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Abstract: The rapid development of antibiotic resistance among bacterial pathogens has threatened to take
humans back to the "pre-antibiotic era”. The New Delhi metallo- f -lactamase (NDM-1) hydrolyzes nearly all
S-lactam antibiotics including carbapenems. Bacterial strains carrying blaNDM-1 gene are termed "superbugs" and
clinical inhibitors of NDM-1 have not yet been identified. Discovery of novel NDM-1 inhibitors is a challenging
but rewarding research area. This review focuses on the structural characteristics and catalytic mechanisms of
NDM-1, and comprehensively summarizes the development of NDM-1 inhibitors in order to facilitate the further

development of NDM-1 inhibitors.
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Scheme 1 Classifications and mechanisms of S-lactamases (BLS)
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Table 1 Classifications and characteristics of metallo- £ -lac-
tamases (MBLSs)

No. Znlbinding Zn2 binding

Subclass  Substrate  of Zn amino acid amino acid Repr?sen-
ions residue residue tative
B1  All g-lactams 2 His Asp NDM-1,
except mono- His Cys IMP-1,
bactams His His VIM-1
B2  Carbapenems 1 N/A Asp CphA
Cys
His
B3  All g-lactams 2 His Asp FEZ-1
except mono- His His
bactams His His

PSR MBLs HiL Y AR 3R 11 A 5 4 0 O 3R A
Hri-9l, #E B12SMBLsH, Znl #1 3/N His I MK 7 T
HEAT ALY T A4 S BC A7, Zn2 5 AspHis Cys 53 Al
KA T IHEAT = AR HER R A . T X T B3 2K
MBLs, 5 B1 B ¥ X I 7E T His 5 3 # 1€ Cys bk 3
2572 %4 . BL5 B3 28HRHENE K M Bk 5 BF P Ik
SN B- RGP AE . (E 13 RN 2 B2 28 MBLs
WA —A 5 BLEA A TR BB AL 1) Zn2 2 5 - Bk i
MK AR, 3R T A MBLs [ 48 45 & & 3L R e 51 41
SR 1R JE AR ST 1, AT — BRI I AR H K T BOK RS 1 1)
%gyi[ll]o

MBLs 7K fift #L il o A7 7E 9 AN AN [A] T~ SBLs F7 1T, B
& Zn 256 K 5 FAE R AR L&A T L
IXAH 13 MBLs #5710 & A= 0 R, LLE T4
7 MBLs 40 B R OB A B . H AT PR b i e 24
YIfe W8I0 97 #5715 MBLs O 4118 51 & B, JE IR R

Bk . 15k, b 4ERR 4 4 SBLs #1715 SBLs I Ser
LA 25 B T B e 1 Ok 25 - I o TR A, S T 3 b fi
SBLs i . X A& 3T SBLs #5755 - Bk pid: &=
S5 ARALLIE o T MBLS 383 4% 28 T 48 & fa o 1 #2 3
WS 1 F T K AR B- N BRI 3R o A2 7K R FR v ORI T
LA B 45 A I R A, IX 3R B T e B, HL
SBLs I 7% MBLs T2 ¥k, MBLs 1) Zn 45 & &
BT A FIREAFAE T W FLsh Wik W B, i & — 6 g
11 % S5 1 I 0 80 3% B 0 R B A g/ I 7K Bl 502
I, MBLs A1 i) 351 .45 7T & 400 1 ol L 3 40 v 1 (] U
SEHBVEM A . B4, EDTA & A9 51 B A &
F M NDM-LHH 7). 28 =, 5 SBLs AN[A], MBLs ]
RIER 7 5 T2 T4k, 3G PE AL S & SR P 5 AN
[FH 2 SR E AR Rk, 1R #E 38 320 30 &) B A
MBLs (]38 F 1 il 55101

B &8 -p- N Bk % B (NDM-1) J8 T Bl 2%
MBLs, 2008 4 1 I M\ — AN B8 F B BE 11 A 3 B (1 3 A
A P 3 B 45 20 1) 16 28 v B A TR RN K B A A AR R R R
B UK LT A 1 - N BE G R i A R, A FE 5K
PUAE R RGP &5 B ] R 55 A K]
B At S0 ] P R AT BRI A RT3 (] g 42 i A
i 1.0 (CDC) Bt AR H SR DAL N, &
B B- P9 T fi 2 i 2B 200 485 7 blaNDM-1 1“8 4 44
B 751 IR e = TR IR T R FHUROL. B 4 B AU 2 R
B BN R S UK, (BT R e,
NDM-1 57 T 41 ff 4 5 P JIEE 2 8] (1 200 & Joia o, 5 [l
SETEAME o B ] DLE I A E SR (OMVSs) J3 34 21 4]
P Ab, T B I 40 B 2 MRS, B 1 808E E (Protein
Data Bank) 7% NDM-1 A 5% & 4 £k 81 Ffr, A
SR A AL B 5 PR B- A B G R AR KR AL 58 A
1) NDM-1 A0 7)o & A 25 K i b 22 B, 471 53 B- P Tt fi
FR KRR IR AN B B8 T2 T NDM-1 & PR A7 sy, TR R 58
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TV PR RS 45 & B s, DR B AT DAAE 2% 5 M 2R G AN ] 26
B B- A BERG Rt = . Hi, 1AM E 75 3
() & R His120. His122 Al His189 i&E 2 ; b — Rl 55
T 3 Fh A ] 1) & 3 R Asp124. Cys208 F1 His250 1
[, NDM-1 fi135 % 55 5 (MEM) [ 3L 45 5 4 45 1) 36
IR T - BERE A F AT R ) S K AR (B 1)Rel,

[ i, NDM-1 fr RS 4 KRV A S BRI 2 5 )R
VIR R RRIRFE CAER 2 FI H . T X L g 2
P2 5k BETE B- A I e 0 AR 2% I 7K A o b EE AR, 9T
A 24 NDM-1 4171 ] 77 1) 0F & BE 5 3 i), I o B
Lys211 5 Cys208 (1) 4L i 5t &5 & NDM-1 1 il 751 & WL
?&iﬁ_[ﬂ-ﬂ]o

H Al 4R ) 2 AT 7B 2 NDM-1 408 T /N1

Table 2 Summary of essential amino acids in the active site of
NDM-1

Amino

Function ) Action
acid
Substrate Leu65  Forming a large hydrophobic binding
binding Met67  surface for hydrophobic interactions with

side chain R groups of S-lactam
Asn220 Involved in substrate recognition and
hydrolysis. The hydrogen of Asn220 forms
a hydrogen bond with the carbonyl oxygen
of the substrate.
GIn123 Interacting with side chain R groups of
Asp120 p-lactam
Lys211 Involved in substrate recognition and
hydrolysis. The amino group of Lys211
forms a salt bridge with the carboxyl
group on the substrate to maintain the
correct substrate orientation for hydrolysis.
Active site His120 Zn1l coordination
configuration His122
His189
Aspl24 Zn2 coordination
Cys208
His250

Figure 1 Crystal structure and hydrolytic mechanism of NDM-1

W 235500 Z A4S, (H I IR L ¥ 5A #EHE ) NDM-1
01 7711281, R 3T, VenatoRx i) 24 23 & ‘5 A5 Sk 181 it Ji5
(cefepime) 5 taniborbactam (VNRX-5133) It 4 F 24,
1697 #51 SBLs 55 MBLs R % 75 % 4 5 1 14 (CRE)
T iR 8 0 4 2 B R B B (CRPA) 51 24 11 3 350
520 R B SRR et NI NG PRATF 7200, A SOk 3 2k 3%
NDM-1 $fil F3E AT v Ve S5 A 4R, LAHA VA 44t 245 34 A
N 5 4 NDM-1 40 i) 55 (4 F J B8 B filh o AR H5 AL i AN
[7], NDM-1 I 55 R 3 g He A5 45 5 4 i) 551 5 JE AL o
BREE SN .
2 FEHMBLEEINHIF

Yang 2527158 1 HF 7 NDM-1 53 — 4 @ R (4%
CoCo AL F1 ZnCo 7 & I NDM-1 [ 8% B 1 7E K fi#t B- ™
it AR EREE, NDM-18F 35 B 7 14 &
Tl 2 T AR A F 5 NDM-1 401 50 ) & T
B FE L A7 TG 72 42 NDM-1 41035 1
21 HmEWLXAY  Klingler Z289EAE T captopril (L&
Y1 1) 55 11 Fh FDA O 6 #E B 51 25 25 9 1) NDM-1 40
HEYE (B 2). EIFARFTA B S PR B H AR 57 1Y
P, 45 SRR B H NDM-1 AU 7 B/ A S T
(ISR, I T5 EA S RE s 5 TE R AL R i I SRR = A
G 1EH . Captopril /24 1L 5 5K & #4240 (ACE) 417
#1171, e NDM-1 i 1 > $i e R0 BEAE (1G5, 1H) M
6.4 umol-L. Guo 5@ it F= P 4% 73 /I D-captopril
(tb &% 2) 5 L-captopril &7~ H A [H] () #0 #1) NDM-1 1)
ICs, fH, 43 % 4 7.9 A1 202.0 pmol-L*t. i i X captopril
[ 45 KB 1 AR 209 R (SAR) BF 7T, Li 2R 52 il
NDM-1 [ 245 35 B HE S R IR - Skagseth S5 EUA HH A=
Ve TS HER R, B R B B B R B B R B 1Y
RS, BUE K S AL SR E R, H0H NDM-1 7 P B
i, H—DWIUE THERRERMEZEN. o TX#
T 7045 #& NDM-1 ¥ P9 AN 88 25 7 5 3 2 5 se HIE
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Figure 2 Structures and activity of thiol-containing NDM-1 in-
hibitors

Asn220 5% 3 55 B R g 55 /E B . Thiorphan (3) 1F 4 i
ERR B 77, 7E NDM-1/§ 275 HE 1.8 pmol- L™ 1Cs,
B, Dimercaprol (k&4 4) B—FHTHIT A EEEH
B2, H NDM-1 ) 1Cs {84 1.3 umol-L. 897
R 1 O 1 2454 penicillamine, [A £ &7 Hf NDM-1
eI 1) 12

Gonzalez Z:BA%E T NDM-1 i85 51 3 /K fift g- P Bk fiee
PUERMUS], BT IFG R 7 ERR BT AR, Kok &
) 10 f1 1C, { AT 35 23 £ 2 umol-Lt. NDM-1 54L&
10 (T &0 10 SR 45 K (PDB:4UAL) #— bR 71k
A 1008 H B S A B, R kE
AN K737 5 NDM-1 1 Lys211 72 A A BAE R . 4n
AT FTIR, Lys211 8% F B 25 55 Ji& 4038 50l I 1 715 i 4 5 [r)
fHF AT K AR,

Brem 2B w5 5tk I AR AR A IR R 40 & 1 12 101 1
NDM-1 ] 1C5, 8 4 1.0 umol-L Y. fh &4 12 52 % F 5
FTAED LA = . °F NMR G H & RV E &Y
(AL 210 8% 2R A0 BE W5 AIE SE AL A9 12 5 NDM-1 i (1 25
B o XFROF B A0 AL RS 4 M U5 B Rydzik 2 ]

FRI . B = 5P 5 5N B i AL
MR E R T op, #50 7 —FiARic i) NDM-1 fily .
22 R BT (KN AR A #R B 51 X B AR IC B ) °F NMR
WAk A B AR, Xiang ZBO3E T4k &4 11 Wit 3F
GIT 26 B FH TR, B E R 2R
B MR R R HE AN 05 R AR FE S BRI . A AT
AW B R T X NDM-1 5 4 10 30 i 45 i, 1Cs, 18 A
0.69 £/ 47 umol-L*. L&) 14 5 NDM-1 4 7 X B2 45
PR IR AR B RCAR BR 8 55 Zn AT Aspl24 7= AR
YER, R85 Phe70 JE iR - HER A ELAE A (B 3)s

Figure 3 Mechanism of compound 14

2.2 MHOE —EAESHTHEY)  Chen ZEBMIL T 70 1 Fr B
29 R 5 1R Y 2,6- I IE FRER 15 (DPA, K 4) N
NDM-1 #1171, £ 1C5 4 0.52 umol-Lt. # LH A #
O E BEREAT HE— 0 AL A, RE A8 S0 IR IR b
2 f{] MBLs %1 NDM-1. IMP-1 A1 VIM-2 ] 1k & % 20
PO R, I HLB A 0 35 400 1 3L A B 4 1k

Figure 4  Structures and activity of pyridinedicarboxylic acid

derivatives
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S EBEMEE . MURIBET BoR, R DPA IR T B S
NDM-1 HF4E B 1), i A7 A= 4 20 W o] Lhgk—2B
NDM-1 # i £ 5E ) NDM-1/Zn/40 1] 771 = 70 &2 & 14 .
Hinchliffe 5584 4 A= ¥ v+ 55 HE 3848, B F 8% 1% IR
FH R — A DPA R Wik & T — R 51 6-
i Tk 5 Y L g -2- FR R IR (PMIPCs) AT 2EW) (L&)
19). HEFMMZE15 NDM-1454, 1C, {4 0.3~
7.2 pmol-L*. SAR BIF 5t 3% B WU IR Fk [ 55 ik iR 2 [4]
S NDM-1 1) 245280 41, 50 o — > FR2 TR ik [ U ok v
PR K BEAR . LI 783 B PMPCs 3@ ik 5 35 14 437 54
S T HI ] NDM-1, T AS 2 A A 8 55 1

23 IFRFFEIFRWABRGTEY)  Brem SFLRMRIE 15
— B XU BLs P MR BN ER AT Y o 38 B8 I
) P T i e A 2R K A aok R P A ) v e D T A R TR
&, & Hes 30 %) SBLs 5 MBLs. ik &4 23 (I 5)
RE % [4 MIK T 5 NDM-1 /5 32 15 1 B A& 1 MEM [ MIC
18, e Ik 64 1% o S A LS FIE B C-3 AL FR BR AR 7T [H]
I 2% & Zn2 fl Lys211. ik, £ MBL & PEAL S, 2R
FEUN L e LR 5 S 70 B 2 A MEEFR AR A AL,
#Rr LLS Trp87 #1 Phe6l 5% B 1 i /K EH - fc ), W
ANFRAN G A R3S Zn1 %4, 5 Asn220 [ 2 BE &
FE B AU . Santucci Z510EE — AR IE T AEFOIR
TR AT £ ) 26~ 28 HA7 41 il MBLs A1 SBLs #& . 1
W PR A I, AT AEYE S R B S Zn1 4 A, R
5 Lys211 BB - AR A BEAEH o IR 5 4R AR
TR T S5 7~ HY B 2 ) NDM-1 40013 1, (E 1 55 39 2 B
BoRT A, X155 T FORIIER 1 XA 254 .

Horp, WAL 4L &4 29 (taniborbactam, VNRX-
5133) T4 FDA #EHEHE NI PR 523620, & [A] A &
— PO E BLs #0457, GEf2 4] SBLs Hl—LLilm K b H
EL) MBLs, fL$5 NDM-1, H 1C,, 4 0.01 umol-L*.

Scheme 2 Mechanism of taniborbactam

Figure 5 Structures and activity of cyclic and acyclic boric acid
derivatives

1A 45 79 43 BT VNRX-5133 1l Ji -1 7] B LA sp? 22 4k 77 X,
FKAAT p- N Tk e bt A2 K Bk, 5 NDM-1 _E ¥ Zn %%
B I FR B L, P A R A 1 spP B A, KA UK AR
SRR R P VU T A R R . TR BRI, B b
R £5 (1) sp® 2 3 AT LA 55 NDM-1 3% P67 o 45 4, B
B T AR, B H AT H R8RS NDM-1 45
G AN IIER sp? T 30 (B 2R K1 2)

24 SREEN BEFHVRREE OB M RS
() 22 JLya A, T 4 8 B T 45 5 ) 7R H NDM-1
ity 410 1) 35 M Cp 2 iR IE . EDTA (tk &4 30, & 6)
RENWS 588 T 454 77 /5 NDM-1 I 1E F, 2L 1C, M
1.6 umol-L* 11, Ffih 4 J& B 7 2 5 7 B F6 NOTA (b
4% 31).DOTA (1L &% 32) F1 ME1071 (b &4 33) th
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Figure 6 Structures of metal chelating agents

BEAIF B 2 NDM-1 [ 401 71, fe 0% Pk 52 A= ZRm 24 B ik
X MEM [fy sk e assl, B2, X S REAE BE A Zn Fe Al
CuB s M& BB TRk HE GRS =W
BEMEHMY, MHZn 22 MR TR, &EES
FXHAA A Zn 3 B2 AR 7] RE S BRI, TPEN, —Fil
BARET RN A A FC 7, a8 e g i
BRI Zn % B 1L 10 B A 4F YT, Schnaars 25148
AT BT — &5 = H L i (TPA) 2 KB4
. XTI RENE K E NDM-1 75 25 S48 2 i
A RD 48 7 5 A B If PR T8 AR 6 MEM IR . AT A4
50 umol-L1 3 JE IS, MEM ¥ MIC B#1Ik 32~256 fi% . Ik
FATHYXT SBLS iy 2 (11 PR it 245 11 ) TG P, ] %2
WIE T TPARI Zn B AVEH . %2 ERE A ik it
£ NDM-1 47051175 #h 2% B AMA R 30, —Fi A Aspegillus
versicolor E i 1173 B R SR =49, AMA Z RTHEIA A
e Pl L 2, B S i Sk R AL RS (ACE)
FIAE FHBO . AMA AT DA iy B 35 35 14 b 4 i NDM-1, 1C,
4.0 +1.0 umol-L*, 158 WK MEM XF NDM-1 5%
BRI OPUETE . 5 LIRS B EFAR, /£
AN B AT LR KR AMA RSN IR, s A7 is i 7 36
B, fL AMA Fl MEM Bk 45 24 #6323 76 8 NDM-1
R 28 [P il 8 T T AN B 51 RS I By R . (H 2 MEM
(10 mg-kg?) I AMA (10 mg-kg?) 1B 45 25 20 n) ff
AFFR KR E 1 95%. 4 NiF K&, 5 EDTA
FHIER (LDy, fH) N 29 mg-kg 41 Lk, AMA [ LDy, 18
4160 mg-kg?t. 1CP-MS Hff 51 45 R L B, AMA 1] LL A
NDM-1 g 3 BUEAS Zn> 5 7. AMA (18R 55 2 557K
P, CLogP {E -5, iX 7] G PRl T FLAE I PR 1) gk —
IR R . 2016 4, Lei 1 Wright 4351l 56 i 1
AMA J3 T [STARE R A A R, IF B IE T King B X
FEH M (RR,S) M, AMA iP5 F 5L FR A (S,S,S) #4
RS2, Zhang 2B — B WA LT 7 ANETG AMA

fT49, SARHF 7T K WHAE C1 A1 C4 LA Jz C7 F1 C10 7
T IE  2E G B T P B R AR B R A R ik A
DA DA A R ARV 1
3 HNEEEAIEIFR

NDM-1 Y £ 7#E — > Cys208 b% &, HAE AN Zn2 Fit &
IR DAY RR AR ST BTG PE AL s 254 . # itk Cys B2 v]
9 NDM-1 1l 551 15 F S i 7E 1 #8477 . Thomas 45054
08 Ik 7 3 A G A5 B R R AN T 30 ) SR A U R SR
2K H % 37 (pCBM) Al i 1 4 38 (sodium nitroprusside)
(E7), EA15 B s 5 NDM-1 _E Cys AN a] 3 () HL 4y 45
& MM 2R B H NDM-1 406135 74, 3 1Cy, 433 2.3 F
9.0 umol-L™*. AR5 20 V8 UE 4K A fifi 15k 39 (Ebs) s& —
R T R SR IR R R 25, CRE IR IR D R R
NDM-1 #i|5], ESI-MS 45 F % B & i@ it 5 NDM-1
BTG PR AE 1) Cys208 FR AL TE ik S-Se i~ AL A 45 A,
A NDM-1 i % 2k Zn2 T K G M . R AME 7L 3R
B, MEM Al Ebs Bt & H 24 it F# (X MEM /£ NDM-1 5 3%
I [ K AT B H B MIC A, B ik 512 £ . AR SCAE
H ik — 25 X} Ebs #E4T SAR B 7T, ik tH A 8 % 2 MEM
X NDM-1 15 2 35 1Rl R i 24 B7 19 225 B ME IR AT A2 4
4022, Su SEBSIE— DR BE T4k &) 41 (ebsulfur) fiT4E
V)% NDM-1 [ # 1] 3i% £, £ 1C5, 24 0.16~9 umol L2,
H BB 05 15 5 NDM-1 5 38 15 K o AT 581 %o Sk 76 e bk 11

Figure 7 Structures of covalent inhibitors of NDM-1
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Scheme 3 Mechanism of cefaclor

Scheme 4 Mechanism of compound 43

2tk . WG (SIS i3 — P UE ] T ebsulfur 5 NDM-1
TE F%. S-S B (1 4 il 7 F BL A -

Thomas 252315} 7t & B Lys211 7] /F 5 NDM-1 3£
A AR50 ) B A Skl T 42 RENE 5 Lys211 FE I
Wi, T Lys211 8%\ o i FBE AR <7 1), FF H 5 NDM-1
)4 JEEARAR o W10 (P P ATL ] 2 28 1) 3.

Thomas %524 [F] 42 18 — F GE % 5 NDM-1 35 147
AULys211 HAN B 45 A 1 AT 05 EUOR B 7R S IR R AL &
Y43, BARE AR E, (52 A NDM-1 30 55 i
RITRE T B . FEALH A B 2k B 4 BToR
4 Z5iE

NDM-1 W 7 (1 Pi A= 2 i 24 1 © 48 il N 2RIR T
SR 13K 5 B, 1k T KBRS AT NDM-1 1k 52 4
] U PR IR R o R R UM B ) B 1 e O
AN —C AR 526 W0 1 45 0 TT g 2 NDM-L 30 70 (1 F %
PEALFE B, {H BT NDM-1 #0155 A 55 1k 2 A5 4% b
Zn 456 Re A A A 10 3 oKk SR AT S AE EON IR R B
FHSO, 3 BT AL S B i KR, BEE S JLT BT
R B- N BE G UAE R 456 DU SRR 45 & R K
oy 7 H A, AR EAL A Bh 25 0 3% DA A BRI 29
Wit SR A A 5. HNDM-1—H 3L, £
K 1A TR A S A, B ERNE, AN
SHTZ&BEON. A4 NDM-11JE ANk 4
J& & G A6 & W 1T RE A2 R Sk NDM-1 40 il 550 B 1
Jeth k. RAEZnfE NREAR kG EZEM, H
BAH Zn 4556 (ZBF) B4+ B & 5G4
FOREAA W IERE R AT AR DL RN R AT AR W S

ATH SR 7 H A B TR R S5, SRR T ) R 4 ) R R T A
VNRX-5133 Lt NG R 7. R 20K A 3 254
W SR 5 % NDM-1 g A FH B A1) 55 2R 2R O\ 1) B A A
ghif, hAe TR T A T X P AR R U E R R
a0,
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