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Abstract—Human immunodeficiency virus (HIV) replication requires integration of viral cDNA into the host genome, a process
mediated by the viral enzyme integrase. We describe a new series of HIV integrase inhibitors, thalassiolins A–C (1–3), isolated from
the Caribbean sea grass Thalassia testudinum. The thalassiolins are distinguished from other flavones previously studied by the
substitution of a sulfated b-d-glucose at the 7-position, a substituent that imparts increased potency against integrase in biochem-
ical assays. The most active of these molecules, thalassiolin A (1), displays in vitro inhibition of the integrase catalyzed strand
transfer reaction (IC50=0.4 mM) and an antiviral IC50 of 30 mM. Molecular modeling studies indicate a favorable binding mode is
probable at the catalytic core domain of HIV-1 integrase.
# 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Highly active antiretroviral therapy using reverse tran-
scriptase and protease inhibitors has been successful in
suppressing viremia to undetectable levels in some HIV
patients. However, new antiretroviral drugs, especially
those with novel modes of action, are required to
address rapidly developing viral resistance. Integrase is
an essential enzyme in the replication cycle of HIV, and
represents an attractive drug target since it shares no
functional homology with normal cellular proteins.1,2

However, the development of a clinically useful integrase
inhibitor remains an elusive goal.

The viral-encoded integrase enzyme carries out the
covalent integration of the double stranded cDNA pro-
duct of reverse transcription into a chromosome of the
host cell (Fig. 1A). After binding to the viral cDNA,
integrase mediates endonucleolytic processing to cleave
a dinucleotide from each 30 end. The 30-hydroxyls
groups exposed by this cleavage step are then joined to

50 ends in the target DNA in a single step transester-
ification reaction. The points of covalent joining in the
target DNA are separated by five base pairs. Sub-
sequent melting of these base pairs followed by DNA
repair completes the formation of the provirus.1,2

The development of in vitro assays based on this model
has aided in the identification of small molecule inte-
grase inhibitors. Typically, purified integrase is used to
catalyze the reactions of 30-processing and strand transfer
on oligonucleotides matching one end of the unintegrated
HIV cDNA (Fig. 1B). Several studies have emphasized
the importance of studying correctly assembled integrase
complexes, because these display a response to inhibitors
not recaptulated in simpler assays.3�5

Using tests against such preassembled complexes,
workers at Merck have reported a series of diketo acids
that display specific and potent in vitro inhibition of
integrase, as well as antiviral activity against HIV in cell
culture.5,6 HIV-1 variants resistant to these compounds
consistently contained specific mutations in the inte-
grase coding region, documenting action against inte-
grase in vivo. Other reported integrase inhibitors have
either lacked antiviral efficacy, suffered from toxicity
problems, or have been proven to block viral replication
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steps other than DNA integration in vivo.7 Never-
theless, the in vitro activities of these clinically non-useful
inhibitors add to a growing body of structure–activity
relationship data that may prove useful in the future
design of integrase inhibitors.

Our aim has been the identification of new small molecule
inhibitors of HIV integrase derived from unique marine
sources. We have used assays with preasssembled com-
plexes as described8 to screen a set of extracts of marine
organisms. Here we describe the HIV integrase inhibitory
properties of the thalassiolins A–C, a series of water-
soluble flavones isolated from the Caribbean sea grass
Thalassia testudinum (Fig. 2). The thalassiolins contain
unique functionality in the form of b-d-glucopyranosyl-
200-sulfate, a substituent that imparts increased potency
against integrase in biochemical assays versus the parent
flavone. Thalassiolin A (1) displays submicromolar in

vitro activity against the strand transfer reaction, inhi-
bits HIV replication in cell culture, and is relatively non-
cytotoxic. To gain insight into the potential binding
modes of these inhibitors, molecular docking simula-
tions probing how these compounds might interact with
the catalytic core domain of HIV-1 integrase have been
conducted.

Results

Isolation and characterization of thalassiolins A–C

Thalassia testudinum was collected from a shallow
lagoon located at Little San Salvador Island in the
Bahamas. The sea grass was blended with deionized
H2O and then filtered through Celite to remove parti-
culates. The filtrate was vacuum filtered through C18
silica gel, and the active components retained on the
resin were eluted with 10% MeCN in H2O. The lyophi-
lized fraction was further separated by size exclusion
chromatography (LH-20, MeOH), followed by C18
reversed phase HPLC (5!15% MeCN in H2O, 30 min)
to provide pure thalassiolins A–C (1–3).

Thalassiolin A (1) was identified as luteolin 7-b-d-glu-
copyranosyl-200-sulfate by comparison of 1H and 13C
NMR, IR, and mass spectral data with the previously
reported compound.9 This molecule had been impli-
cated in the chemical defense of the seagrass against
pathogenic marine microorganisms. The 1H and 13C
NMR data for thalassiolin B (2) (Table 1) largely
resembled those of thalassiolin A. High resolution
MALDI FTMS data established a molecular formula
C22H21O14S for thalassiolin B, suggesting the difference
between 1 and 2 was the presence of an additional
methyl group. This was supported by the presence of a
singlet in the 1H NMR spectrum at 3.89 ppm that inte-
grated for three protons, and an additional 13C NMR
signal at 56.0 ppm that the DEPT spectrum indicated to
be a methyl carbon. The downfield position of these
resonances was consistent with the methyl group
attached to oxygen. A strong HMBC correlation
between this methyl carbon was observed to C-30,
establishing its position on the phenyl ring (Fig. 3).
Comprehensive NMR data allowed all other protons
and carbons to be assigned, leading to the assignment of
the planar structure, 2, for thalassiolin B.

Thalassiolin C (3) analyzed for the molecular formula
C21H19O13S by high resolution MALDI FTMS, a dif-
ference of one oxygen atom from that of 1. A para-

Figure 1. DNA processing events mediated by HIV Integrase. (A)
Viral cDNA from reverse transcription (1) is processed by cleavage of
two nucleotides from 30 end (2). The recessed 30 ends are then joined to
protruding 50 strand breaks in the host DNA (3). The points of joining
of the two DNA molecules are offset by five base pairs, A–E, that
subsequently melt (4). Filling and sealing of these gaps then yields the
integrated provirus (5). (B) Assay reactions catalyzed in vitro by pur-
ified integrase.

Figure 2. Structures of the thalassiolins isolated from T. testudinum. Figure 3. Partial HMBC analysis of thalassiolin B (2).
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substituted phenol was easily recognized by symmetry in
both the 13C NMR spectrum and the 1H NMR aro-
matic proton coupling pattern (Table 1). Hence, sub-
stitution of a phenol for the catechol ring of 1 accounts
for the one less oxygen. All 2D-NMR data, including
COSY, gHMQC, and gHMBC, were consistent with
these assignments. Proton and 13C chemical shift and
coupling constant data, as well as IR data, fully sup-
ported the sugar moieties of 2 and 3 as matching that of
1. Compounds 2 and 3 were therefore identified as
chrysoeriol 7-b-d-glucopyranosyl-200-sulfate and apigenin
7-b-d-glucopyranosyl-200-sulfate, respectively.

Biological properties of the thalassiolins A–C

IC50 values for inhibition of purified HIV integrase
protein were determined using two assays. In the first,
purified integrase was incubated with end-labeled DNA
substrates and various concentrations of 1–3. Reaction
products were denatured and separated by electrophor-
esis on denaturing polyacrylamide gels. Reactions were
quantitated by phosphorimager analysis of the radio-
active products.10�13 These reactions were carried out in
the presence of Mn+2 as the metal cofactor.

Thalassiolin A was most active, inhibiting the integrase
terminal cleavage and strand transfer activities with IC50
values of 2.1 and 0.4 mM, respectively (Fig. 4 and Table
2). Thalassiolins B and C were less potent inhibitors,
with IC50 values in the 30–100 mM range.

Inhibitory activities against the strand transfer reaction
were compared in the presence of Mg+2, since this is
more likely to be the metal cofactor utilized in vivo.
Integrase was preassembled with viral DNA substrates

in these assays, thereby mimicking the stably assembled
preintegration complexes active in vivo, as described by
Hwang and co-workers.8 Hazuda and co-workers have
reported that screens using such preassembled complexes
can yield inhibitors active against HIV in cell culture.5

Thalassiolin A inhibited the Mg+2 dependent strand
transfer reaction with an IC50 of 2 mM. Thalassiolins B
and C were inactive in this assay.

Table 1. 1H and 13C NMR Assignments for Thalassiolins A–C in DMSO-d6

Compd Thalassiolin A (1) Thalassiolin B (2) Thalassiolin C (3)

13 Ca 1 Hb [m, J (Hz)] 13 C 1 H [m, J (Hz)] 13 C 1 H [m, J (Hz)]

2 164.6 164.3 164.4
3 102.9 6.75 (s) 103.2 6.96 (s) 102.6 6.82 (s)
4 181.9 182.0 181.9
5 161.2 161.2 161.2
6 99.6 6.42 (s) 99.4 6.42 (s) 99.5 6.39 (s)
7 162.7 162.6 162.6
8 95.0 6.76 (s) 95.3 6.82 (d, 1.8) 95.0 6.78 (d, 1.8)
9 156.9 156.9 156.8
10 105.4 105.4 105.4
10 120.8 120.8 119
20 113.3 7.44 (s) 110.1 7.58 (s) 128.7 7.92 (d, 8.7)
30 146.0 148.2 116.3 6.87 (d, 8.4)
40 150.7 151 162.6
50 116.0 6.89 (d, 8.1) 115.9 6.92 (d, 8.5) 116.3 6.87 (d, 8.4)
60 119.3 7.46 (dd, 8.1, 1.5) 120.7 7.60 (dd, 8.5, 1.2) 128.7 7.92 (d, 8.7)
100 97.4 5.30 (d, 7.5) 97.3 5.28 (d, 7.8) 97.2 5.3 (d, 7.8)
200 78.5 4.04 (dd, 7.8) 78.5 4.03 (dd, 8.1) 78.4 4.02 (dd, 8.4)
300 75.9 3.62 (dd, 8.7) 75.9 3.61 (dd, 8.7) 75.9 3.60 (dd, 8.4)
400 69.4 3.28 (dd, 9) 69.5 3.26 (dd, 9) 69.4 3.28 (m)
500 76.9 3.52 (m) 76.9 3.50 (m) 76.8 3.50 (m)
600 60.5 3.73 (m) 60.5 3.71 (d, 9.9) 60.4 3.70 (m)

3.49 (dd, 10.2) 3.49 (m) 3.48 (m)
OMe 56.0 3.89 (s)

a100MHz.
b300MHz Assignments by DEPT, COSY, HMQC, and HMBC.

Figure 4. Inhibition of integration in vitro by thalassiolin A. The fig-
ure displays an autoradiogram of reaction products. The lane marked
‘sub’ contained only substrate; the others contained full length HIV-1
integrase. The concentrations of thalassiolin A tested are indicated
above the lanes. The mobility of the substrate (SUB), terminal clea-
vage (TC), and strand transfer (ST) products are marked with arrows.
Thalassiolin A inhibited terminal cleavage and strand transfer reac-
tions with IC50 values of 2.1 and 0.4 mM, respectively.
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The antiviral activity of thalassiolin A against HIV
replication was determined using the MAGI indicator
cell assay in which infected centers score as b-galactosi-
dase positive syncytia.14 The addition of 1 to infected
cultures inhibited infection with an IC50 of about 30
mM. Since the MAGI assay requires HIV to complete
cell entry, reverse transcription, integration, and gene
expression, we can deduce that the step affected by
thalassiolin A is one of these.

The effect of 1 on the growth of HIV over multiple
cycles of viral replication was also assessed (Fig. 5).
Cultures were infected with low titers of HIV and viral
replication monitored by assaying synthesis of the viral
capsid protein p24. HIV overgrew the culture within 10
days, while in the presence of 1 growth was barely
detectable. Taken together, these studies document
inhibition of HIV replication by thalassiolin A.

As a test of the specificity of inhibition, the effects of 1–3
were tested against the topoisomerase of the pathogenic
poxvirus MCV (molluscum contagiosum virus) (Table 2).
Assays monitored the strand cleavage and religation
activities of this enzyme.15 The IC50 values were found to
be greater than 200 mM, the highest concentration tested.

Cellular toxicity was also monitored. No toxicity was
detected against MT2 cells at 800 mM, the highest con-
centration tested. Similarly, no toxicity was observed
against HCT-116 cells at 75 mM.

It is uncertain whether the step affected by 1 in vivo is
indeed integration. The above data is consistent with
this, but we note that previous studies have found that
compounds of this class may also affect viral entry.
Attempts to obtain virus that are resistant to 1 by long
term passage of HIV in the presence 1 have so far not
been successful (data not shown). Further studies are
needed to clarify possible activity against integrase in
vivo.

Possible binding sites of the thalassiolins on integrase

Several studies have identified the probable catalytic site
of HIV integrase, and established that three acidic
resudues Asp-64, Asp-116, and Glu-152 are required for
function.16,17 Goldgur et al. have described a crystal
structure of the integrase inhibitor 5CITEP complexed
in the active site.18 Molecular modeling techniques have
been successful in reproducing the experimental binding
mode of this inhibitor, and should therefore be useful in
analyzing possible binding modes other HIV-1 integrase
inhibitors as well.19

Docking of thalassiolin A to the active site revealed a
favorable binding site close to the catalytic center (Fig.
6). For the top-ranked result of the computational
search, a free energy of binding of �7.2 kcal/mol is cal-
culated. In this energetically preferred binding mode,
the sulfated glucose ring is embedded in a shallow
pocket surrounded by His 67, Lys 156, and Lys 159. At
the bottom of this pocket it interacts with Cys 65, Thr
66, and Asn 155. The 600-oxygen is coordinated to the
Mg+2 ion, and the sulfate interacts with the two lysine
side chains (Lys 156, Lys 159). The benzopyranone ring
is placed close to Gln 148 and Glu 152, while the cate-
chol ring extends into the space between Gln 148 and
Asp 116, showing additional interactions with Asn 117
and the backbone of Phe 139.

The computer-based docking result also revealed a var-
iant of this possible binding mode. It shows a somewhat
less favorable free energy of binding (�7.0 kcal/mol),
but needs to be considered as a possible alternative.
While the glucose and sulfate are similarly oriented as in

Table 2. IC50 inhibitory activities of the thalassiolins (mM)

Purified integrase

Compd T. Cl.a Str. Tr.a ELISAb Live virus LD50
d MCV Topo

Thalassiolin A (1) 2.1 0.4 2 27 >800 >200
Thalassiolin B (2) 112 43 >200 NDc >800 >200
Thalassiolin C (3) 67 28 140 NDc >800 >200

aMn2+ metal cofactor.
bMg2+ metal cofactor.
cND=not done.
dCytotoxicity against MT2 cells.

Figure 5. Response of HIV-1 replication to 300 mM thalassiolin A in a
multi-cycle replication assay. MT-2 cells were inoculated with 2 ng p24
in a volume of 5 mL at 2�105 cells per mL. Cells were inoculated with
virus in the absense or presence of 300 mM thalassiolin A. P24 antigen
in the supernatant was monitored over an 11-day time course. Fresh
media and drug was added every 48 h and cells were maintained
between 2�105 and 8�105 per mL. Values are normalized to the
maximal value.
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the first result, the position of the catechol ring and the
orientation of the benzopyranone system are different.
The catechol is now found in a rather exposed position
between Gly 149 and Glu 152. The benzopyranone,
instead, occupies exactly the same plane as in the first
binding mode, but rotated by 180� such that the hydroxy
group (5-OH) points to Asp 116 instead of Glu 152.

Docking of 2 and 3 to the active site provided essentially
the same binding modes as observed for 1, but with
slightly less favorable binding free energy (�6.2 to –6.8
kcal/mol) for the least strained conformations, con-
sistent with the possibility that this is a biologically
relevant binding mode.

Discussion

The HIV integrase inhibitory properties of the tha-
lassiolins A–C, a series of sulfated-flavone glycosides
isolated from the Caribbean sea grass Thalassia testudi-
num, were identified during a screening effort involving
several thousand of marine extracts from diverse sources.
The lead compound thalassiolin A (1) showed inhibition
of reactions catalyzed by purified integrase in addition to
antiviral activity against HIV in cell culture. The tha-
lassiolins are non-cytotoxic, water soluble, and relatively
easy to acquire, making them interesting candidates for
further study as anti-HIV agents.

Polyhydroxylated aromatic compounds have been pre-
viously identified as inhibitors of HIV integrase. Activity
is generally correlated to the presence of at least one
pair of vicinal hydroxyl groups on an aromatic ring.
Examples include quinalizarin,4 flavones such as quer-
cetin,20 and the bis-catechols a-conidendrin and hema-
toxylin.21 A shortcoming of these inhibitors is that in
vitro enzyme inhibition has generally not translated to
antiviral activity. An exception to this trend is l-chi-
coric acid, although this bis-catechol has recently been

demonstrated to block viral entry as a primary mode of
action.7 Sulfated phenols have also been previously
reported as in vitro inhibitors of HIV integrase. Lamel-
larin-a-20-sulfate shows moderate activity against pur-
ified enzyme and PICs, as well as more potent antiviral
activity against HIV.22 Suramin,23 naphthalenesulfonic
acid derivatives,24 and sulfonated biphenyls25 are fur-
ther examples. However, the presence of a sulfated
sugar alone is not sufficient to impart in vitro inhibitory
properties against HIV integrase.24

Compound 1 is unusually potent against integrase
compared with previously studied flavones, due at least
in part to the modified sugar resisdue attached to the
flavone moiety. In contrast to our results, glycosylation
of flavones has been reported to reduce or eliminate
integrase activity. In the case of quercetin, substitutions
at the 3-position with rhamnose, arabinose, glucose, or
rutinose lead to significantly less potent or inactive
compounds. Substitution of glucose at position 8
diminished the potency by a factor of 2–3.26 One
apparent exception to the glycosylation trend are natu-
rally occurring quercetin glycosides with either one or
two gallate esters appended to a galactose at the flavone
3-position.27 Thalassiolin A is more potent, and to our
knowledge the only glycosylated flavone reported that is
more active than the parent aglycone. Although sugar
substitution at the 7-position has not been well studied,
methylation of quercetrin at this site has been shown to
decrease integrase activity by approximately 2-fold.26

Perhaps then it is an appropriately placed sulfate that is
responsible for the increased activity of these inhibitors.

Computational docking studies can help to generate
hypotheses about protein–inhibitor interactions. The
docking method used here has been shown to reproduce
the experimental binding mode of the IN-inhibitor
5CITEP18 visualized by crystallography.19 We have
therefore employed this tool to examine possible bind-
ing modes of 1. The results suggest that the thalassiolins
can be accommodated near the catalytic center. Inter-
estingly, the binding modes overlap with the location of
5CITEP determined experimentally.18 The tetrazole ring
of this inhibitor occupies the same binding position as
the sulfated glucose of the thalassiolins, and the orienta-
tions of the keto-enol and chloroindole moieties of
5CITEP show similarities with the benzopyranone bind-
ing position. The apparent similarities in binding by these
structurally different molecules could inform future
designs of inhibitors binding to the integrase active site.

The estimated binding free energies of 1–3 compares
well with the expected affinities based on the IC50
values. In both binding modes suggested for 1, the
catechol ring is fairly exposed and the 30-OH forms a
weak hydrogen bond (with the side chains of Asn 117
and Glu 152, respectively). However, the catechol ring is
located in a protein region known to be flexible. Possi-
bly local conformational changes occur which lead to
better hydrogen bond geometry and an improved fit for
the catechol ring. Consequently, the substitution of the
30-OH (1) with a methoxy group (2) or a hydrogen atom
(3) may have a more dramatic effect on the binding

Figure 6. Computer-generated docking of thalassiolin A to the cata-
lytic core domain of HIV-1 integrase. The inhibitor is shown in yellow
and the catalytic residues (64, 116, 152) are highlighted in green, while
the other amino acids are color coded by atom type; the metal ion is
shown in violet. Except for the buried residues Ile 151 and Asn 155, all
displayed amino acids are labeled.
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energy than observed in the docking simulations, in
which the protein is required to be rigid.

Although 1 clearly acts against preassembled integrase
complexes in vitro, it is unclear whether 1 is active
against integrase during infection in vivo. The catechol-
containing compound l-chicoric acid was initially
thought to inhibit integration in vivo,28 but more recent
data indicates that the viral envelope is the more likely
target.7 We have attempted to obtain virus resistant to 1
by prolonged culture in the presence of drug, but so far
no resistant mutants have been obtained, leaving open
the question of the in vivo target. Regardless of whether
integrase is the target in vivo, compound 1 is never-
theless a potent inhibitor of preassembled integrase
complexes in vitro and HIV in vivo, and so may be a
starting point for drug development.

Experimental

Thalassiolin B (2)

Yellow amorphous solid; a½ �D= �72� (c=0.25,
MeOH); IR (neat) 3378, 1659, 1602, 1497, 1259, 1073,
1029, 1001, 817; UV (MeOH) lmax 346 (e 20 600), 268 (e
15 900), 251 (e 16 800), 207 (e 35 800); HRMALDI
FTMS m/z 541.0636 [M–H+]�, calcd for C22H21O14S,
541.0657 (�=3.9 ppm); 1H and 13C NMR data are
shown in Table 1.

Thalassiolin C (3)

Yellow amorphous solid; �½ �D= �54� (c=0.25,
MeOH); IR (neat) 3384, 1653, 1605, 1497, 1244, 1177,
1073, 1000, 835; UV (MeOH) lmax 334 (e 13 600), 268 (e
12 300), 207 (e 23 400); HRMALDI FTMS m/z
511.0552 [M–H+]�, calcd for C21H19O13S, 511.0552 (�
0 ppm); 1H and 13C NMR data are shown in Table 1.

In vitro assays

Assays of purified HIV integrase were either carried out
with Mn2+ as the metal cofactor and assayed on gels, or
carried out with Mg2+ and assayed in microtiter plates.8

HIV integrase was purified to apparent homogeneity
essentially as described in Bushman et al.29 In assays with
Mg, integrase and LTR DNA were preassembled by pre-
incubation as described.8 Assays with such preassembled
complexes have yielded inhibitors with antiviral activity in
previous studies.5 Assays of MCV topoisomerase were
carried out using a microtiter assay that monitored religa-
tion of oligonucleotide substrates.8 p24 ELISA (DuPont)
was carried out according to the manufacturer’s protocol.

Cell culture

MT-2 cells were maintained between 2�105 and 1�106
cells in RPMI (BioWhitaker) supplemented with 10%
FCS (GIBCO). MT-2 cells producing HIV-1 strain R9
were grown in RPMI supplemented with 20% FCS. P4
Cells30 were maintained in DMEM (BioWhitaker) sup-
plemented with 10% FCS.

Infections

106 MT-2 cells were infected at a multiplicity of infec-
tion approximately equal to 0.01 (2 ng p24) in a 5 mL
culture containing 8 mg/mL polybrene (Sigma). Parallel
infections were carried out in the absence or presence of
300 mM thalassiolin A. Infected cells were maintained
between 2�105 and 8�105 cells per mL. Samples were
removed, filtered, and assayed for the presence of p24
antigen. P4 cells were plated in 96 well plates at 104 cells
per well. The following day, growth media was aspi-
rated and cells were infected with R9HIV-1 virus in the
absence or presence of varying concentrations of 1. Ten
microlitres of viral supernatant was diluted to a volume
of 100 mL in the presence or absence of thalassiolin A
and incubated for 5 min at room temperature. Super-
natants were applied to plate wells for 3 h at 37 �C. For
detection of infected centers, reactions were incubated
for 48 h, fixed with glutaraldehyde and paraformalde-
hyde for 30 min and stained with X-Gal. Infected cen-
ters in each well were counted (600 for uninhibited
reactions) and plotted as a percentage of the uninhibited
reaction.

Modeling of thalassiolins A–C in the active site

Docking was performed with version 3.0 of the program
AutoDock using the new empirical free energy function
to evaluate binding free energies and the Lamarckian
genetic algorithm to search for favorable binding posi-
tions.31 While the protein is required to be rigid, the
program allows torsional flexibility in the ligand. A
standard AutoDock protocol was applied, with an
initial population of 50 randomly placed individuals, a
maximum number of 3.0�106 energy evaluations, a
mutation rate of 0.02, a crossover rate of 0.80, and an
elitism value of 1. Proportional selection was used,
where the average of the worst energy was calculated
over a window of the previous 10 generations. For the
local search the so-called pseudo-Solis and Wets algo-
rithm was applied using a maximum of 300 iterations
per local search. The probability of performing local
search on an individual in the population was 0.06, and
the maximum number of consecutive successes or fail-
ures before doubling or halving the local search step size
was four. Fifty independent docking runs were carried
out for each ligand using these parameters.

The structures of the ligands were generated with
QUANTA1 and optimized with the implemented
CHARMm1 force field (these programs are distributed
by Molecular Simulations Incorporated). Atomic char-
ges were assigned using the Gasteiger–Marsili formal-
ism,32 which is the type of atomic charges used in
calibrating the AutoDock empirical free energy func-
tion.31 Torsional degrees of freedom were defined with
the help of AutoTors. A moderate torsion constraint
was defined for the bond between the benzopyranone
and the substituted phenyl ring in the flavone unit in
order to avoid perpendicular conformations [i.e., a tor-
sion angle of 90�; a perpendicular torsional barrier of
about 3 kcal/mol has been reported for flavones].33
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The crystal structure of the HIV-1 IN catalytic core
domain obtained by Goldgur et al.18 was used as pro-
tein structure. It was set up for docking as previously
described.19 The grid maps defining the search region
and representing the protein in the actual docking pro-
cess were calculated with AutoGrid and had dimensions
of 30 Å�30 Å�30 Å, with a spacing of 0.375 Å between
the grid points.
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