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1.1 ##

¥ A4 M HIV-1 % 5 i DNA J¥ 51k A HIV
HXB2CG %/ # #£ (GenBank accession number:
K03455); pMD 18-T # Ak H KIE S A9 T A
PR 2 w5 JE R4 1Y T 2 4§34 % 5 New England
Biolabs /A ] 51 )R SEAZ R B 1K 5 A iy L
W TR A W) S8 G Bl BT bR 10 R b vy
LA H Sigma 275 ] Bio-Rad 680 B4 AR
T EWERE (A ws)s LYK Bio-Rad /A ] 7~
Aty B BETRERE Y B AL KR s R R A
Ay S-1360 AL T KA A Rb e 5 A TR
2R G U= A il Raltegavir 1 H R} 56
L) B 2 BT IR A W],
1.2 EAMEAMRESHNL

FERF A HIV-1 #58 DNA (58l [, HE
& PCR 07754 ml K9 2 tH % 4 E92A. N1558,
E92A/N155S AR & Mg R ik ok, P51
1P RVIH. LLER2A M5 NAH], LUEFE
M HIV-1 $255 i DNA ARG 73550 BA Py Prop o

Puon ¢ A1 P Jh 519 34T PCR, #li1L T 43 DNA,
GIEENT — DRI, H P R P A5 kAT
PCR, 4lift DNA /%), i T-A o b& % ¥ 2
pMD-18T ™, #:4k BL21 %5 Wl e iE /i 5,
Nde 1 F1 BamH 1 BV REHE Gl EE 8 v B, i
B [FFEL WD) pET-28a(+)FIA 8 Ak, B A AR
58 AR WL i R 43 A ¥ AC B Escherichia coli
BL21(DE3)fg L@ ', H IPTG i5 F&I&, B0
W R, EET A 0.3 oL W H B2 Ml A
(20 mmol/L HEPES, 1 mol/L NaCl, 2 mmol/L 3f3&
LWE, 5 mmol/L imizadole, pH 8.0)7, /4l i
W Ja B0, WosE B, M EAEEGE LK
% TN AR A %5 AR TN o SIS 2R AT 56 A1 JZ#TT
WESHHEMEAMEB B, HZm#E B
(20 mmol/L HEPES, 1 mol/L NaCl, 0.1 mmol/L
EDTA, 1 mmol/L DTT, 10% glycerol, pH 8.0)#
ITIENT, 7%ke)a —80°C LRAFIS ™,
1.3 EBEMEEZEENE

W HEA R dE. dA. tE. tA(F 5 RIS 1 0L
DAl H KR KEMW, dE 5 dA. tE 5 tA
O T B R R A, 95°C A 3 min AR 1S 2218
AR, dB/A T SOWUEE 45 14 1) ik 44 DNA,
tE/A JE A HE DNA. H 1x = W 2% PP (25 mmol/L
PIPES, 10 mmol/L 37 4, 0.1 g/L BSA, 5% 1
i, 10 mmol/L MnCl,) %t 96 L% B Tl FLAR 1 K,
FEALIIN 25 wl 2x R B2 vl 1.5 pmol k44
DNA. 15 pmol # DNA. 800 ng #&F, JH KB
ZEKAME 50 pl R AERFR, JRAJE 37CHEA 1 h.
TN 15wl SRR SRR R MR J 51.5 pl 856 il
(10 mmol/L Tris-HCl, pH 7.6, 2 mol/L NaCl,
20 mmol/L EDTA, 0.1% Tween 20), 1% /&%,
20CHEHE 15 min, AFFE 5 min PGS 1R, B
FUBCE T U BRI B 4% 90 s, 5 L. H
PBST(PBS £ ¥ in A\ 0.05% Tween 20) 3t i ¥k 3
. I 100wl Bl B R bR A 1 M s == BT AR (1)
PBS 1: 5000 Fik¥), #=Z%¥~), 37°CH#H 30 min.
F PBST UEMAER 3 ¥R, Kl BRIE A% 21587 A AL AR
e, N 100wl b £A R P 9% P (6.7 mmol/L
pNPP, 0.1 mol/L Na,COs, 2 mmol/L MgCl,, pH 9.5),
HEO I (4 30 min, FESLIA 20 pl 2 mol/L NaOH
2k WAn, HIEEAR OIS P 405 nm AL RO FE
TEL(A 405)™. BB AN IS Bl RS0 AE R %) R
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Table 1 The sequences and modifications of oligonucleotides used in experiments®’

Oligonucleotide Sequence (5" —3") Modifications

Pr CTG CAT ATG* TTC CTG GAC GGT ATC GAC AAG
Py CCG GGA TCC" CTA*ATC CTC ATC CTG TCT ACT TGC

Prooa ¢ GAA GTT ATT CCA GCA GCA* ACA GGG CAG GAA ACA

Prooa v TGT TTC CTG CCC TGT TGC* TGC TGG AAT AAC TTC

Puusss F GTA ATA GAA TCT ATG AGC'AAA GAA TTA AAG AAA

Puisss r TTT CTT TAATTC TTT GCT#* CAT AGA TTC TAT TAC
dE ACC CTT TTA GTC AGT GTG GAA AAT CTC TAG CA 5’ biotin
dA ACT GCT AGA GAT TTT CCA CAC TGA CTA AAAG
tE ATG TGG AAA ATC TCT AGC GAT 3’ digoxin
tA ATC GCT AGA GAT TTT CCA CAT

*The Nde | restriction site and the AUG initiation codon; ® The BamH [ restriction site; © The reverse sequence of the
UAG termination codon; ¢ The coden of Ala 92 for introducing the E92A site mutation; ¢ The reverse sequence of Ala 92

coden; " The coden of Ser 155 for introducing the N1558S site mutation; & The reverse sequence of Ser 155 coden.

1.4 AN H RN E

S RG] 3 A Tl B A TE PRI, AN R A 2 2 941};1_ M.ar—kerWild type E92A  NI155S E92A/N155S
ANFELT BT 1) SONEAR R AN 5wl il DMSOR B 66.2 g
2 25 WA 0. 5 15 AT ) ¢4 DMSO (1 A
feAl. 330 E S G —— e
1.5 HFXFiE 26.0 RN

BT #AFh AutoDock 4.2. B A= A FigAZ 0 :
X 4 #4 U5 1 PDB 24 7 1QS4 1 A BE, 20.0 - —
Jackal P2 /P ¥ B 2R 16 141~ 144 SRR LA E. AR 110

TRURELT T 1) 45 K S AT B A R 2 R BEAili |- Sybyl 8.1
FEIPR 0 N2 RS B AS 2, B a7 L s i Fig. 1 SDS-PAGE analysis of purified integrase proteins
T2 M o Bk T B 900 S R ACOE AR . /s 23 1 ]

S-1360 ] ChemOffice #fFmith, 177 PDB 3ff. 09}
HABFEAEH Autodock [¥) User Guide FM AT, 44 os} 7
KL% Lamarckian Genetic Algorithm. 0.7¢
0.6}
2 #RE5E 2 0.5} 043
= o4l 0.34

21 BHHEREIMRTAESMITIELEHEF 0sl
LSRN 02t 0.15

4l 4k, )5 T 4185 11119 SDS-PAGE (i Jie 1 741 475 1k o1l .
W& 15%) K 1, i a g FhiEs 0

HIV-1 6 RPHIRE . AL ROLH 2, 0/ Wildipe  E92A  NISSS EO2ANISSS

M. E92A. NI55S. E92A/N155S 4 Fi#e &g,
% b JR ey S L S5 A A i T
ET/EEiE/J (ﬁ Iﬁﬂi Ims E9?A kg{ﬂfﬁ E" E(ﬁ I\E‘F IE% The strand transfer activity is tested using magnetic beads based ELISA
54%, NI1558 S8 A2 {3 Pk R B 3200 80% , 1M gy,
E92A/N155S XURAZIETEAL TR 42%.

Fig. 2 Strand transfer activity of integrases
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FENG AR B, A EEIE R F ¥ N155S 5848
AN RO, I AT B 1 5 A T S K
e R R, RS IRE IR T R, XS as R
HP) N155S AR S PG PEAHAF. 1 Raltegravir
R I = 32 N 2 584 2 — NI1SSH & 25 HLl
L0, X B N1SSH 2845 (1) 48 4l % vE A v] fig
b N155S . 526 b E92A 5840 1 %% 25 i 1% M [
%, U6 B A7 AL 3 A I 1) Ak Th BE AT — 2 AH
K. E92A SEAREATEG IR I o B bl W 52 21,
{H E92Q A& I [ 25 5 A&, ¥ A g
Raltegravir [ — 2RI 2557, JEX) Elvitegravir [ 3
LR 255848, f T A RS AT iR, N R
A Wi & ANy Hiar ()% 2, B E92A 5 E92Q
BB AR, E92A A AL — /M 25 58
. B92Q WIAEIGIR LA, AL
E2A iGHE T RAEA R B 2 1/3 36, X EE T
BEPI RS AR AL AT BEE . E92A/N155S W58 AR 7Y
AL T (R 35 P ERAR L B A Y PRI T 40 50%, {H Y
N155S BB, "SRG RIS &, g g
B, B92A & NI155S M nl & 524, X 5 &K
E92Q 2 Raltegravir 3= ZXif 25548 N155S [ 4% 58
AR
2.2 S-1360. Raltegravir X EF4E B K 3 Fhz I HY
BEERRIHIHIRR

DR B B AL VT I (ARG oI N R SR
25 wmol/L 1] S-1360 5% Raltegravir, HH5M1F 1115
5 T B T el A A R A SR R SR 4 A T P T )
K, g 2. EURIREETR, 2 P B A
R HIV-1 #4555 B 3 1 S5 A AT DL sg A il
HAMHIR T BE F] 90%. % E92A SAS R HA il
BB, A 69%H 84%, XK W]
E92A A5 K T — M1k, N155S 5848 1Y iy
FIEE AR, BIPERIBHPE A5 5 BT X, T
TG 5 A3 0 % . S-1360 il Raltegravir %)
E92A/N155S M5 AL Y HE4 Jf (1) 071 2 3 30l 24 51%

Table 2 Inhibiting rate of S-1360
and Raltegravir to integrases
%

S-1360" Raltegravir”

wild type 84.9 +12.8 90.8 + 13.4

E92A 68.6 + 13.9 84.1+158
N155S -2 -2

E92A/N155S 50.7 +17.6 65.7 + 14.7

) The concentration of S-1360 and Raltegravir is 25 wmol/L. ? The
activity of N155S integrase is too low for inhibition rate testing.

566%, X E92A HIFMHIZ X ATA M1 R, %
B E92A/N155S X5 A% U HE 45 iig (1) fiif 245 72 L E92A
FAGAS TSR I K Raltegravir 1657 2 W 95 491
Hr, E92Q/N155S iy 24 5 48 H LI L 451 2 A1 v 1Y
X5 ARSI (25 RAHFE .
23 KLTEEOHEFIT S-1360. Raltegravir AITH 2514
N T RTRAE SRS S R I 250, KT 40761
FULERA AR EE T 0 RS I )M 2, BREOKRE R E
H: 004, 02, 1. 5. 25 f1 125 wmol/L, &5
Bl 3. AL 3 0T LU H A0 0] B A 23 5 Tl 410 1)
ORI, X E92A 595, %) E92A/N155S i3k
RAKIEFAG, X5 22 PgR—3. W3+
() 45 RS R R IR (ICs), 45 R WK 3.

@ 140}
120}

Inhibiting rate/%
NN )
=Rl o)

N}
(=)
T T

0.001 0.1 10 1000
¢(S-1360)/(umol+L")

Inhibiting rate/%
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Fig. 3 Inhibiting rate of S-1360 and
Raltegravir to integrases
The concentrations of the inhibitors from left to right are 0.04, 0.2, 1, 5,
25, and 125 pwmol/L. Each dot is gained by the mean value of four repeat
experiments. (a) Inhibiting curves of S-1360 to integrases. (b) Inhibiting
curves of Raltegravir to integrases. A—A: Wild type;e—e: E92A;m—n:
E92A/N155S.

Table 3 ICs, value of S-1360 and Raltegravir to integrases

pmol/L
S-1360 Raltegravir
Wild type 16.2 0.0772
E2A 1.68 3.29
N155S -b -b
E92A/N155S 16707 21700%

D The activity of N155S integrase is too low for inhibition rate testing;
2 Because the inhibiting rates to E92A/N155S integrase are all in low
level, these two /Cs, values are not precise.
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S-1360 F1 Raltegravir X #f A= B 8L B IK] 1C5, 43 3)A
16.2 pmol/LF1 0.0772 wmol/L, 5 CLAF I AHFFE1,
S-1360 i1 Raltegravir %} E92A 5845 I #& L5iff (1) 1Cs,
5394 1.68 wmol/LAT 3.29 pwmol/L, P # [X Hi A
K, Raltegravir #I I URAK T~ S-1360, £ H] E92A
XJ Raltegravir IR 25 P LU X S-1360 T 5. i 25 58
AT R ARG PR T ARG 7 T ORI, AR
035 00 7 AR ) 25 R AR AN SE A A R, E92Q &
Raltegravir [ 2% 25548, & Elvitegravir 1) 3%
M 259874, E92A/N155S RS AR R #8453 il o S-1360
HI Raltegravir A {RSRIM 251, X5 2.2 hHy45 R
IRAHAF. 0P[R — 3R], B RAR LR 1 (B R LAY
R ICs 15, 33 ICs fold, Wil 4, &R LIfE
A HEGEAR O R = A R 2P R SR AE . ]
AffS . E92A/N155S X e i Al il 371 7= 25 1 i 24
PELE E92A 5, PRI SEARX) Raltegravir (1 24 1
3R T0 S-1360.

1Cs, fold
1000 000 |-
100 000 -
10 000 -
1000
100 -
10+
1
0.1
E92A E92A/N155S

Fig. 4 Resistances of E92A and E92A/N155S
integrases to S-1360 and Raltegravir
The resistance is quantified by /Cs, fold. The ICy, fold of a mutation to a
inhibitor is calculated as (ICs, of the inhibitor to the mutated type
integrase) / (ICs, of the inhibitor to the wild type integrase). I : S-1360;
[0 : Raltegravir.

2.4 E92A F1 N155S REB > FIED

H AT HIV-1 35 Bl A Bl (1) = 4 25 038 AT 4
AT ok, (HZH R HIV-1 38 45 1) = > 25 ek,
BN it 45 My (NTD, 1~49 ‘SHkIE) . 1045 kg1,
(CCD, 50~212 5 %% %), C i &5 #4 39 (CTD,
213~288 “FHkAL), o BT X-ray 45#).
T G A GG B R S SR AT /M, AT REAS H
SR R BT R LI . BRI E L R 25
ARt 2y HLER A 3 Bh R &5 8.

Kl 5 B ox T S-1360 5 HF A4 A K E92A.
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[y 7 e ah . B AR R0 X 45 # J5 H PDB
1QS412, %58 A5 B R U [X (1) &5 b 2 A7 B A2 TR (1)
fil b, FH Sybyl F& )35 b B 2 i 1 55 4, P 3L
Buwh FEvE AR BE T BRE AR 2. A3 A5 1
F Autodock T35 S-1360 fHunt BN 15 21 52 -5 W (1)
gk

M 5a w40, 41 % DDE 46 5L 5 (1) D64+
D116, E1521%13 Mk HE b 2 /> Mg* # 45, D64,
D116 55— Mg* # 4, DI116. E152 5% —4
Mg &5, S-1360 L1y i 45 44 S MR 24 I 1) 48
AR G 2 A Mg B, DU IE R O
DNA)7E M X dk 45 4. 1K 5b o 72 & 47 N155S
RAFHI B G, AT Sa R EFAE U 5,
Kl 5b AL I R AR, 2 A Mg [
PEMPE S S AR SE P MAAR, BT
Mg S B4 B Ak ) OGB4 IR 7, X AR Ak AT
JEFEN155S AR R IE P BRI T ZE A, N155
BREEAE P91 b5 #E G AL OB 7R Bk DDE J&)7
(7 B152 ] 2 ANgRIE, e A3 A B ) - R4k 1)
T o WBTE, &3 ANERIEEERE — )4, PTLL E152 F
N155 7E 2300 EJRAHAR I,  N155 A7 T4k 0,
AL R 9878 0 T8 5 B L ke 3 Je Mg IR AH ELAE
77, BEMECE T AL IR G, B AT Tl I 1
AT PE P2 AR AR, fEIE 5 R S-1360 t AN RE
N5 2 Mg KAEES, XSETI 2R
FEE.

Kl 5¢ b E92A RN A% 0 X 5 S-1360
MRS, B A TR Gl 5 By AR R AR K 22
). E92 LA FE M OAT — e B R, AR AR
%, E92 AR 75 Mg> IR il & 8
TR, EAHBEASSEE T, Hn]fhl KR
HRHUERIER. 4, BEAEEEE O S LR
FABL, D64, D116, E152 =Mk K i % L AE 7
H EAHBRELIE, IF H& A AR AN R 5 X A
I, D64 it Bl HEL L, D116 fiF p4 I, E152
PT a4 b MER T ol b, ol 5Bl B41E
7500 L AEAAR I, E92 RN RE T e 5 BI.
B4 b7 (A AH AR AR I (LG B1 1 C65. H67, B4
N7 ST AR EAE A g o, ki 5 i BE
B, I o MR B JZE PN BRI R S A X
BRI, BT CUX ARG Bl B4 T E R M £
T D64, DI116. %5 LFTiA, E92 frff5e7r ] G ik
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TF2, Z: E92A = HIV-1 EEHEM AR N155S B E MR ERT e477e

FURI E M, BT CAGHE A B T 250 ) s
PR, & 5d F E92A/N155S WSS AR 345 il 1% 00 [X
MR %5 B AE R AR AR, X2 548 S [

S AR, AL OS5 R R IR LT AN EE
FESRATK.

Fig. 5 Complex model of S-1360 and integrase central catalytic domain

These models are gained by Autodock 4.2. Integrase central catalytic domain (CCD) model is from PDB 1QS4. Integrase CCD are colored by dark

green, Mg* cations are colored by bright green, inhibitors (S-1360) are colored by yellow (only carbon atoms). (a) Wild type; (b) With N155S

substitution; (¢) E92A; (d) E92A/N155S.
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ST HEL TR B RS TG PR N155S HLS AR 3
5, SCHRIRIE & A 45 1 G118R/E138K XU SEAL (1)
HIV-1 W 8 5 I HE T /2& G118R HL5EAR 1 9 5117,
45 R RIN.
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5 BAEN EQ2A (MBI ZIRALHLIUW R . E92A KA
125 I 55 2 DA AT 11 T A ke i ) () i R A EL A
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AN OSBRI A [ 254, I B SAR I IR AR 0]
Mg IR B 5 | B AR, A5 1 P v 10 85 g A S o
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Wt 75 22531 3 ) A ok B E,  H TiX o TAE
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B (VTR 245 5EAR — MRS A2 L3 F 3 £ A i1 551
(YAIT R, S AELELE = AR TR 2 1) ) IR D B A1
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A Hae I R EErE, A FEORIT R A
Uk, [R5 5RAR (1) HH A 38 A I 24 58 AR 1K & b A
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E92A Is an Activity Recovery Mutation of HIV-1 Integrase
Drug Resistance Mutation N155S°

LI Shan, LIU Bin, LI Chun-Hua, TAN Jian-Jun, ZHANG Xiao-Yi", WANG Cun-Xin"
(College of Life Science and Bio-engineering, Beijing University of Technology, Beijing 100124, China)

Abstract HIV-1 integrase (IN) is an important drug target of current anti-AIDS research and drug development.
The drug resistance mutations (DRMs) are the main reason of integrase inhibitor therapy failure, but the drug
resistance mechanism remains unclear. We introduced mutations artificially into HIV-1 integrase, tested the
activity and drug resistance of individual mutations, and analyzed the integrase drug resistance mechanism
preliminarily. The mutations involved contain two single mutations, E92A and N155S, and a double mutation,
E92A/N155S. These mutations were obtained using genetic engineering methods, and these recombinant proteins
were prepared after prokaryotic expression and protein purification. The strand-transfer activity of the integrases
was tested by a magnetic beads based ELISA. S-1360 and Raltegravir were used for drug resistance testing.
Besides, molecular docking was performed to study the complex of S-1360 and HIV-1 integrase central catalytic
domain (including wild type and mutated type) using Autodock. The main results are as follows: N155S mutation
decreases about 80% of the integrase strand transfer activity, while E92A/N155S only decreases about 42%. It
indicates that, the E92A mutation on the base of N155S mutation increased the integrase activity observably.
Besides, E92A and E92A/N155S mutations exhibit different drug resistance to different inhibitors, and they are
more resistant to Raltegravir than to S-1360. A mutation could cause structural change of the integrase catalytic
center domain, and the structural change eventually influences the activity and drug resistance. As to E92A, it may
reduce the electrostatic interaction to the amino acids around it, and influences D64 and D116 indirectly, which are
key amino acids of catalytic center domain. This may give a rational explanation to activity recovery of N155S
caused by E92A.
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