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Quantitative Structure-Activity Relationships of
HIV-1 Integrase Inhibitors of DKAs
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(State Key Laboratory of Natural and Biomimetic Drugs, School of Pharmaceutical Sciences,
Peking University, Beijing 100083, P. R. China)

Abstract: The quantitative structure-activity relationships (QSAR) of a series of human immunodeficiency virus
type 1 (HIV-1) integrase inhibitors of the derivatives of diketone acids (DKAs) were investigated using genetic function
approximation (GFA) and moleculor field analysis (MFA) models and then validated by F-test and predictive-ability
test. The rp of these two models reached 0.987 and 0.759, respectively, which demonstrated that the models had
perfect predictive ability. Furthermore pharmocophore analysis was used to confirm the models and demonstrate the
importance of hydrophobic interactions. Based on the above conclusions, three new molecules of DKAs with higher
activity have been theoretically designed and are waiting for support from experiment. The findings in this research
will give some guidance for designing novel effective HIV-1 integrase inhibitors.
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BT VRT X A R 21 G AR A ) 7R P AL SR AR A
AR AT, 58 45 FAESE, 1,3- il 5 5 66 230 il i
TR A8 0075 RE AT, P i i 42 () U R ) AN []
B ISR 2R BRSNS 2E R R M B AL A TN
R, FrAlE s KA e A BT 2E, Rt i = —
ANEWL A RETETE B, [Nk, JE— R AT
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Table 1 The GFA and MFA results of the training set and test set

No. Structure Activity No. Structure Activity No. Structure Activity
AN 4.000 O OH Q 4.000 0 4.456
1* N ALCOOH 4.652 2 %N o 4124 3 CH(N%COOH 5.306
0 on 5.099 HN-Z W7 509 H 0 on 4.851
4.721 4.943
4 ig;i 5 O%COOH 4.519 6 o 5.025
A/COOH e : A o ou . b A, COOH '
S om . e 5.268 e 4.980
-0 5.071 ¢l OOH 5.161 N, 5.215
7 NS\J@H(YCOOH 5.869 8 , 4.883 9" f\ 5.557
5.347 0 5.146 ’WCOOH 5.60
O OH H O oH
5.276 O 5.569 5.602
10 %COOH 5.557 11 COOH 5.970 12 \/COOH 5.557
N Br
O OH 5.226 fo} O OH 5.646 O OH 5.592
a oon 5.699 N, 5.699 O OH 5.710
13 WN]\IH 659 14 O coon | P06 18 AN, 5955
N-N N ./ \
5433 N 5.971 L 5.776
H 0 OH HN N-N
5.745 5815 0 OH 5.845
16 HOOCMCOOH 5.673 17 N;%COOH 5.557 18 QMOH 5.700
: 0
)6 S 5.535 o 5.149 N 5.711
OHO 5.893 o0d= 6.000 cl 6.000
19 nood coon 3305 20° DL 8% 5900 21 COOH 6.795
AN P -
o 5.730 & o 5.873 e 6.447
/OMe 6.167 0 6.222 0 OH 6.284
22 %COOH 5.79 23° O O O 6.644 2 C'@MOH 6.247
NC OH - on:
iy 6.470 I ou 6.316 N0 6.203
" 6.301 6432 N, 6.444
25 %com& 6.314 26 O O O J 5667 27 . CoOH 6.104
I 6.037 . 6.814 N &l 6.081
-0 6.495 N, 6.495 N; 6.585
28" . ‘ 6.597 29" 6.280 30 N COOH  6.509
& VOO s : : YYEOH o l b 6.191
O OH ’ N; OH : O OH :
6.658 6.745
A 6.602 . L\ A coon o . s :
31 \COOH 6316 32 o 6.338 33 > COOH 7.653
F @9
& OH 6.506 6.519 O OH 7.706
o- 6.854 OBn 7.000 B 7.301
34" @ 6.569 35 6.585 36" %COOH 6.377
O \eoon 6.200 Bro™ 7y OO 426 J@J oo 6.515
O OH ’ O OH 7426 F .
O @\ O x 7.301 O NS 7.398
37 N # 7.368 38" NN 7352
4 OH 7213 5 OH 6.881

“The molecules are in the training set of the pharmocophore analysis. The activity data of each molecule are experiment acitivity, GFA predicted

activity, and MFA preicited acitivity from top to down, respectively.
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AR EL R T B — FR 51 R R 2 i 5, A
H Cerius2 43 FHALERAF T () GFA Fl MFA I F
T ST T 4R = 4E QSAR B, FRR XL
TEVEA FESE WA YRR 241, B RS

XHRZR AT T = 4280 53 #r.

1 HEH*
1.1 #HiE&E

JIT 2 FH 114 384~ i 182 25 0 461 590 25 o SC ik
[5,7,12-15](WL.3R1), FLiE 22 Fraka M E gt IF Bl
M2 0] HAT B b i ] e, NP BE AL Bk 3 5k &
P1(2.6.22.34 3D Rl 4, Joe Ak il gk,
SCHH AT IS PR R I pIC s, pICs—=—IgICs.

BEBUATE PEA 52K T PDB J& Y 5-CITEP
(F116EY 13)5 HIV-1 AR AW IR LS
(1QS4), LA 5-CITEP 4 iR 25 #4 A i i 42, FF LA
oM, FoB o F e L3 AE B Cerius2 Hi
3D-sketcher 1553k #E17 45 @, IF7E Universall.01 /1
arp A7 4r - 124k, 431 e R Gasteiger
Bk, Ik — A Minimizer B rhiEf T BE R L AL
BN 5 MR 22 5 5] 4.187x107 kI »mol ™ -nm ™. 4X
J5 R HERB NN, LA 5-CITEP [ SR S5 ¥/ Ky
HbRo> T, YeEUL AW i B BE 454 g A Heig- 2k
RESEz=3]
1.2 GFA £

£ Cerius 2 1 QSAR K, R AIHLE 15
BT NG W45 53 F I L 23 8] 25 Rk
F12E ARSI 28 A SF. GFA hBE S 5L
ik 2x10° K, 77 A2 25 linear F spline, J7 2
VIR B R 5, IR el LG RIE R R 1.0,
HE¥RAEEBEE. = i E R AR SR —
FEA I AZ SLEGHIE J5 ¥ “leave-one-out” % £81Z QSAR

J7 R0 P AE TR 68 7. 4R e PR T80 3 0 300 3k 4 v
PRI A 7 P, A5 206 A, B . i
2y RR AN WO B8 S R AR, ST AR ria=
(SD-PRESS)/SD, H:t SD 23k 5 o Fr A 43 T 14
TGS I 5 U 2R A v P 2408 VA 7 25 1 4
i, 1 PRESS 2 MIAAE i sy 20 F TS PRSI 5
TR AT 25 0 S8 .
1.3 MFA 447

SFHAITEMFA RSG5 FE T —A
SYERIRE 2, B 0.2 nm B RE S AR — AR L 2R
F45 480 AT s, FHERE 5 HOR CH, 205131
BAAME SR RE R A R R TR E
BAMCEWN T )5, BT RS w5 Re 5
VEHCHT 10% A7 R T 3D-QSAR LI (1 4
S R P s A% i e /N3 15 (G/PLS) | N7 BT, Ak
10000¥K, Hoe H5R BN B . 7= R 20 B
% PN ZE FAME TN BE 1 O 15 [RIGFA L), 15 8 rey
M roed ESHL
1.4 ZHHEAHR

2534014 43 BT SR 7E Catalyst #X {41 HypoGen #
P ep SERY. 230 A AR E TR H R
MIYIZREE, BONFTTRIEEE A QSAR YIZRAE HikHL 18
MEEYIEE DVE BTG, RIS Y22
RUHIE M BUEA AT — 2 19 22 51 AR & i 25
FFRFIE R, SeBgiKPE Sz IR S A Y
Fr et A LA K B W s APk A A 001 1Ak
B, 155 10 ASAHOCH 2B, B 5, SRR
43 BT 285 5, SR ligplot 3k /4434 5-CITEP 5%
A T ) B 7K R U PO, S 5 RS2 R e R
P58 0.35 nm, 2B 45 K-S -3 IR ] A B KT
120°, i 7K 3 A 8] iR R BEES 4 0.4 nm.

2 #R5iTe
2.1 GFA #EEK S

FH GFA ¥4t 427 100 N5, X 100 N5
R R RER AR LT A0 AR [R], 150 B X AR A 2 AR
R 1. AR A R AR 3 0] LU 4 Tl 1A%
(RadOfGyration) JK¥ i FI FH B (Fuo) « B F AL
(Apol) Fl % fit {/& (Hbond donor) 7E T 47 28 > ik
AR R BT i 1, AT A X T R e K. DA S
PERE A5l F R FILOF (lack of fit, $0-4 Hit = (E A
A EEARAE, MO Rk B R L = A RR (R 2).
X AN AR P LE TN RE AN E T PE R AR
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*2 GFARER=ARRFERESH
Table 2 GFA best equations and their parameters
No. Equation LOF I rév ris F-test  roa
BA=-0.128817"“Dipole-X"-0.847068" F.."+
1 L N . 0409 0724  0.644 0724 26170  0.952
0.000363"Apol " -2.46676“RadOfGyration” +1.84469
BA=0.105885“Dipole- 7~0.861274"F'—
2 o0 Lipoiermag o T 0431 0721 0649 0721 25809 0.962
2.5213"RadOfGyration”+0.000382" Apol " +1.1549
BA=-0.127441"Dipole-X"-2.41502“RadOfGyration”—
3 0.419 0.717 0.618 0.717  25.301  0.987

0.833572% Fyu,0”+0.000344“ Apol "+0.93388

LOF: lack of fit; *: correlation coefficient; ré : cross-validation coefficient; rs: boot-strapped % F-test: significance test; rp.: outside-prediction

ZERK, r&d FRAH 0.6, raw BBIEIT 1, ras B0 7E 0.7 /£
A7, LOF R 7E 0.4 M. frfa iy FEARiE L T i
VI, WO B R . R R e S
(0.987) Y5 =7 BRAE N i AR B, XA Ty
T (A D1 A AR 0 e T 45 SR L2 2. AE XA
Jr R A S| R R IR A 500 R R AR e — 2k B T
80%, T— MR AT XA TG PR AR A LU
S [R] A R AR AR R AT T A% S R] 9 A G
PESIHT, J BRI S AR AT 22 (8114 JC F AH G,
AR LU WA RS, Apol E—
ANTERTA 100 A5 B &R 3 T A S IR AE, ©
SRR R FAL R B, B S50 F o T A5
DA KA L 55 R I A% ) R % R B L.
FRISAT A R A — A LB R SE, BT LIFE HIV-1
ARG AL A S MR AEES YL T
FhECAAE I H S0 i 4 ¢, BT Apol {EAY R/
5 HIV-1 $&45 B A 400 i 75 P 2 1EAH G /9. Dipole-X
2 — AR, 8 R ERE X o, el
DLFIRA i — A2 F e i 3 vh B RE S N HUA].
T Dipole-X 7E  FEH SIGPERARSE, Fr LS RE Y
RS Y X At a3t PR/ INCARSR S B A, D)2 X
PR A BB XIS AT R A7 B2, TES S —
NPT dipole-mag (A B =) HE 515
PEIEAH G, 3 2 D A AR R ) At ER R R 1) B
XHE A A, LA dipole FEAS [RJHR ] X 1 4 52 1
FEAFI. Fuo 22— D122 380, REHF1EKT
TR F ERBE, BT R 2 B R R S R
#—OH.—COOH.—COO—.—CONH—%% 3t [ 11y
Wk, 5 HIV-1 85 BHE VAL A Z W FZ R A
SV K LR, TESS Al AR TP AR DY K R
T, I Fuo SIETERAACH. 52BN, 78
FANHA R B F A0 FAEIE TR Y
B fR A AR, R 5 TR M UM G YL A (A IR A
RadOfGyration fU3R 7 F e 12, 553+ AR
AN, TSR TG PR A R0 LR, Xt

e 1 B o R AR R e 2 528 W iy N NV
ARG H 518 PR s 25, SRS IS PR R K T .

[Fi] B 7 4 38 755 51 0 2% o /T LU #1] Hbond
Donor H B Et b5 2, a3 2 R 3l 55 22 %
H—OH ,—COOH %555k 45 1R 5 58 5 B 15 7 5 &
FEFRFRIE K A SR, DR SRR 45 PR A A BT
PERA HEE RN, HATE A2 TMHH 584
T PSS 2 AT 98 RN T, U B ELAE 2R R 3 24y
FEE g KA T AR AR R, A SR QSAR 5
HHE IR TR A 5 — 1 B2 AR T ik S 28 A K
2.2 MFA =B R 5

DARE 7 S5 58E 50 F i A BLAE R REAE ot
RFF, F G/PLS 40 5 2] 1 100 5 8, Tk
FERy 15 (R4 HE0), I X0y R i BN e ) #E AT
THRUE, HoA B RE B A AR A

BA=-1.36329-0.016259“H*/327" +

0.015544“CH,/267”+0.026945“CH,/133”+
0.014162“CH,/394”+0.024431“H*/216" +
0.015038“CH,/436"+0.018282“H*/253 "+
0.019419“H*/166"—0.046483“CH,/91 "+
0.017672“H*/106”+0.006844"CH,/386”+
0.033653“CH/316”+0.013847“CH,/326 "+
0.017902“CH,/344”

AT P=0.757, réy=0.628, rp.=0.759, 1ji ]
AR H A ARG i T 1 RE . %0 R X Y 2R A
D3 20 10 33 P T DL 2% 1.

MFA (R RURE LA F R A oS R
B193 (6345 HOFI CH,) 540580 43+ WA B4R i g
VE AR AT 27 R, — Jy Ty R T LA e sl
AR R S, 3 — 5 ] DA A3 — 4R R
HR R S IR R U1 R S S S AL,
SRR T HIROE R = 4EREAY . Cerius2 144 P iy
MFA i B SR AN BB 45 Hh L 37 TN T AR 37 — 4 55 3
P, (H 2 B RLH ARAF 5 254 20 7 38 1 & A
(EDH, W a] DoE A t, CH A IRAF B 5
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1 MFA#RFS5UEY B NESHE
Fig.1 Mapping of MFA descriptors onto molecule 38

) DX 3 AR A2 i 7K A FH B8R P DX, 2 B R A AR R
X, XA XA CH, #R 55 2 516 PE E ARG,
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HAH AR BT 2458 a7, I BH AN DI i) v A
FbAsaR, W RE AT AR A IR B 1A,
23 HYEABERSHH

A Catalyst #4413 # ) HypoGen #1158 245
T 10 A543 S A 2GR0 AT TR R AR N ) ST
PRS0 o B, fe i o 2 [l 0 2R 00
AT BT (0 W00 8 7 19 24 30T B 7R (totalcost=69.60,
RMS=1.271, correl=0.893). 1%k & 45 Wi~ i 7k Ik
A, — AR S — A E AR, B RTEXTHIV-
1 5 B 1) 7] 2 48 T 2 M 2 s AR, (H R 2
S DA R A SRR FF Ol 11, T AR SCOU e B T g K AR
FH@A K I ) A I RIS I -5 32 AR i 45 A A
KPRy E B E L. 5-CITEP A4 15| IR 7E A 3015 5]
FIRRLH S s T — ik Bl(AL, E12). Fligplotik {4
VR AT RLWLER 1), 15[k IR B 3 A7 76 % Ne151 5 EA)
PR PR, BT Z [BIARAT W] Re & A B KA A (&
3). A MIE N R, 4 AR FEALEE G 1 Mg 5
W | W AT T AR G, T A0k ] 22 ] DAY AR
MEAEH (8- fEF). 5 —Bik A A2 o] LU
ARG WG P 22 5. B SR g e i =
G385 ARA M T BN 4), KB ML

Al B

S
2 #HYHES 5-CITEP HESE
Fig.2 Mapping of pharmacophores onto 5-CITEP
A (Al, A2): hydrophobe; B: hydrogen bond acceptor;
C: hydrogen bond donor

o @ hydrogen bond and its length

¢ residues involved in hydrophobic contact (s)
¥  corresponding atoms involved in hydrophobic contact (s)

3 5-CITEP 5B&5EHrESERE
Fig.3 The binding mode of 5-CITEP to the integrase
Al B

B4 HPEASHEWISHES
Fig.4 Mapping of pharmacophores onto molecule 38
A (Al, A2): hydrophobe; B: hydrogen bond acceptor;
C: hydrogen bond donor
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F3 EILIRITH 3 M AR EHFIEETRNE
Table 3 Structures and predicted activities of designed compounds
R, N> N
BOYSYY e
R, O OH
Compound R, R, R; Diplole-X RadOfGyration Fuo Apol pICs(GFA) pIC:(MFA)
a NH, H H -26.50 5.216 -32.19 1.54x10* 8.346 6.798
b H NH, H -24.83 5.251 -32.19 1.54x10* 8.048 6.993
c H H NH, -22.30 5.139 -32.18 1.54x10* 7.996 7.153

BT 5845 21 7 3 24k A 1 14 0 481 R0 42 0 i)
7.996-8.346 Fl 6.798-7.153 Z 0], FHELERTRIX
sefl SR B HAT B TG X eSS AT 1A G 1 S
IR E.
2 it

K F GFA Fil MFA WG F 5 X5 — 2 471 il i
25 HIV-1 845 F AR 73 2 AT —4e i — 4
FE R ROR ZAESE, T S E119 QSAR AL T 8
AT RE 1 A 5. N GFA AL AT LA Y,
HL PE 5 IR AF (Apol) Xt 17 1A 5 2 5 M, 2 A 3 410 i
5 48 B G VE T, R 23 [a) Fn s #4 I8 25 4
P MEAT EBEAE . 1 MFA SRy, BESRAE T
— A~ HAT R A P B 9 3D-QSAR AR A, g
25 T S AR R L S 0 o A R, At — 4k 2y
S AT, T8 B T g A R G0 6 009 1 1
W, JE0IE T QSAR AL L5 L. I AN BEXT E
A8 A9 AR ZE HIV-1 584 B30 551 570 A M R &R
AT TR, RIRZES KT T 0 Fiit, e -
P T S EL A A v PR R P R ) B B 2A A
AW, R TR B 2GS it e 5%

4
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