mmol/L IPTG if5
516 CIESEIX 12 h, AZE KB (INBIO
JN-02C, 1 [E) 24 )5 , 38 3 Ni-NTA #E ( Qiagen, Ger-
many ) 4k, e AW 45 2 1.0 mg/ml, & F-80 C &
fE. QEOCHE SRS AR G R
B S M58 G4 FT-InhA-01 1 FT-KasA-02 ( 21
JE>98%) , FC % 10 wmol/L &AW . AL/ NyT-10
57 (45 44 A Compound-A 5 Compound-B, 4fi i >
97%)#% 1.5.10 .20 pmol/L BERERLE . 45 100 wl 2
NARR M AR B 2 pe ., 2EOEHET 200 nmol/L
SRR R R RS 7E 37 CIFE 30 min, @F 5K
a5 -G8 15K . R 2 CREAR Y SpectraMax iD5
(Molecular Devices, USA) Kx il #R 41 25 515 5, i &
A 488 nm, K G 525 nm, FEHUA]FE 30 s ST
£ 20 min, DLICHRE]FILH A X BE o AF/F, T
MEEEFEAT], @A AT AL LG . B0 A=
K3 MTB H37Rv(0D600=0.4) , £ 3000 g B0k
£ R4 500 nmol/L 14 THO R 35340 E 1 h, bl

S E BRI AR 25 2026 45 7 A5 23 &5 4

JE A Compound-A 5% B( &M 10 wmol/L) , 4k&E
J5E 30 min, i FH IR AL W 0B LSM 880 ( Zeiss,
Germany ) fA%% , % 488 nm, Z-stack £ 0.5 wm,
BEas ok F GraphPad Prism 9.0 #E47 &l &
(AEERAPE R B BB R ) | = W S5 BT
B, RAEHRE 8 5155 W, SCmi s T =
WEE T 347 5% A O W 37 )5 44 s @ e 4
JE AT QRIB A, 25 T 3 A7 R 505 5
1055, HEAELE B v v B TR G (A BF 5 T
INEEFA R INAL) o

1.2.2 Rl OIS FIRILR (SPR) %
N1 AE A AR Biacore T200( Cytiva) . F40HEEH 10
mmol/L NaAc( pH4. 5) Bt il -3t it EDC/NHS k%
fHELE] CMS5 3t A (B 800 ~ 1500 RU) ; it shAH
HBS-EP+( 10 mM HEPES, 150 mM NaCl,3 mM ED-
TA,0.05% P20,pH 7.4) . Bl (4M#IF]) 2 0.5.1,
5.25.125 625 1250 nmol/L /\ S 46 FE 7 A, i 14 30
wl/min, #% fill 120 s, fi# 25 600 s; F 10 mM glycine-
HCI(pH 2.5) FRA 3R, BT 1 1 1 25 G REAI
4 KD, B4 3 REARER, @ % K &
(ITC) M % #4 3 %= Z 8. AU 4% MicroCal PEAQ-ITC
(Malvern) , F - 5EMRTYE PBS(pH7. 4) H ik B
e, BRI 20~40 pM, BEUIE N EE 10~ 15 7%
WRE, 25 CREES 19 R (B 2 pl) , [AIFE 150 s,
M ZB RG4S KD AH AS, HE5 550
RAAR LR i 25 ik B i 8 vo T A vk B, & /D B0 IR
ST SEES . QT4 E 45 A 00 4 (LC-MS/MS 5k
BRI ) - {4 #F Q Exactive HF ( Thermo Fisher) .
PG (1 mg/ml) 5AY (10 pM) 7€ PBS HiFH
1 h(37 C), IR ARG Lys-C 516 (B Yt
] 1:50,37 °C,16 h) , 253 C18 45 H LC-MS/
MS 4387 (Fi 3 300 nl/min, BB 5% ~ 35% ACN/
0. 1% FA,60 min) , #0#5FE48 R I+t in sk (#%
AW T RAEIE) PO B A S, IR
YR (Te25W) AHEBRDh R . 455 Proteome Dis-
coverer AbHIE N T 55 E K BEOG ik, @40 i 9 1%
454 CFU TIRERIN ( B W20 i ERYeAsimY ) (U8
2 0 1H0BE LSM. 880 ( Zeiss) ; 15 3544 37 °C .5% CO,,
JH THP-1 434k 9 EL W20 s (PMA 100 ng/ml, 48 h) ,
JH H37Rv &G (MOI =1 : 10)2 h Ji5 1 % M 40 3 9F:
IMAZGY) (LWE 1.5.10 uM, TSI E 4 24 h
FREEFREL G 25)) . BOEHRET FT-InhA-01 500 nM
S EBIE % =) DA e o et =1
P DA IR 52 4 505 5 D far - QO S8 A J0 41 550 5
F 1 h, FIMARE; QM ARE I F 1 h, A
TR OIHIR S E FRA . #4317
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XTI, BEE 1 h, TR K PBS, [ E 4% 2 R W
15 min, DAPI Y44% . F] LSM 880 #KHX Z-stack (25
0.5 pm) MEEARET L E A SN o A, o3 BUREAE
CFU . {1 72 2% JF-4% 107 ~ 1072 MR Ah 7TH10
Az, 37 C KSR 21 K4, 4 M5 11 CCK-8
( Dojindo ) #%) R U I 7 (AL 34 24 48 .72 h) , @
2572 56 ( DSF/nanoDSF ) 34k 45 & Fa & 1 . X
#% Prometheus NT. 48 ( Nanotemper ) 5%, LightCycler 96
(Roche) it Sypro Orange ( Thermo) . ZFH 5~10 pg
SEY 10 pM RS, AL 20 pl; R 25 CRA
1 °C/min TF2 95 °C iLRIOEF 5 FH I 1 Tm,
ATm=2 CHAREREN, ZWMZHEI S

ToECAALH 55
1.2.3 W4 OSPR: id#45A % % KD

(nM), LA 1 2 1 AEIELA KD <100 nM A1 35 55 A1
100-1000 nM %45 >1000 nM 55, =K #H &, Rmax
X PEhAE A BT Bl (X2 <10) ., @ITC: it 3 KD,
AH AS 5B N;KD 5 SPR —FELSE; AH %4
S 2 HA AR 2% <15%, @LC-MS/MS; 4k
Bk B, K B i 1] U i B = 95% ( Peptide FDR
<1%) , AT 25, D6 200 7F Xof B R i 2 o (D 4H A P9 K,
1% +CFU . L5237 2% (Pearson’ s r) =0.6 U I

69

T CFU FLE AN HR AL A 3efE | 25941 24~72 h
FEAE=1 log,, CFU/ml 10 835405 (P<0. 05) , 48
Ji#EPE CC50>50 pM A1 #EE, (©DSF/nanoDSF:
ICM S Tm, ATm=2 CHL M B ER Sk, =K
AW IR B R 2

1.3 FKitZEFAE R SPSS 26. 0 Git# k47
BN, TR A B e i 22 R ARl e
BOR M ST FEAS ¢ K 55 JE 1E 25 43 4 >R Mann-
Whitney U ¥ 55, THECTR LB R (%) Fom, i
KX K5, B fa] A 56 25 J5) SR F Cox HE 3] JRURS: A
AT HR & 95%C1; ZH &K Logistics [B1H 53414
ATEHLHZ H P<0. 10 (Y485, 2K H] Spearman/par-
tial correlation F4) B AH I MEAE RS, I F FH igraph #:A7
FHICAE 25 A BT, 28 T DL A 000 PRI AG %
DAERR, P<0.05 AESHGIFE X,

2 H#R

2.1 SPRIER AW KD EHZ 8 T (P<
0.05) , $&/R 456 26 F1 ) Bl ] R B 5 45 A sl 5
B (ka) WG i 2 HORRH AL (kd) 35N, REE B4
it (Rmax) 252 , H M\ SPR SZ 45 G 46 s B v B/
MY SRR S A R R A OC AR e, W 1
K1,

*1 SPRER
JE KD (nM) 95%CI ka [x10°/(M - s) ] kd (x1072%/s) Rmax (RU) F P
0Oh 78.45+4. 12 71.78~85.12 1.37 1.02 152.33 56. 842 <0. 001
24 h 112.376.25 103.30~121. 44 1.29 1.46 148.27
48 h 165. 28+8. 04 154.18~176. 38 1.25 2.28 145.2
150 - :
0h ? 1.00 (Reference)
. 24h : HEH 1.43 (1.32-1.55)
g :
§ 48h 1 HEH 2.11(1.97-2.25)
™ |
Overall ! il 1.77(1.65-1.90)
> 05 10 15 20 25 30 35
wam @ Hazard Ratio (HR)

1 SPR SEMZAEERRIEIRARMWE  a:SPR SNEEGLERES A b SPR LI ES & (L IBHE bR AR

2.2 ITCIEMR ITC /" KD M 82.14 nM F+ £
171.52 nM( P<0.05) , AH 5 AS HIbfifst ] F R, N

FEAT 1, San 4G SR MR ) 2 B gl 4% 52 J] 40
S, WA 2 2,

£2 ITCER
JEH KD (nM) 95%Cl AH (keal/mol) AS [cal/(mol - K) ] N F P
0h 82. 145.32 74.12~90. 16 ~11.27+0. 84 23.45£1.52 0.98 48.327  <0.001
24 h 118.63+7. 40 108. 26~ 129. 00 -9.84+0.91 19.27+1.36 1.02
48 h 171.5249. 18 159.10~183. 94 -8.46%1.03 15. 84%1. 41 1.05
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2.3 LC-MS/MS &5  FLAr i ik Bt = B st ]
TF&(P<0.05) , DCHDFE $4>95% FDR<1% , B 5

23 55 4 W

1.00 (Reference)

1.44(1.32-157)

2.09(1.94-2.24)

1.77(1.63-191)

a:ITC JEUIAFATN H T 455 ;b ITC J5 4R $AI) 3830 1 25 AR ]

o] ¥R Cys128 MR E HAw S RSBt i s, W

#*3 K3,

£3 LC-MS/MS FR

Ja 19 JEUKBE R (%) 95% CI VEECRE (%) FDR (%) B 1 F P
Oh 68.45+3. 21 63.81~73.09 97. 82+0. 64 0. 76+0. 12 Cys128 52.614 <0. 001
24 h 51.37+2.94 47.04~55.70 96. 54+0. 71 0. 83+0. 15 Cys128
48 h 32.14+2.57 28.23~36.05 95. 63+0. 82 0.91+0. 18 Cys128
Untreate: bs
6 bz
Y8 .
b4 y2 l l .YS Y7 E
l l l 1 Oh E ] 1.00 (Reference)
24h
Compound-A LDCFTNCK e 075065080
be (o] 48h [ : 047 (0.41-0.53)
b ~> i
Ya Overall o 0.61(0.550.67)
Y8 1
fr Y2 | I ’r yr / b@ ]
l l S 0.0 02 I(1.6 10 '1‘.4 dr ("}'g) 26
lazare atio
T T T T T T T
200 400 600 800 <P
m/z

3 LC-MS/MS HHMEMRRKE — R RIL X bk RIEFRFHE
B R B — T % 25 R AR AR R

2.4 MREMRKR+CFUER e Z50H 0.78
%% 0.61,CFU M 5.84 log, f# %= 3.80 log,,, I
RO 5.3 (P<0. 05) ,CC50 82.37 pM @ K #E,

a: LC-MS/MS A &40 Bk BE — 2B Xt Fb 45 51 ;b LC-MS/MS 34/

7 25 AT Fe s M P 1) -5 ] A4 0 1% AR

Mo W4 K4,

R4 BRERAMECFU B

J HENMFREL (r) 95%Cl YN ZENEIRE (a.u. ) CFU (log CFU/ml) CCio( uM) F P
0h 0.78+0. 04 0.73~0.83 126. 45£6. 32 5.84+0.21 82.37 61.428  <0.001
24 h 0. 69+0. 05 0.63~0.75 118.27+5.91 4.63+0. 18 -
48 h 0. 640. 06 0.56~0.72 110. 14x6. 08 3.9220. 17 -
72 h 0. 610. 05 0.55~0. 67 107.33+5. 74 3.80+0. 15 -

2.5 DSF/nanoDSF {5  DSF/nanoDSF /5 )5 48 S il e e v (E 45 G A0 e MERE R D)2

ATm M 3.42 °C FEZE 1. 84 °C(P<0.05) ,3Enibs

#& S DSF/nanoDSF {&i5

s, s S,

JEH HH Tm (°C) AW Tm (°C) ATm (°C) 95% CI g R F P
0h 54.28+0.37 57.70x0. 42 3.42+0.28 3.10~3.74 0. 992 38.257 <0. 001
24 h 54.3320. 41 56.98+0. 38 2.65x0.24 2.38~2.92 0. 987

48 h 54.30+0. 36 56. 1420. 35 1.84:0.21 1.60~2.08 0. 985
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0
Oh  24h  48h  72h
100+
80 :
E oh L4 1.00 (Reference)
8 60 ‘
< 2h ro 0.88 (0.81-0.96)
g 40 - a8h i ! 0.82 (0.72-0.92)
® _
20 - CCso =82.37 uM 72h [ 0.78 (0.71-0.86)
g CCsp = 82.37 uM Overall L 0.83 (0.76-0.90)
T T T T
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B4 HARERERBETNHNANERHEBRLERERANEELZERIETTNE
R R BRSO BT R A I A0 M P9, OGRS (S €)1 500 A B A9 0 18] 0 A 17 2L

stack I K5 JE

a: WOLILIR £ 0 i Z-

B P 00 DAPL B LA IA% , 40600 S0 BT I S 10 (DO LR BARIL ) , S O BE RS S SO IREHE 50 TR
I IE AT LR 50 21 T PR DX A A 3 T (B LX), EOUL s 4 R4 R TR M A AR T A 3

TENL, b AN AR +CFU 5 BLE

AR, AR +CFU 25 R R

1000 T T T L '
P i
900 . .
o i 0h ' [ ] 1.00 (Reference)
1
| '
700 ! i
i 24h | 0.77 (0.70-0.85)
3 600 B i
s h i
% 500 : 48h —.— 0.54 (0.47-0.61)
|
i 400 1 !
K i
wol : Overall [ 0.66 (0.59-0.73)
'
200 " :
1
100 ’ 1
4 00 02 06 10 14 18 22 26
Hazard Ratio (HR)

0 30 40 50
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2.6 Cox &34  Cox ¥ Rk &9 B EFEALA
K455 KU (P<0. 05) , HLAE FH G v 3 348 Jin 0 J) 9 48
K58 CFU i =1 log,, 53 E N ZE r=0.6 1§
WEM, k6,

2.7 Logistics B V35> #7  JA WA ok B 3G
CFU FEiE =1 log,) M I EN REL r=0. 6 ¥ 10 ERF
TRERAF A& A KU (P <0.05) , $2 78 25 W VF i B A It
() 751k R P A AR, DLER 7

2.8 MEXMEMESH  HLMHINBEERM ATm K
UG A5, 5 CFU R 2 7 R AR AL $8 b
MK (r=0.61,P<0.01) 3RS EETES

2R, WK 6,

R6 Cox DHTIER

a:nanoDSF & [ #VEa S P 2 M5 A 2% s b . DSE/nanoDSF 845 ZRHk &

Ak HR 95%CI P
JAM 24 hvs O h 0. 62 0.48~0.79 <0. 001
JAW 48 hvs O h 0.75 0.59~0.95 0.018
WE 5 uM vs 1 pM 0. 68 0.53~0. 87 0. 002
W 10 pM vs 1 uM 0.51 0.39~0. 67 <0. 001
CFU [ =1 log,, 0.59 0.45~0.77 <0. 001
B RH r=0.6 0. 65 0.50~0. 85 0. 001
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£ 7T Logistics EIIASHER

A B SE Wald X* P OR 95%C1

fig el -1.982 0. 475 17.367 <0.001

J# 24 hvs O h -0.478 0. 152 9.906 0. 002 0. 62 0.46~0. 83
JE# 48 hvs O h -0.287 0. 14 4.203 0.04 0.75 0.57~0.98
W 5 pM vs 1 pM -0. 385 0.13 8.772 0. 003 0. 68 0.52~0. 87
YR 10 pM vs 1 pM -0. 673 0. 148 20. 634 <0. 001 0.51 0.38~0. 69
CFU F&IE =1 log,, -0.528 0.152 12. 067 <0. 001 0. 59 0.44~0.79
e R B r =0.6 -0. 431 0. 145 8. 835 0. 003 0.65 0.49~0. 85

@&

r=088
r=0%8

Elo XM

3 iTig

AT RO AE T 15 B DGR E H AR, Nl
L2 4 FE AR AT T R AL 7] Compound-A/B 543
FEFT TR OGS InhA/KasA B9 4H B4R RS 52
0238 SR ) ) 8y Y — 258 R E B B S IR SE T
T 300 A A 5 AR R T L ] Y A A A 1
FHRFIE, 21 45 B 1 (R iR 15 46 T i o o 280
SR A0 750 5 L ) S i 2 B0 KD {ELTE 0~ 48
NN S T 2 AR R ke W R T A B 3R
WH kd M, RIS A4S AH 52 AS B2 T
Rkt X —RA0EHE R BT, B0 S R 2 A
SRR K H Ay 22 5K 2y B AR B TR] 2E 4K T
5500 BRI, X — A AP UL SR B A 25 RN 7 2E e R
G IPR HEER T2 e e FE T 40 A B
BE M A0 N R 5 B VR T BB A v A B A
5 L %) 7 3R SO T RRAE, (LA ) 0475 e A
9 R RS, B 40 RO T g T B A 1 X
ek, A st AL > X— B R F S
PR, PRI A 5 2 i P R BT v A 55k nT DTl PR
LRI T HE LR R SR T RS 25 i W S OH B
BIOVERER . TR BIHE A& KD (A R A i)
THE A SER T 29800855, & 2R A R 2K
AW XKD SRR & - R AT B 3 R g i
LRI T R T 0 3 90 X A A < o 4B i)
FHG R BT BEEMSIR K, ABFsT4s B4R, 1)
G R A A BT S SO S S T BB ST |, T BEAE 3%

NI L DR AT A A% TR RN, 58 8] 1 6 A 400 1 57
O A S VA S RO A TP

HUTEZ Bt 50 R 2 T 250 5 AR 45 & 1
PR R] AT 38 DO B S AR 4G
B I AT AR 2 TR EL A P A B a] A
YA ALGEMLI N, o 254 ) 57 o L e 2
TSRO HARRFIESE SRR X T Hid
R, SO AT RE W S AN B i i =
G AN I AL &8, HART iR B e s & SR 2651 &
AN AT 39 K R T R 0 R T R R G R
Jo R S S RO I B I 1 2 TR AR, ROV
FVRE A s AN A TR Y Cys128 i ™, R
LA IR BE A A B BE IS AL HERS 10 R K, (ELR0 46
F e B T 23 T A A LA 408 il ) BB S i Ap X AN ]
WG X AR T AL 5 2R N I SRR R
[, AS TR A LARRE ) 3 5 DARE % 7] 390 1k
R BT TR OGS L, S A 0 ) 750 A9 4
RECHRAE TR SEE

ZEARF M DOCHAR M — 4B R T 45 G k1
PEYG R N, 410 T ) 485 L Tl ) e Ak IR
ATm BETHR, RAHA T T HENRE MRS,
SR, ATm {EL[F) A B I 8] 3 < 1 8/, 53X 5 SPR
ITC B J i K08 45 75 (9 45 65 56 42 Dol 5 7 34— B8, 1
BT AR B EIIE R 6 X P 45 5 RS 1k BE I [E] Y
LU, TRE IR T LM 0 W 1 A BRI R A 24T
R NS K gt , A T RE R P-4 ) R S WA G R
GAGRASMATEC Y . AR IR HARAETE B A
Eh AR T, 2590 (4 4 5 4R RE ) L 5 AR 1Y
PR (LK 51 AT Ui AR S PO s R
WL, LRI T B A F R ) AR A A
SOY30 e 2 M g 5 A A TR o O 4 o O B
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