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[Abstract] Overprescription and abuse of antibiotics have led to the development of drug-resistant strain. However, the number of

antimicrobial drugs in the current R&D pipelines is too small, increasing the demand for the R&D of drugs against resistant bacteria. At the same

time, new technologies are urgently needed to accelerate the development process. Computer-aided drug design (CADD) has been successfully

applied in the R&D of anti-viral and anti-tumor drugs such as the marketed drugs zanamivir and imatinib. In addition, its application in the

R&D of drugs against resistant bacteria has attracted great attention. The paper reviewed the structure-based and ligand-based drug discovery

methods and briefly introduced the application of virtual high-throughput screening, protein structure prediction methods, protein-ligand docking,

pharmacophore model and QSAR technology in the discovery of drugs against resistant bacteria.
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Figure 1 Representative workflow of computer-aided
drug design
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Table 1 Various commonly used softwares and
resources for computer-aided drug design

Thik 2] %2R/ E P 1k
AutoDock i http://autodock.scripps.edu/
AutoDock Vina G http://vina.scripps.edu/
SwissDock s http://www.swissdock.ch/
. http://gemdock.life.nctu.edu.
Gl Rl S tw/dock/igemdock.php
http://voronoi.hanyang.ac.kr/
U7 BetaDock S software.htm
http://www.ccdc.cam.ac.uk/
GOLD [ER14 Solutions/GoldSuite/Pages/
GOLD.aspx
http://www.ccde.cam.ac.uk/
GLIDE L Solutions/
. http://www.simbiosys.ca/
eHiTS Bl hitgindex html
DrugBank Lk http://www.drugbank.ca/
http://pharminfo.pharm.
GLIDA Hu kyoto-u.ac.jp/services/glida/
B index.php
PubChem o https://pubchem.ncbi.nlm.

nih.gov/
ZINC Gu

£ VS SR E T, ARG A )
FERFE HARGS A LS AT R SS A B, 3T HA
G VLSS 556 DA R B RRAE I B M SRA TSR A
P BEE TR AR R R, VS ki £ 1 bl
MTAWA, s Zint gtk iirss U, HE
T AN (B L 2o 3 A5 R 7R RS R 04 2 3045 3
TESE ) {50 4SC-101 (10) ", BB LB EE A 10
HilF (feA 11) ™)) B RBT B 48 ZINC00978022 (1L
AW 12) F1 ZINC24469052 (13 ) " D) J HIV-1 3 5%
SERE AT DNA BABEROBEIHIF (A 14) 17,

et

HO

http://zinc.docking.org/

10

. Prog Pharm Sci Mar. 2019  Vol. 43 No. 3

PPS

(@]
N

—~ o}
S
Q O %N
N
) \ H O\ S o
N\ N/N\ HO
N H
H
11 12

Js
A
N
\\g _
13

Gudzera 55 " #2387 HIFH VS D5 ik 254 o Bkt
T (M. tuberculosis ) =55t tRNA 4 il ( Leucyl-tRNA
synthetase, LeuRS) /T3], LeuRS 74 H i
G RUTEE A BRATER], BT A TE AR A
HAZAEY TR 5, SXPPE5HE 22 5 7] HI T A A e
AR BB ER I AN ZEAHDC T RER 259, T LR T
PO R O A BER A T K R 7%, TRk I ] 57
AKATREE A 25PE. Blt, LeuRS B4 I PRI IE
VOB % RNV EST L EAL 7/ LOL st AN (= B (B U RS ket 3
SIS B ML LeuRS 2R/ )7 5 EAT LU, A 2
PTG VAL S 2SR Y 9 B 22 5, AT AT XT
SRS BOFFTA LeuRS AYIEREMEINEI] . (H R C A g
PG LeuRS S5V MM, TN T Z54% 70 BOAT I
LeuRS (1 = 4454, ik 100 000 A HALS YR
CEWISCIE, BRI 6 FINT 254% 53 BoFF 1A LeuRS H
AIHNEHERL G . Hd s R ar i &9 2, 6-—
TR-4-{[4- (4-FFE- TR ) -mEms -2- L 1- S0 JFRE 356 -
By (15 ), X450 B IET 251k LeuRS B9 1Cso A 2.27
umol - L™ X AT T Ak B W DU 45 % 4 R AT FRi i 24k
H37Rv VEFHBEATRGIN, 4-{[4- (4-T5-RHE ) - e -2- I
PR R 3 -2- A R -6- M - Ry (16) SRIN T et
WM, ICs 4 10.01 pmol - L™,
FRULLASE, VS g 5 Ay B, ik,
Li 45 PO R4 F XS 3 T4 F A BRI B4R 4
(interaction fingerprints, IFPs ) [ /5 1%} 4 & -B- N Tk
Wz i ( metal beta lactamase, MBL ) VIM-2 [ {4& 4t #4 3t

H OH
N f
HN WﬁN
S/ OH
HN
14

$9°F:dt A 2019938 w43k w3




17 VS, 15950685 EE MG S FRIE U Arg228 |
Asn233 . Phe6l. Tyr67 F11 Asp120 DI N #¢ B FAH HEAFEH
LG, B ZOGE T ki, A RER0
WA T E Y5 apo-VIM-2 DL K &5 A7 5 T 1Y
Zn (11) VIM-2 25518, el 45 & i ki
7 MBL il B, 2 G 5 IS PO SR S A
LRERIESS G, (HARW N & Bz G . X ATREA B Tt
PR FHAHE R MBL BRI I

2 BEFEE ( =4 ) mz8Ynsit

FETSTE L)W ORR G5 A I DL, (3 4 [
TP AT g D S 545 ) 0 455 7 T 2 45 ) 2 ATk
BRI FRA TR EE N —2H XA bR (2 iRalmg )
BAWEPE RO T BUS(E B, N4 e R 7= AR 2B )
ST PER AR s A 2 R (PR ) B
2.1 EEHBXER

QSAR J7ik FEHTH A YR AR A S &
PR TR AT G Ge i 2%t A5 HAR I 43T
16 T @R ML A A 3 v B2, AR YR S i e Y
A I T /N AR 45 B ) ) 45 e I 22 T ) R S R
3% QSAR ., QSAR FIZH A AR 2 8] A —A~ X FIHE T,
235 RS AR 2 B T T PR O A 1) A S B A R AL Y
il QSAR B T % [ ILANFE AN, % T Gty
FRAE, FEEEST QSAR J&, AT RAME RS UBGIE * 0y ik
X ISR PEA TIOAIE . 3l XA TR SE, QSAR

NO,
H
OZN%N\N/ Br
\_{
o\, /\@[OH
Br
15

D\/N
cl = \N/
H
HO OH

17

2.2 HHHAER

iYL B AR A AR B RS, ]
HATREE 1 3D S5H S5 80FR =AM AR B, ik, Y4
2520 B AT LA T A & W 0 AR s PE R 4
W45 G0 SE B AR IT AZRA B h . R A 2530 1A
W AL S TR FRES P, UM A

554 A 2019430 H43% I

PPS

YA FH T PN 50 53— B A 03 P RN A2 43— R
JE AR BNV AE B3 o

T, APPSR A St AE E, Lee
2 At ) GO 3 4T T KAS T (abKAS TIT) 4 411 il
7 YKsa-6 #1477 QSAR 5%, 14l T YKsa-6 Z5{L14)
Fh L 7K S AT 2 ) A6 RN R H S0 HohT o =2 B PR Al e
TEPERIAERT, A X Se Ak & W 0 i K P X Bt 2 > B
P IE M RAROCHE R . T UL 1 2 M E ML &
YKab-4( 4-[ ( 3-50-4- I HEIRHE ) ZUHE 2 AL HT 5L 1 -1 ,3-
) (17) 1 YKab-6 (4-[[3-( =380 P AR ) AL ] &
FEW S I ) 2Ry ) (18) , HRI s APT BTG 1,
%} abKAS III fit) MIC 5 2~8 mg-L™",

QSAR (14 iy M ke T35 5 19 43 H R 145 DL S Ass 4l
T A W E PR RE ) o R ST AR T N T At
QSAR AJ LUSEFEX] I AR 3 PEAR H 1 43 1R AT
SRINT, AEWIEVE 5 0 FHRAF Z B B C RIS BB
Mo FIFHALERSE S ik, QR 28 I 4 S KF 1) & HL
2277 A2 i QSAR HEZ MU B AR gt X A [R] i, i
WAL 30 (principal component analysis, PCA )
FBRARM ST R AR TR 1 B 2% . 4 Ciura %5 )
el 12 6335 SRR R BRI RS BT A R (0 2R R 1 Fligi /K
PESE, FIH OIS R 0 SRR R Z R B Se it
FHOCHEFS EE QSAR LIRS, Tl T R N B 2L 2 XF
ARV AE BRTAT . it 2 B 35K T RSP 200 L 3 24 2 B e v
SR A W T -

M3 7
Br
=
N . =
N—O
I
(¢]

3l 25 %A A AR P 40 45 Discovery Studio, PHASE
LigandScout /1 MOE 4%, B4 {Ziz B2k,
— A 14 5] F 2 Eissa 55 P73 TS B — R BENY
(6- VAR E-2- 283 ) NIRRT A= WV AE DU RS PR IR E
fdi ] Discovery Studio 2.5 J #2554 A= 1, I T4E
A 3D-QSAR 2R AIRRL, WAL A E P

Prog Pharm Sci  Mar. 2019 Vol. 43 No.3




. Prog Pharm Sci Mar. 2019  Vol. 43 No. 3

TEB A2 1A 3D {5 BA— 4G PEEUAR RIS LR, AT
PABIHE 54774 (14 3D 2528 AR RY . MR A B 2 Ak mT
DL 2SR B A 45 A M, 3D 2452801 AT LAt FH ] V8
BRI 3D (TR ZE R4 AN 25 1 5 S0 B A4 A= 4 43
PRI P FIILY , A A — R IR 25 A i
N Koseki % P {0 2 T 2520 A1 /9 VS Jrik, fbfi14f
FH MOE {4 547 461 383 Flib &4 B 1% (fk
G5 B A ChemBridge #4212 ) , ik xHEE b A
) KTP3 (45 ¥ A7 AU PE S R R o, M85 1 2 Fb
HA BRI & Y —KTPS1 M KTPS2, ‘EA1%f
Y35 43 BT BAT 1) 2= B0 A i vk 2 4331 oA 8.04 11 17.1
pmol - L, xS fb~ by Jo ) 25 ¥ A AL 127 A S 0T g B
FIH L HFIRITTEER AP R BRI A
R H R R, (0 T4 Rk B A 2 R AR A
SRR B A T AR

3 #ESRE

4% CADD EAT I L, Hah%ids e,
CADD & [l 2 — 229k ik, 91 2 G e o At 2 531 /0 o 0
BOARZE G ACRISE A )45 . 24540 R B0 B TGS 1) PRI X =2
— G ZEING . U RA AR FE L a2 =
FAZS AR, W2 R A5 2840, 3O )i
RAHERRWEW, T L LR E, HRE
AR 23 [ {8 J1] SBDD 1 LBDD By ), [ Ryix
2 PO AR S RBG AT LA AN, FEZ R T A
G54 R TR 1) 35 1 45 40 L T B AR 04 153 TSR s th . 289
BN R AT B — A 5, — A Bl ie e Xt
PEFE P HybridDock ™, "B 454 T 3T 450 2L TR ik
(T XA IR R B B UGS A R Mg & ok
FUT R T 25 5

BE % 2 B2 48 %, CADD i 25 B8 25 1
TR PR T A SRS o 5 FH SR W B X ) 288 2 1 Y
AN IR BETT, A BRI 24 28 AR AR 25 A 1 17
T, WIS S GIERNE ST, IENEEY
TS EIA M ERE R . Frey 45 PV st 5L Tk, @i
B Z MR 14 R ( dihydrofolate reductase, DHFR )
(AL ZEAE PR (H30N/FO8Y ) 5470 R 71 BT I il i &2 4
VAR ZERE , DT & BT 4 ¥ (A 2 Bk B DHFR 1y

[ &% 3CHK |

[1]  Sliwoski G, Kothiwale S, Meiler J, et al. Computational methods in

PPS

RAGHENLE . BRICLIAN, 15 BT EALT Bod A ] fig
PR HAHLH ( SEATEAET) WiF 8002y
P, — AR 3 517 B- N R e A1 o 00 1 F 2 B,
WFFE N DA AL G YR VS figi i 5| ik, 19 %
BOE PP ARSE R (ST AETE B 5 I 256 B UFE
1E) , [EAFATREIRA T AT K nt L], DA A& 9
AR P BEREAEE R BERE ) B, 0 clavulanate
(19) . tazobactam (20 ) 1 sulbactam (21 ) . [ itk
PLAh, CADD Al HI T4 4 il 57 5 8 K AT g & 2k 58
AR AR B X IR AE EAE T, DT s B e i 245 B
WA 2 B

H Q0
0, OH H/, \\S/
J g N
OH
G 5 ou
19 20
0
H \\/O
= 7
ﬁgﬁ
d
OH
d
21

BIFEZ, Yl 2 PiE T CADD 7
FERBUT 2GR I RV )1, SR UAT 5 — S PR
AR ICEER], XA VAR S0 i A T a N 25
Wit R — A EE s ERetEgRMHC A1
TR - FCAARAH AR A AR AR, SRR S 259 00 & BE
et Fa Ak, DLARA G iU 2k, 703 519 10 4F
Bl LA JEEEE A TR, AMTE 450k
PR A G AT, BRSO i I R AG
PR TN | R $00 s 8 e 7 32 0 422 45 . e L skt 24 4
BB RE, SRR TR 2Y Tlb Al FH 3 T e AR 14 5 1k i
VRN TP, H AT EE A I RT3

ME BRI EE |, CADD B & S5 752
PELATGRT, B 250t 32 A4 S i) P A BRI
HiFe, TERAIA MR MEAR, K.
SERIER A R B DL RO S B R A AL 4
Bk, Mk, PSRRI R T ) — L
JF HRAT eSS4 CADD 438 /1.

drug discovery[J]. Pharmacol Rev, 2013, 66(1): 334-395.

$9°F:dt A 2019938 w43k w3




A, % HENSDHEmEtERmAEsnReens e | 207

AN, XUSERK , AR . BB 2 e 2 A R R R A
PR [3]. P E B 55 E 2011, 46(9): 641-645.

Singh G, Arora A, Singh A, et al. Molecular design, synthesis,
computational screening, antimicrobial evaluation and molecular
docking study of acetylinic isatin hybrids[J]. ChemistrySelect, 2018,
3(6): 1942-1952.

Karthick V, Nagasundaram N, Doss C G, et al. Virtual screening of the
inhibitors targeting at the viral protein 40 of Ebola virus[J]. Infec Dis
Povert, 2016, 5: 12. Doi: 10.1186/s40249-016-0105-1.

Yu W, Mackerell A D, Jr. Computer-aided drug design methods[J].
Methods Mol Biol, 2017, 1520: 85-106.

Evanthia L, George S, Demetrios K V, et al. Structure-based virtual
screening for drug discovery: principles, applications and recent
advances[J]. Curr Top Med Chem, 2014, 14(16): 1923-1938.

Boibessot T, Zschiedrich C P, Lebeau A, et al. The rational design,
synthesis, and antimicrobial properties of thiophene derivatives that
inhibit bacterial histidine kinases[J]. J Med Chem, 2016, 59(19): 8830-
8847.

Jakopin Z, Ilas J, Barancokova M, et al. Discovery of substituted
oxadiazoles as a novel scaffold for DNA gyrase inhibitors[J]. Eur J Med
Chem, 2017, 130: 171-184.

Nandi S. Recent advances in ligand and structure based screening of
potent quorum sensing inhibitors against antibiotic resistance induced
bacterial virulence[J]. Recent Patents Biotech, 2016, 10(2): 195-216.
Sledz P, Caflisch A. Protein structure-based drug design: from docking
to molecular dynamics[J]. Curr Opin Struct Biol, 2017, 48: 93-102.
Zhou Z T, Ma S T. Recent advances in the discovery of PqsD inhibitors
as antimicrobial agents[J]. ChemMedChem, 2017, 12(6): 420-425.

Li X L, Cai Y, Yang F, ef al. Synthesis and molecular docking studies
of chrysin derivatives as antibacterial agents[J]. Med Chem Res, 2017,
26(10): 2225-2234.

Wang T, Wu M B, Zhang R H, et al. Advances in computational
structure-based drug design and application in drug discovery[J]. Curr
Top Med Chem, 2016, 16(9): 901-916.

Fitzpatrick L R, Deml L, Hofmann C, et al. 4SC-101, a novel
immunosuppressive drug, inhibits IL-17 and attenuates colitis in two
murine models of inflammatory bowel disease[J]. Inflamm Bowel Dis,
2010, 16(10): 1763-1777.

Coumar M S, Leou J S, Shukla P, e al. Structure-based drug design
of novel aurora kinase A inhibitors: structural basis for potency and

specificity[J]. J Med Chem, 2009, 52(4): 1050-1062.

$9F:4 A 2019431 43k WM

Ballester P J, Mangold M, Howard N I, et al. Hierarchical virtual
screening for the discovery of new molecular scaffolds in antibacterial
hit identification[J]. J R Soc Interface, 2012, 9(77): 3196-3207.

Distinto S, Esposito F, Kirchmair J, ef al. Identification of HIV-1 reverse
transcriptase dual inhibitors by a combined shape-, 2D-fingerprint- and
pharmacophore-based virtual screening approach[J]. Eur J Med Chem,
2012, 50: 216-229.

Gudzera O 1, Golub A G, Bdzhola V G, et al. Discovery of potent anti-
tuberculosis agents targeting leucyl-tRNA synthetase[J]. Bioorg Med
Chem, 2016, 24(5): 1023-1031.

Zhang F, Du J, Wang Q, et al. Discovery of N-(4-sulfamoylphenyl)
thioureas as trypanosoma brucei leucyl-tRNA synthetase inhibitors[J].
Org Biomol Chem, 2013, 11(32): 5310-5324.

Li G B, Abboud M I, Brem J, et al. NMR-filtered virtual screening leads
to non-metal chelating metallo-beta-lactamase inhibitors[J]. Chem Sci,
2017, 8(2): 928-937.

Macalino S J Y, Gosu V, Hong S, ef al. Role of computer-aided drug
design in modern drug discovery[J]. Arch Pharm Res, 2015, 38(9):
1686-1701.

Melo-Filho C C, Braga R C, Andrade C H. 3D-QSAR approaches in
drug design: perspectives to generate reliable CoMFA models[J]. Curr
Comput Aided Drug Des, 2014, 10(2): 148-159.

Shi J C, Zhao D, Luo M, et al. A mechanism-based 3D-QSAR and
DFT approach for the prediction of HSN1 entry inhibitory potency of
3-0O-beta-chacotriosyl ursolic acid derivatives[J]. Chin J Struct Chem,
2017, 36(12): 1987-1999.

Lee J Y, Jeong M C, Jeon D, et al. Structure-activity relationship-
based screening of antibiotics against Gram-negative Acinetobacter
baumanniilJ]. Bioorg Med Chem, 2017, 25(1): 372-380.

Ciura K, Nowakowska J, Rudnicka-Litka K, ez al. The study of salting-out
thin-layer chromatography and their application on QSRR/QSAR of some
macrolide antibiotics[J]. Monatshefte Fur Chemie, 2016, 147(2): 301-310.
Vuorinen A, Schuster D. Methods for generating and applying
pharmacophore models as virtual screening filters and for bioactivity
profiling[J]. Methods, 2015, 71: 113-134.

Eissa S I, Farrag A M, Shawer T Z, et al. Design, synthesis, 3D
pharmacophore, QSAR, and docking studies of some new (6-methoxy-
2-naphthyl) propanamide derivatives with expected anti-bacterial
activity as FABI inhibitor[J]. Med Chem Res, 2017, 26(10): 2375-2398.
Koseki Y, Kanetaka H, Tsunosaki J, et al. Tetrahydro-2-furanyl-

2,4(1H,3H)-pyrimidinedione derivatives as novel antibacterial

Prog Pharm Sci Mar. 2019 Vol. 43 No. 3



[30]

compounds against Mycobacterium[J]. Int J Mycobacte, 2017, 6(1): 61-
69.

Huang S'Y, Li M, Wang J, et al. HybridDock: a hybrid protein-ligand
docking protocol integrating protein- and ligand-based approaches[J].
Chem Inform Mod, 2016, 56(6): 1078-1087.

Frey K M, Lombardo M N, Wright D L, et al. Towards the
understanding of resistance mechanisms in clinically isolated

trimethoprim-resistant, methicillin-resistant Staphylococcus aureus

Tt

[33]

dihydrofolate reductase[J]. J Struct Biol, 2010, 170(1): 93-97.

Drawz S M, Bonomo R A. Three decades of beta-lactamase
inhibitors[J]. Clin Microbiol Rev, 2010, 23(1): 160-170.

Ferreira R S, Andricopulo A D. Structure-based drug design to
overcome drug resistance: challenges and opportunities[J]. Curr Pharm
Des, 2014, 20(5): 687-693.

Ahamad S, Rahman S, Khan F I, ef a/. QSAR based therapeutic
management of M-tuberculosis[J]. Arch Pharm Res, 2017, 40(6): 676-694.

[EZRIrEE] #BHT - L, BIBIR, PEARDCAAMEYERAHNEIE, KM HREYSERIMIFRITA .
THENE B 2SR BRI LIE . ERMSIMEIGHAIRILT, ERAAREES | [LE &R
AT % 2R BIRE, Hor AR Bk = R E R |
AVEES™ . EFREENIMAARIATIRFIRS02R, HPSChE 1085, FIFEZ AT, HAZEERT

A AR B-EAE MR SFIIE EA

(HPLA) RETREE
(Zyrpilt ) Zeas i FARRS A E 2 e 230 200 . EREERES, AT, 803, 2RER. FIY)
DU 2y~ RIS BT i . BCR BT . BERONRE, KLRER . RN, DIZSEee e BoRiE
J& BB A IRRIE R E EOVE, EEGE R RITOIEEE . ERE . SOREE LR A SMIF TSR
Hiltg, B—ARETEARRT . QUi Ytk . B2 AT A 2l A,
(ypibfi ) i 2l KR L TS24 SUMPRILCHE 4T 50, HiZe ot 29 R SR B BUR IR
FRARIITBERT . B2l . IIREERE . CRO. xRl A SRR SO SCAILI A il BB (L R
(Yt ) RN AR, IsRARZR, LIAs R LR MR A v et B, e R, %
KIRIE" P HAMP TG Eof R, C SRR R e bR | “RECKMERRAY” . 5
PIRZIIIE 2™ . R AR 2 R BRI RO | AR A S P T LA
REH, FFEIENAEZNR—E B TR, R, AFEAEYTRE EYHIZes" |« SR EnE” M
CERAMPERT LR, BERIMAL ., A, AT G, HAER ARRERES . EEE AR
RIS PR R, WELL T &R 2 Al -
* 2GR AR AL SHIDGES PR
it ey
* ERPIR LS5 2GR R 2124 S AR E I 25 F 7
 PEREHT 2 PRI A 24 P D A 2 5 SRR HE T 25858
G EUERES S LN I g s
DB A
- RIERRAWI K
© BRI

WA !

KBRS0 http://www.cpupps.cn IR Z 5. 025-83271227

PPS PF8 A 2019430 a3k H3w

. Prog Pharm Sci Mar. 2019  Vol. 43 No. 3



