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Abstract—Thiazolothiazepines are among the smallest and most constrained inhibitors of human immunodeficiency virus type-1
integrase (HIV-1 IN) inhibitors (J. Med. Chem. 1999, 42, 3334). Previously, we identified two thiazolothiazepines lead IN inhibitors
with antiviral activity in cell-based assays. Structural optimization of these molecules necessitated the design of easily synthesizable
analogs. In order to design similar molecules with least number of substituent, herein we report the synthesis of 10 novel analogs.
One of the new compounds (1) exhibited similar potency as the reference compounds, confirming that a thiazepinedione fused to a
naphthalene ring system is the best combination for the molecule to accommodate into the IN active site. Thus, the replacement of
sulfur in the thiazole ring with an oxygen does not seem considerably affect potency. On the other hand, the introduction of an extra
methyl group at position 1 of the polycyclic system or the shift from a thiazepine to an oxazepine skeleton decreased potency. In
order to understand their mode of interactions with IN active site, we docked all the compounds onto the previously reported X-ray
crystal structure of IN. We observed that compounds 7–9 occupied an area close to D64 and Mg2þ and surrounded by amino acid
residues K159, K156, N155, E152, D116, H67, and T66. The oxygen atom of the oxazolo ring of 7 and 8 could chelate Mg2þ. These
results indicate that the new analogs potentially interact with the highly conserved residues important for IN catalytic activities.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Among the three viral enzymes encoded by the pol gene
of HIV-1, namely reverse transcriptase (RT), protease
(PR), and integrase (IN), only the latter still lacks FDA
approved drugs. Currently adopted cocktails of RT and
PR inhibitors although highly effective, suffer from
several unwanted effects like toxicity, patient adherence,
and emergence of drug-resistant viral phenotypes.1

Therefore, IN represents an attractive and validated
target because it is essential for viral replication cycle
and has no cellular homologue. IN mediates the inte-
gration of retroviral DNA into host chromosomes by
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two distinct processes referred to as 30-processing and
strand transfer, respectively.2;3

The availability of in vitro assays using recombinant IN
has allowed the discovery of numerous compounds
belonging to different chemical classes. The two most
predominant classes of inhibitors are the hydroxylated
aromatics and the b-diketoacid containing compounds
(for recent reviews, see Refs. 4–6). Currently, two exam-
ples of latter class are under clinical investigations.7;8

Previously, we discovered several novel thiazolothiaze-
pines as IN inhibitors with antiviral activity in cell-based
assays.9 Moreover, unlike many other classes of inhibi-
tors, they retain activity in the presence of Mg2þ as a
cofactor. Due to their low cytotoxicity, low molecular
weight, drug-like properties, and structural novelty we
embarked on a study to perform structural optimiza-
tion. In order to perform an extensive SAR studies, we
decided to design simpler molecules based on the parent
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Figure 1. Common structural motif of novel compounds presented in

this study.
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compounds that are easier to synthesize than the pre-
viously reported compounds.

The structural motif common to these compounds
consists of a central thiazepinedione moiety (a) fused to
a carbocyclic aromatic system (benzo or naphtho) (b),
and to a 1,3-thiazolidine ring (c), as depicted in Figure 1.
Several structural modifications on the reference com-
pounds have been planned in an attempt to identify
novel compounds with similar potency. Herein, we re-
port the preparation and preliminary biological evalu-
ation of derivatives obtained by: (1) the replacement of
sulfur atom(s) by oxygen or (2) the introduction of a
methyl group on position 1 of the polycyclic system, and
(3) a combination of both features, while maintaining a
fused benzo or naphtho moiety with a various geometry
(Table 1). Such alterations should cause negligible vari-
ation in both lipophilicity and overall topology of rings,
with potential to coordinate a metal cofactor on the IN
active site.
2. Results and discussion

2.1. Chemistry

The synthesis of thiazepinediones 1–3 has been accom-
plished following the general method outlined in Scheme
1 and as previously described using 2,20-dithiodibenzoic
acid 11 or 3,30-dithio-2,20-dinaphthoic acid 12 and an
appropriate cyclic amino acid 15 or 16 (Chart 1), as
starting materials. A modification of the above proce-
dure was developed for the synthesis of oxazepinedione
derivatives.9–15 2-Acetoxybenzoic acid 17 or the proper
acetoxynaphthoic acid 18–20 was converted to the cor-
responding acid chloride,10 which was in turn added to a
cyclic amino acids 13–16 (Chart 1) giving amides of
general formula 21, in good yields. (R)-())-Thiazolidine-
4-carboxylic acid 13 and (±)-thiazolidine-2-carboxylic
acid 14 are commercially available, while oxazolidine-4-
carboxylic acid 15 and (4S,5R)-oxazolidine-5-methyl-4-
carboxylic acid 16 were prepared starting from formal-
dehyde and LL-serine or LL-threonine, respectively, and in
situ N-acylation as described.11 The hydroxyacids 22, in
turn obtained by controlled hydrolysis of 21, were
subjected to lactonization using 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC)/4-
(dimethylamino)pyridine (DMAP)13 (method A) or
2-chloro-1-methylpyridinium iodide/triethylamine
(TEA)14 (method B), or acetic anhydride (method C) as
dehydrating agents, leading to polycyclic compounds
4–10 (Scheme 2). It is worth noting that racemization
occurred during synthetic elaboration when optically
active starting aminoacids were used. Only in the case of
LL-threonine, optically active final compounds were ob-
tained, because racemization was prevented by the
presence of the methyl group adjacent to the a-carbon of
the amino acid.
2.2. Inhibition of IN by thiazepinedione and oxazepined-
iones

Previously, we identified thiazolothiazepines (Tz-19 and
Tz-20, Table 1) as representatives of a novel class of
HIV-1 IN inhibitors with moderate activities in cell-
based assays.9 In an attempt to establish a coherent
structure–activity relationship amongst thiazolothiaze-
pines we wanted to know whether the sulfur atom could
be replaced by an oxygen and whether a naphthalene
ring could be replaced by fused rings. We also wanted to
employ structure-based optimization methods by
determining all the amino acid residues on the active site
of IN that are important for ligand binding. Our results
presented in Table 1 show that (1) sulfur is preferred
over oxygen, (2) addition of a methyl group at position 1
lowers potency, and (3) fused ring structures can be
tolerated without a significant loss of potency. However,
additional compounds must be tested to establish a
quantitative structure–activity relationship.
2.3. Docking studies

In order to identify the biologically active conformation
of the compounds 1–10, we docked all the compounds
onto the active site of IN using GOLD. The GOLD fit-
ness scores along with structures are given in Table 1
while the H-bonding interactions and the active site
amino acid residues that interact with compounds are
given in Table 2. Compounds 1–6 and 10 occupied a wide
cavity surrounded by the active site amino acid residues
E152, I151, P142, I141, G140, F139, N117, D116, H114,
D64, and Q62. The bound conformation of the com-
pounds 1 and 6 inside the active site of IN is shown in
Figure 2. Compounds 7–9 occupied an area close to D64
and Mg2þ surrounded by amino acid residues K159,
K156, N155, E152, D116, H67, and T66. The oxygen
atom of the oxazolidine ring of 7 and 8 formed a coor-
dination bond with Mg2þ. An H-bonding interaction is
observed between H67 and compounds 8 and 9 (Table 2).
3. Conclusions

We designed and synthesized novel and simplified ana-
logs of previously reported thiazolothiazepines. Some of
the new analogs showed similar potency as reference
compounds and amenable to further structural modifi-
cations for enhanced potency and selectivity. Further-
more, our docking studies demonstrate that these
compounds interact with key residues as well as divalent
metal ion important for the catalytic activities of IN.
Further structural modifications will be reported in due
course.



Table 1. Inhibition of HIV-1 integrase catalytic activities and docking scores of thiazepinediones and oxazepinediones

No Structure IC50 (lM) GOLD score

30-Processing Strand transfer
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350 300 32.23
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300 300 34.42
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Scheme 1. Reagents and conditions: (a) SOCl2/reflux; (b) 15 or 16/

Na2CO3/THF/H2O/rt; (c) NaBH4/EtOH/reflux; (d) CDI/THF/reflux.
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4. Experimental

4.1. Chemistry

All reactions were carried out under a nitrogen atmo-
sphere. Progress of the reaction was monitored by TLC
on silica gel plates (Riedel-de-Haen, Art. 37341). Or-
ganic solutions were dried over MgSO4 and evaporated
on a rotary evaporator under reduced pressure. Melting
points were measured using an Electrothermal 8103
apparatus and are uncorrected. Specific rotations ½a�D
were determined to the stated temperature and condi-
tions by a Perkin–Elmer 343 polarimeter. IR spectra
were recorded as thin films on Perkin–Elmer 398 and FT
1600 spectrophotometers. 1H NMR spectra were re-
corded on a Br€uker 200-MHz spectrometer with TMS as
an internal standard: chemical shifts are expressed in d
values (ppm) and coupling constants ðJÞ in Hz. Mass
spectral data were determined at 70 eV with a VG70
spectrometer. Merck silica gel (Kieselgel 60/230–
OAc

CO2H

R'

R''

a,b

d

R

R'''

4-10

17 R = R' = R'' = R''' = H
18 R = R''' = H, R'-R'' = CH=CH-CH=CH
19 R = R' = H, R''-R''' = CH=CH-CH=CH
20 R'' = R''' = H, R'-R'' = CH=CH-CH=CH

Scheme 2. Reagents and conditions: (a) (COCl)2/toluene/DMF; (b) cyclic a

Experimental).
400mesh) was used for flash chromatography columns.
Elemental analyses were performed on a Perkin–Elmer
240C elemental analyzer, and the results are within
±0.4% of the theoretical values. Yields refer to purified
products and are not optimized.
4.2. (±)-1,13a-Dihydro-3H,5H,13H-naphtho[2,3-f]oxaz-
olo[4,3-c][1,4]thiazepine-5,13-dione (1)

This compound was prepared starting from oxazolidine-
4-carboxylic acid 15 and 3,30-dithio-2,20-dinaphthoic
acid 12, essentially as described.9 Compound 1 was
obtained as a colorless solid (21% for the entire process
from 15): mp 154–156 �C (dichloromethane/petroleum
ether); IR (KBr) 1695, 1635 cm�1; 1H NMR (CDCl3) d
8.57 (1H, s), 8.02 (1H, s), 7.97 (1H, m), 7.85 (1H, m),
7.63 (2H, m), 5.34 (1H, 0.5 of ABq, J ¼ 5:4Hz), 5.23
(1H, 0.5 of ABq, J ¼ 5:4Hz), 4.85 (1H, d, J ¼ 8:6Hz),
4.34 (1H, d, J ¼ 5:8Hz), 3.98 (1H, dd, J ¼ 8:6 and
5.8Hz); MS (EI) m=z 285 (Mþ). Anal. (C15H11NO3S) C,
H, N.
4.3. (1R,11aS)-1,11a-Dihydro-1-methyl-3H,5H,11H-ox-
azolo[4,3-c][1,4]benzothiazepin-5,11-dione (2)

Starting from (4S,5R)-oxazolidine-5-methyl-4-carbox-
ylic acid 16 and 2,20-dithiodibenzoic acid 11, compound
2 was obtained as colorless crystals (32% for the entire
process from 11): mp 94–96 �C (diethyl ether/light
petroleum); ½a�21D )95.5 (c 1, CHCl3); IR (KBr) 1705,
1645 cm�1; 1H NMR (CDCl3) d 8.01 (1H, m), 7.47 (3H,
m), 5.51 (1H, 0.5 of ABq, J ¼ 5:8Hz), 5.02 (1H, 0.5 of
ABq, J ¼ 5:8Hz), 4.95 (1H, m), 3.83 (1H, d, J ¼ 3:7),
1.31 (3H, d, J ¼ 6:2); MS (EI) m=z 249 (Mþ). Anal.
(C12H11NO3S) C, H, N.
4.4. (1R,13aS)-1,13a-Dihydro-1-methyl-3H,5H,13H-
naphtho[2,3-f]oxazolo[4,3-c][1,4]thiazepine-5,13-dione (3)

Starting from (4S,5R)-oxazolidine-5-methyl-4-carbox-
ylic acid 16 and 3,30-dithio-2,20-dinaphthoic acid 12,
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Table 2. H-bonding interactions and the active site amino acids residues interact with compounds 1–10

Compound H-bonding interactions (�A) Interacting amino acid residues

1 –– E152, I151, P142, D116, H114, D64, Q62

2 –– E152, I151, P142, D116, H114, D64, Q62

3 –– I151, P142, I141, F139, N117, D116, H114, Q62

4 N–C@O� � �HN Q62 (3.13) E152, I151, P142, F139, H114, D116

5 –– E152, I151, Q148, P142, P141, H114, D116, D64

6 –– E152, I151, P142, D116, D64, Q62

7a –– K159, K156, N155, T66, D64

8a O–C@O� � �HN H67 (2.66) K159, K156, N155, E152, D116, T66, D64

9 O–C@O� � �HN H67 (2.08)b K159, K156, N155, E152, T66, D64

10 –– E152, I151, P142, G140, D116, H114, D64, Q62

aThe oxygen atoms of oxazolidine ring of 7 and 8 coordinate with active site Mg2þ ion; O� � �Mg2þ (2.06�A), O� � �Mg2þ (1.94�A).
b Backbone NH of H67.

Figure 2. The bound conformation of molecules Tz-19 (A), Tz-20 (B), 1 (C), and 6 (D) inside the active site of IN.
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compound 3 was obtained as colorless needles (37% for
the entire process from 12): mp 163–165 �C (diethyl
ether); ½a�21D )121.0 (c 1, CHCl3); IR (KBr) 1700,
1645 cm�1; 1H NMR (CDCl3) d 8.60 (1H, s), 8.12 (1H,
s), 8.00 (1H, m), 7.80 (1H, m), 7.60 (2H, m), 5.56 and
5.09 (2H, ABq, J ¼ 5:5Hz), 4.99 (1H, dq, J ¼ 6:5 and
3.4Hz), 3.93 (1H, d, J ¼ 3:4), 1.29 (3H, d, J ¼ 6:5); MS
(CI) m=z 300 (MHþ). Anal. (C16H13NO3S) C, H, N.
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4.5. General procedure for the synthesis of compounds 21

The preparation of N-(3-acetoxy-2-naphthoyl)oxazol-
idin-4-carboxylic acid is described as a representative
example. A mixture of formaldehyde (37% solution in
water, 14.0mmol, 1.0mL), LL-serine (1.4 g, 13.3mmol),
and 2N NaOH (6.5mL) was stirred overnight at 0 �C.
Sodium carbonate (0.7 g, 6.6mmol) was added in one
portion to the cold solution. A solution of 3-acetoxy-2-
naphthoic acid chloride (3.3 g, 13.3mmol) in dry THF
(20mL) was then added dropwise, while a weakly alkaline
pH was maintained by the addition of solid sodium car-
bonate. The mixture was stirred overnight, then concen-
trated and made acidic (pH3–4) by adding concentrated
HCl. The solid formed was extracted into ethyl acetate,
and the resulting solution was washed with water, dried,
and evaporated. The resulting residue was purified by
column chromatography on silica gel (CHCl3/CH3OH/
HCO2H, 86/14/1) to give a waxy yellow solid (3.0 g, 70%):
IR (KBr) 2700 (br), 1715, 1690, 1635 cm�1; 1H NMR
(CDCl3) d 9.57 (1H, br, exch. with D2O), 7.78–7.65 (3H,
m), 7.48 (1H, m), 7.32 (2H, m), 5.30 (2H, s), 5.01 (1H, t,
J ¼ 6:7Hz), 4.40 (1H, m), 4.09 (1H, m), 2.31 (3H, s); MS
(EI) m=z 329 (Mþ). Anal. (C17H15NO6) C, H, N.
4.6. General procedure for the synthesis of compounds 22

The preparation of N-(3-hydroxy-2-naphthoyl)oxazol-
idin-4-carboxylic acid is described as a representative
example. N-(3-Acetoxy-2-naphthoyl)oxazolidin-4-car-
boxylic acid (2.0 g, 6.0mmol) was dissolved in a solution
of sodium carbonate (0.8 g, 7.5mmol) in water (20mL)
and stirred overnight at room temperature, then made
acidic (pH 3–4) by adding concentrated HCl at 0 �C. The
solid formed was extracted with ethyl acetate, and the
resulting solution was washed with water, dried, and
evaporated. The resulting residue was purified by crys-
tallization to give a solid (1.5 g, 85%): mp 182–184 �C
(acetone/diethyl ether); IR (KBr) 2800 (br), 1695,
1635 cm�1; 1H NMR (CD3OD) d 9.00 (2H, br), 7.82
(1H, s), 7.76 (1H, m), 7.64 (1H, m), 7.40 (1H, m), 7.28
(1H, m), 7.20 (1H, s), 5.21 (2H, s), 4.99 (1H, t,
J ¼ 6:7Hz), 4.47 (1H, m), 4.11 (1H, m); MS (EI) m=z
287 (Mþ). Anal. (C15H13NO5) C, H, N.
4.7. Cyclization reaction: method A

Amixture of the appropriate hydroxyacid 22 (0.4mmol),
EDC (0.085 g, 0.44mmol), and DMAP (cat.) in dry di-
chloromethane (20mL) was stirred at room temperature
for 40 h. The solution was then shaken with a saturated
solution of NH4Cl and water, successively. After drying
and solvent evaporation, a pale yellow oil was obtained
and purified by column chromatography on a silica gel
(15% ethyl acetate in hexanes).
4.8. Method B

2-Chloro-1-methylpyridinium iodide (0.12 g, 0.48mmol)
and TEA (110 lL, 0.8mmol) were added to a suspension
of the appropriate hydroxyacid 22 (0.4mmol) in dry
dichloromethane (15mL). After heating overnight under
reflux, the mixture was worked up as described for
method A.
4.9. Method C

A suspension of the appropriate compound 22
(0.4mmol) in acetic anhydride (2mL) was stirred over-
night at room temperature. The resulting solution was
then diluted with chilled water and left for several hours
at 4 �C. The aqueous solution was extracted with chlo-
roform and the organic layer was shaken successively
with a 5% sodium bicarbonate solution and brine. A
pure solid was obtained after evaporation of the solvent.
4.10. (±)-1,11a-Dihydro-3H,5H,11H-thiazolo[4,3-c]-
[1,4]benzoxazepin-5,11-dione (4)

Compound 4 was prepared following the method A
(33mg, 35%); mp 143–145 �C (diethyl ether/light petro-
leum); IR (KBr) 1695, 1635 cm�1; 1H NMR (CDCl3) d
7.94–7.20 (4H, m), 4.86 and 4.72 (2H, ABq,
J ¼ 10:6Hz), 4.46 (1H, dd, J ¼ 6:8 and 3.3Hz), 3.76
(1H, dd, J ¼ 12:3 and 3.3Hz), 3.32 (1H, dd, J ¼ 12:3
and 6.8Hz); MS (CI) m=z 236 (MHþ). Anal.
(C11H9NO3S) C, H, N.
4.11. (±)-2,3-Dihydro-5H,11aH-thiazolo[2,3-c][1,4]ben-
zoxazepin-5,11-dione (5)

Compound 5 was prepared following the method B
(13mg, 14%); mp 154–156 �C (benzene); IR (KBr) 1700,
1635 cm�1; 1H NMR (CDCl3) d 7.95–7.22 (4H, m), 5.27
(1H, s), 4.20 (1H, m), 3.88 (1H, m), 3.37 (1H, m), 3.16
(1H, m); MS (CI) m=z 236 (MHþ). Anal. (C11H9NO3S)
C, H, N.
4.12. (±)-1,13a-Dihydro-3H,5H,13H-naphtho[2,3-f]thiaz-
olo[4,3-c][1,4]oxazepine-5,13-dione (6)

This compound was prepared following the method C
(46mg, 38%); mp 217 �C (dichloromethane/petroleum
ether); IR (KBr) 1705, 1630 cm�1; 1H NMR (CDCl3) d
8.55 (1H, m), 7.98 (1H, d, J ¼ 8:3Hz), 7.86 (1H, d,
J ¼ 8:3Hz), 7.60 (3H, m), 4.91 (1H, 0.5 of ABq,
J ¼ 10:7Hz), 4.56 (1H, 0.5 of ABq, J ¼ 10:7Hz), 4.55
(1H, dd, J ¼ 6:8 and 3.4Hz), 3.80 (1H, dd, J ¼ 12:5 and
3.4Hz), 3.34 (1H, dd, J ¼ 12:5 and 6.8Hz); MS (CI) m=z
286 (MHþ). Anal. (C15H11NO3S) C, H, N.
4.13. (±)-1,13a-Dihydro-3H,5H,13H-naphtho[2,3-f]oxaz-
olo[4,3-c][1,4]oxazepine-5,13-dione (7)

This compound was prepared following the method A
(56mg, 52%); mp 205 �C (ethyl ether); IR (KBr) 1695,
1635 cm�1; 1H NMR (CDCl3) d 8.52 (1H, s), 7.95 (1H,
d, J ¼ 7:9Hz), 7.83 (1H, d, J ¼ 7:9Hz), 7.60 (3H, m),
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5.28 and 5.21 (2H, ABq, J ¼ 5:3Hz), 4.82 (1H, dd,
J ¼ 8:8 and 2.4Hz), 4.28 (2H, m); MS (EI) m=z 269
(Mþ). Anal. (C15H11NO4) C, H, N.
4.14. (1R,13aS)-1,13a-Dihydro-1-methyl-3H,5H,13H-
naphtho[2,3-f]oxazolo[4,3-c][1,4]oxazepine-5,13-dione (8)

Method C was followed for the preparation of com-
pound 8 (49mg, 43%): mp 197–198 �C (benzene); ½a�20D
)197.0 (c 1, CHCl3); IR (KBr) 1700, 1640 cm�1; 1H
NMR (CDCl3) d 8.60 (1H, s), 7.98 (1H, d, J ¼ 7:5Hz),
7.86 (1H, d, J ¼ 7:9Hz), 7.70 (1H, s), 7.65 (2H, m), 5.62
and 5.03 (2H, ABq, J ¼ 5:5Hz), 4.88 (1H, m), 3.82 (1H,
d, J ¼ 6:9), 1.45 (3H, d, J ¼ 6:0); MS (CI) m=z 284
(MHþ). Anal. (C16H13NO4) C, H, N.
4.15. (±)-1,13a-Dihydro-3H,5H,13H-naphtho[1,2-f]thiaz-
olo[4,3-c][1,4]oxazepine-5,13-dione (9)

This compound was prepared following the method C
(52mg, 43%); mp 237 �C (dichloromethane/light petro-
leum); IR (KBr) 1725, 1640 cm�1; 1H NMR (CDCl3) d
8.64 (1H, d, J ¼ 8:1Hz), 8.03 (1H, d, J ¼ 8:6Hz), 7.91
(1H, d, J ¼ 7:2Hz), 7.65 (2H, m), 7.33 (1H, d,
J ¼ 8:6Hz), 5.00 (1H, 0.5 of ABq, J ¼ 10:5Hz), 4.90
(1H, 0.5 of ABq, J ¼ 10:5Hz), 4.64 (1H, dd, J ¼ 6:5 and
1.7Hz), 3.79 (1H, dd, J ¼ 12:0 and 1.7Hz), 3.39 (1H,
dd, J ¼ 12:0 and 6.5Hz); MS (CI) m=z 286 (MHþ).
Anal. (C15H11NO3S) C, H, N.
4.16. (±)-1,13a-Dihydro-3H,5H,13H-naphtho[2,1-f]thiaz-
olo[4,3-c][1,4]oxazepine-5,13-dione (10)

This compound was prepared following the method C
(26mg, 23%); mp 200 �C (dichloromethane/light petro-
leum); IR (KBr) 1740, 1645 cm�1; 1H NMR (CDCl3) d
8.41 (1H, m), 7.90 (2H, m), 7.82 (1H, d, J ¼ 8:4Hz),
7.70 (2H, m), 4.95 (1H, 0.5 of ABq, J ¼ 10:6Hz), 4.85
(1H, 0.5 of ABq, J ¼ 10:6Hz), 4.55 (1H, dd, J ¼ 6:5 and
1.8Hz), 3.82 (1H, dd, J ¼ 11:8 and 1.8Hz), 3.37 (1H,
dd, J ¼ 11:8 and 6.5Hz); MS (CI) m=z 286 (MHþ).
Anal. (C15H11NO3S) C, H, N.
4.17. Molecular modeling

The structures of all the compounds (Table 1) were built
and minimized using Catalyst (Accelrys, Inc.)16 running
on a multiprocessor linux PC and a 24-processor Silicon
Graphics Onyx workstation as described.17 The poling
algorithm implemented within Catalyst was used to
generate conformations for all the compounds. For each
compound all feasible unique conformations were gen-
erated over a 20 kcal/mol range of energies using the best
flexible conformation generation method in Catalyst.
The subunit B of the core domain X-ray structure of IN
(PDB 1BIS) in which all the active site amino acid res-
idues were resolved was chosen for docking purpose. A
Mg2þ ion was placed in the active site between carbox-
ylate oxygen atoms of amino acid residues D64 and
D116 considering the geometry of the Mg2þ ion that was
present in the subunit A of the IN in PDB 1BIS and
subunit A in IN-5CITEP complex X-ray structure (PDB
1SQ4) as recently described.17 All the water molecules
present in protein were removed and hydrogen atoms
were added to the protein considering appropriate ion-
ization states for both the acidic and basic amino acid
residues. Docking was performed using version 1.2 of
the GOLD: Genetic Optimization for Ligand Docking
(Cambridge Crystallographic Data Centre) software
package. A 12�A radius active site was defined consid-
ering the carboxylate oxygen atom (OD1) of amino acid
residue D64 as the center of the active site. All con-
formers of the compounds were docked into the active
site of the IN. Based on the GOLD fitness score, for
each molecule a bound conformation with high fitness
score was considered as the best-bound conformation.
All docking runs were carried out using standard default
settings with a population size of 100, a maximum
number of 100,000 operations, a mutation and crossover
rate of 95.18–20 The fitness function that was imple-
mented in GOLD consisted basically of H-bonding,
complex energy, and ligand internal energy terms.
4.18. Biological materials, chemicals, and enzymes

All compounds were dissolved in DMSO and the stock
solutions were stored at )20 �C. The c[32P]-ATP was
purchased from either Amersham Biosciences or ICN.
The expression systems for the wild-type IN and soluble
mutant INF185KC280S were generous gifts of Dr. Robert
Craigie, Laboratory of Molecular Biology, NIDDK,
NIH, Bethesda, MD.
4.19. Preparation of oligonucleotide substrates

The oligonucleotides 21top, 50-GTGTGGAAAATCTC-
TAGCAGT-30 and 21bot, 50-ACTGCTAGAGATTTT-
CCACAC-30 were purchased from Norris Cancer
Center Core Facility (University of Southern California)
and purified by UV shadowing on polyacrylamide gel.
To analyze the extent of 30-processing and strand
transfer using 50-end labeled substrates, 21top was 50-
end labeled using T4 polynucleotide kinase (Epicentre,
Madison, WI) and c[32P]-ATP (Amersham Biosciences
or ICN). The kinase was heat-inactivated and 21bot was
added in 1.5M excess. The mixture was heated at 95 �C,
allowed to cool slowly to room temperature, and run
through a spin 25 mini-column (USA Scientific) to
separate annealed double-stranded oligonucleotide from
unincorporated material.
4.20. Integrase assays

To determine the extent of 30-processing and strand
transfer, wild-type IN was preincubated at a final con-
centration of 200 nM with the inhibitor in reaction
buffer (50mM NaCl, 1mM HEPES, pH7.5, 50 lM
EDTA, 50 lM dithiothreitol, 10% glycerol (w/v),
7.5mM MnCl2, 0.1mg/mL bovine serum albumin,
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10mM 2-mercaptoethanol, 10% dimethyl sulfoxide, and
25mMMOPS, pH7.2) at 30 �C for 30min. Then, 20 nM
of the 50-end 32P-labeled linear oligonucleotide substrate
was added, and incubation was continued for an addi-
tional one hour. Reactions were quenched by the addi-
tion of an equal volume (16 lL) of loading dye (98%
deionized formamide, 10mM EDTA, 0.025% xylene
cyanol, and 0.025% bromophenol blue). An aliquot
(5 lL) was electrophoresed on a denaturing 20% poly-
acrylamide gel (0.09M tris-borate pH8.3, 2mM EDTA,
20% acrylamide, 8M urea).

Gels were dried, exposed in a PhosphorImager cassette,
and analyzed using a Typhoon 8610 Variable Mode
Imager (Amersham Biosciences) and quantitated using
ImageQuant 5.2. Percent inhibition (% I) was calculated
using the following equation:

% I ¼ 100� ½1� ðD� CÞ=ðN � CÞ�;
where C, N , and D are the fractions of 21-mer substrate
converted to 19-mer (30-processing product) or strand
transfer products for DNA alone, DNA plus IN, and IN
plus drug, respectively. The IC50 values were determined
by plotting the logarithm of drug concentration versus
percent inhibition to obtain concentration that pro-
duced 50% inhibition.
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