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ABSTRACT

Context Dioscorea bulbifera L. (Dioscoreaceae) has been used in a traditional Thai longevity
medicine preparation. Isolation of inhibitors from natural products is a potential source for
continuous development of new HIV-1 integrase (IN) inhibitors.

Objective The objective of this study is to isolate the compounds and evaluate their anti-HIV-1 IN
activity, as well as to predict the potential interactions of the compounds with an IN.

Materials and methods The ethyl acetate and water fractions (1-100 pg/mL) of Dioscorea bulbifera
bulbils were isolated and tested for their anti-HIV-1 IN activity using the multiplate integration
assay (MIA). The interactions of the active compounds with IN were investigated using a molecular
docking method.

Results and discussions The ethyl acetate and water fractions of Dioscorea bulbifera bulbils
afforded seven compounds. Among these, allantoin (1), 2,4,3',5'-tetrahydroxybibenzyl (2), and
5,7 4 -trihydroxy-2-styrylchromone (5) were isolated for the first time from this plant. Myricetin (4)
exhibited the most potent activity with an ICs, value of 3.15 uM, followed by 2,4,6,7-tetrahydroxy-
9,10-dihydrophenanthrene (3, ICs5o value= 14.20 uM), quercetin-3-O-B-b-glucopyranoside (6, 1Csq
value =19.39 uM) and quercetin-3-O-f-p-galactopyranoside (7, 1Cso value =21.80 uM). Potential
interactions of the active compounds (3, 4, 6, and 7) with the IN active site were additionally
investigated. Compound 4 showed the best binding affinity to IN and formed strong interactions
with various amino acid residues. These compounds interacted with Asp64, Thr66, His67, Glu92,
Asp116, GIn148, Glu152, Asn155, and Lys159, which are involved in both the 3’-processing and
strand transfer reactions of IN. In particular, galloyl, catechol, and sugar moieties were successful
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inhibitors for HIV-1 IN.

Introduction

Human immunodeficiency virus (HIV) is a retrovirus
that causes acquired immune deficiency syndrome
(AIDS). The long-term toxicity, adverse effects, and
rapid emergence of drug resistance have become serious
problems in treating HIV-1 infections (Asres et al. 2005).
In recent years, the HIV-1 integrase (IN) has been a very
attractive target for developing novel anti-HIV drugs
because it is one of the essential enzymes used for
replication of HIV and it has no known counterpart in
humans. Currently, there are only three HIV-1 IN
inhibitors (raltegravir, elvitegravir, and dolutegravir)
approved by the Food and Drug Administration
(Clercq 2009; Saag 2012). Therefore, continuous devel-
opment of new HIV-1 inhibitors is needed. Isolation of
potential inhibitors from natural products is a potential
source for such purposes.

IN is a key enzyme involved in the replication cycle
of retrovirus. It catalyses two reactions referred to as
3'-processing and strand transfer that are responsible
for integration of the transcribed viral DNA into the
host chromosome. The structure of a full length IN is
composed of 288 amino acid residues that fold into
three structural and functional domains. The N-
terminal domain (residues 1-49) contains HHCC
zinc binding which promotes enzyme multimerisation.
The catalytic core domain (residues 50-212) contains
the flexible loop which comprises residues 141-148.
This domain also contains the catalytic triad (Asp64,
Aspll6, and Glul52) which are known as the DDE
motif. This motif coordinates with two divalent metal
ions (Mg”>* or Mn>") that are crucial for the catalytic
activity. The C-terminal domain (residues 213-288)
has non-specific DNA binding activity (Asante-Appiah
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and Skalka 1997; Greenwald et al. 1999; Luca et al.
2003).

Dioscorea bulbifera L. (Dioscoreaceae) is a medicinal
plant generally used in traditional Indian and Chinese
medicine for the treatment of sore throat, gastric cancer,
carcinoma of the rectum, and goiter (Ghosh et al. 2012).
In Thailand, this plant is known as Wan Phra Chim and
has been used as a traditional longevity preparation.
Extracts of bulbils have exhibited various pharmaco-
logical properties, such as antibacterial (Teponno et al.
2006), antihyperglycemic, antidyslipidemic (Ahmed et al.
2009), analgesic, anti-inflammatory (Mbiantcha et al.
2011), and antitumour activities (Wang et al. 2012).
Many phytochemical studies have demonstrated that
clerodane diterpenoids, flavonoids, steroidal saponins,
and sapogenins are present as the major compounds of
D. bulbifera (Gao et al. 2002; Liu et al. 2010, 2011;
Tapondjou et al. 2013).

For our continuing search for new HIV-1 IN inhibi-
tors from natural sources, the ethyl acetate and water
fractions of D. bulbifera, that were previously shown to
have potent activity against HIV-1 IN, were selected for
further study on anti-HIV-1 IN activity. This study
isolates the active compounds and tests them for anti-
HIV-1 IN activity, as well investigating the interactions
of the active compounds with HIV-1 IN using a
molecular-docking technique.

Materials and methods

Plant materials

The bulbils of D. bulbifera were collected from Uttaradit
province, Thailand, in 2011. The plant was identified by
a botanist of the Forest Herbarium, Department of
National Parks, Wildlife and Plant Conservation,
Thailand. The voucher specimen (SKP 062040201) was
deposited in the Faculty of Pharmaceutical Sciences,
Prince of Songkla University.

Enzyme and chemicals

The HIV-1 IN protein was kindly provided by Dr.
Robert Craigie, National Institute of Health, Bethesda,
MD. This enzyme was expressed in Escherichia coli and
purified according to the method described by Goldgur
et al. (1999).

Oligonucleotide substrates

Oligonucleotides of long-terminal repeated bases from
donor DNA (LTRD) and from target-substrate DNA
(TS) were purchased from QIAGEN Operon, Alameda,

CA, and stored at —25 °C before use. The sequence of the
biotinylated LTRD and its unlabelled complement were
5-biotin-ACCCTTTTAGTCAGTGTGGAAAATCTCT
AGCAGT-3' and 3-GAAAATCAGTCACACCTTTTA
GAGATCGTCA-5', respectively. While those of the
target substrate DNA (digoxigenin-labelled target DNA,
TS-1) and its 3'-labelled complement were 5'-TGACCA
AGGGCTAATTCACT-digoxigenin and digoxigenin-
ACTG GTTCCCGATTAAGTGA-5' (TS-2), respectively.

Extraction and isolation of compounds from D.
bulbifera extract

Dried bulbil powders of D. bulbifera (1.7kg) were
macerated three consecutive times with ethanol at
room temperature and concentrated under reduced
pressure to obtain the ethanol extract (258.0g). This
extract was successively partitioned with hexane, chloro-
form, ethyl acetate and water to yield a chloroform
(108.15g), ethyl acetate (44.44g) and water fraction
(105.18 g), respectively. In this extract, there was no
residue from the hexane fraction.

A bioassay-guided isolation of active compounds
possessing anti-HIV-1 IN activity was conducted. In
our previous study, we had reported that the anti-HIV-1
IN activity of isolated compounds from the chloroform
fraction possessed the highest activity (ICs, value =5.42
pg/mL). In this study, we selected the ethyl acetate (ICsq
value =6.49 ug/mL) and water fractions (ICs, value
=9.12 ug/mL) (Table 1) which exhibited high inhibitory
activity for further purification of the active compounds
by chromatographic techniques.

The ethyl acetate fraction (30.00g) was separated by
vacuum liquid chromatography (VLC) using silica gel as
the stationary phase and eluted by a step-gradient elution
starting from mixtures of chloroform and ethyl acetate
(30-100% v/v) and followed by mixtures of ethyl acetate
and methanol (10-50% v/v) to obtain six pooled major
fractions (A-E), based on TLC analysis.

Fraction A (3.18 g) was further separated by VLC and
eluted with chloroform/methanol (0-50% v/v) to give
five pooled subfractions (A1-A5). Subfraction A2 was
further purified by recrystallisation in methanol to
provide compound 1 as a pale brown amorphous solid
(28.9mg, 0.0963% w/w). Subfraction A4 was further
subjected to silica gel column chromatography and
initially eluted with 20% ethyl acetate in chloroform,
followed by an increasing polarity obtained with ethyl
acetate to obtain five subfractions (A4/1-A4/5).
Subfraction A4/2 was purified by Sephadex LH-20
(Sigma, St. Louis, MO) using methanol as eluent to
give compound 2 as a brown powder (12.7 mg, 0.0423%
w/w) and compound 3 as a brown powder (37.4mg,
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Table 1. Anti-HIV-1 integrase activity® of the EtOH extract and fractions from Dioscorea bulbifera.

% Inhibition at various concentrations (ig/mL)

1 3 10

30 100

Sample 1Cso (ng/mL)
EtOH extract 533+0.73 10.11+1.50 55.84+0.23 7211+£1.75 89.25+1.61 11.65

CHCl;5 fraction 8.48+0.48 19.67 +2.58 90.83+1.18 96.97 £1.01 102.42+3.26 5.42

EtOAc fraction 1.82+£0.81 7.70x5.15 93.64 £0.05 97.76 £0.76 101.21+£3.22 6.49

H,O0 fraction 6.65+0.15 10.49+2.64 4748+7.71 95.44+£0.36 98.53+4.04 9.12

“Each value represents mean + SEM of four determinations.

0.1247% w/w). Subfraction A4/4 was also purified by
Sephadex LH-20 using methanol as eluent to give
compound 4 as a yellow powder (9.5 mg, 0.0317% w/w).

Fraction B (3.20g) was isolated by VLC and eluted
with ethyl acetate/methanol (0-50% v/v) to afford five
subfractions (B1-B5). Subfraction B2 was further chro-
matographed by column chromatography over silica gel
and washed with a gradient of chloroform and methanol
to obtain five subfractions (B2/1-B2/5). Subfraction B2/1
was purified by Sephadex LH-20 and eluted with
methanol/chloroform (90:10) to give compound 5 as a
yellow powder (4.9 mg, 0.0163% w/w).

For the water fraction (20.00g), it was suspended in
water and fractionated on a Diaion HP-20 column using
H,O and methanol as eluents. The methanol subfraction
was further isolated through an RP-18 column and
eluted with H,O/methanol (50:50) to give six subfrac-
tions (W1-W6). Subfraction W4 was purified by
Sephadex LH-20 using methanol as the eluent to afford
compound 6 as a yellow powder (5.6 mg, 0.0280% w/w).
Subfraction W5 was purified by preparative TLC using
chloroform/methanol (70:30) to give compound 7 as a
yellow powder (3.3 mg, 0.0165% w/w).

The chemical structures of the isolated compounds
1-7 were identified by EIMS, 1D and 2D NMR and were
confirmed by comparison with the NMR spectral data in
the literatures (Santos et al. 2003; Guvenalp & Demirezer
2005; Sripathi et al. 2011; Rashed et al. 2012).

Identifications of compounds 1-7

Allantoin (1): brown amorphous, UV (MeOH) Ay
276 nm. "H-NMR (DMSO-Dg, 500 MHz): § 5.24 (1H, dd,
J=8.0, 1.2Hz, H-3), 5.75 (2H, s, H-4), 6.87 (1H, d,
8.0 Hz, H-3'), 8.02 (1H, s, H-2), 10.50 (1H, s, H-1). 1°C-
NMR (DMSO-d,, 125 MHz): § 62.5 (C-3), 156.8 (C-1),
157.4 (C-3), 173.6 (C-4).

2,4,3',5'-Tetrahydroxybibenzyl (2): brown amorphous,
UV (MeOH) /pac 223, 281nm. 'H-NMR (CD;OD,
500 MHz): 6 2.66 (2H, m, H-1), 2.68 (2H, m, H-B), 6.08
(1H, t, J=2.2Hz, H-4), 6.12 (2H, d, J=2.2Hz, H-2/, H-
6'), 6.48 (1H, dd, J=8.0, 2.0Hz, H-5), 6.60 (1H, d,
J=2.0Hz, H-3), 6.65 (1H, d, J= 8.0 Hz, H-6). >*C-NMR
(CD;0D, 125MHz): § 38.2 (C-u), 39.4 (C-B), 101.1

(C-4'), 108.0 (C-2', C-6'), 116.2 (C-3), 116.5 (C-6), 120.7
(C-5), 134.9 (C-1), 144.2 (C-4), 145.6 (C-2), 145.9 (C-1),
159.2 (C-1', C-5').
2,4,6,7-Tetrahydroxy-9,10-dihydrophenanthrene (3):
brown amorphous, UV (MeOH) . 222, 275,
303 nm. 'H-NMR (CD;OD, 500 MHz): § 2.56 (2H, m,
H-9), 2.58 (2H, m, H-10), 6.19 (1H, d, J=2.4Hz, H-1),
6.23 (1H, d, J= 2.4 Hz, H-3), 6.59 (1H, s, H-5), 7.89 (1H,
s, H-8). >*C-NMR (CD;OD, 125 MHz): 6 30.3 (C-9), 32.2
(C-10), 102.7 (C-3), 107.7 (C-1), 115.3 (C-4a), 1154
(C-5), 116.6 (C-8), 126.7 (C-4b), 130.6 (C-8a), 141.9
(C-10a), 143.6 (C-6, C-7), 156.3 (C-2), 156.9 (C-4).
Myricetin (4): yellow powder, UV (MeOH) A,ax: 223,
254, 371nm. '"H-NMR (DMSO-ds, 500 MHz): § 6.17
(1H, d, J=1.9Hz, H-6), 6.35 (1H, d, /=5 1.9 Hz, H-8),
722 (2H, s, H-2/, H-6'), 9.16 (2H, s, 3', 5-OH), 12.47
(1H, s, 5-OH).
5,7,4'-Trihydroxy-2-styrylchromone ~ (5):  yellow
powder, UV (MeOH) A 370 nm. 'H-NMR (DMSO-
ds, 500 MHz): 6 6.16 (1H, d, J = 1.9 Hz, H-6), 6.28 (1H, s,
H-3), 6.42 (1H, d, 1.9 Hz, H-8), 6.83 2H, d, J=8.6 Hz,
H-3, H-5), 6.92 (1H, d, J=16.2 Hz, H-a), 7.56 (2H, d,
J=8.6Hz, H-2/, H-6'), 7.58 (1H, d, J=16.2Hz, H-P),
1291 (1H, s, 5-OH).
Quercetin-3-O-B-D-glucopyranoside ~ (6):  yellow
powder, UV (MeOH) o 216, 255, 362 nm. '"H-NMR
(CD,0D, 500 MHz): § 6.19 (1H, d, ] = 2.0 Hz, H-6), 6.38
(1H, d, J=2.0Hz, H-8), 6.86 (1H, d, J=8.5Hz, H-5),
758 (1H, dd, J=8.5, 22Hz, H-6), 7.70 (1H, d,
J=2.2Hz, H-2'), 523 (1H, d, J=7.8 Hz, H-1"), 3.23-
3.71 (sugar moiety, 6H, m, H-2" to H-6"). ’C-NMR
(CD;0OD, 125MHz): § 62.5 (C-6"), 71.2 (C-4"), 75.7
(C-2"), 78.1 (C-5"), 78.3 (C-3"), 94.7 (C-8), 99.8 (C-6),
104.3 (C-10), 105.7 (C-1"), 116.0 (C-2'), 117.5 (C-5),
123.1 (C-6'), 123.2 (C-1'), 135.6 (C-3), 145.9 (C-3'),
149.8 (C-4'), 158.4 (C-2), 159.0 (C-9), 163.0 (C-5), 166.0
(C-7), 179.5 (C-4).
Quercetin-3-O-B-D-galactopyranoside  (7):  yellow
powder, UV (MeOH) Apq 218, 255, 365 nm. 'H-NMR
(CD,0D, 500 MHz): § 6.20 (1H, d, J = 2.0 Hz, H-6), 6.40
(1H, d, J=2.0Hz, H-8), 6.87 (1H, d, J=8.5Hz, H-5),
759 (1H, dd, J=8.5, 2.2Hz, H-6¢), 7.83 (1H, d,
J=22Hz, H-2), 5.16 (1H, d, J=7.8 Hz, H-1"), 3.41-
3.84 (sugar moiety, 6H, m, H-2" to H-6"). >C-NMR
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(CD;0D, 125MHz): 6 61.9 (C-6"), 70.0 (C-4"), 73.1
(C-2"), 77.2 (C-5"), 75.1 (C-3"), 94.7 (C-8), 99.9 (C-6),
105.6 (C-10), 1054 (C-1"), 116.2 (C-2'), 117.8 (C-5),
1229 (C-6'), 123.2 (C-1'), 135.8 (C-3), 145.8 (C-3),
149.9 (C-4'), 158.3 (C-2), 158.8 (C-9), 162.6 (C-5), 166.0
(C-7), 178.7 (C-4).

Assay of HIV-1 IN inhibitory activity

The inhibitory activity of HIV-1 IN by MIA was
determined according to the method described by
Tewtrakul et al. (2002). Briefly, a mixture (45pL)
composed of 12puL of IN buffer [containing 150 mM
3-(N-morpholino) propane sulfonic acid, pH 7.2
(MOPS), 75mM MnCl,, 5mM dithiothritol (DTT),
25% glycerol, and 500 pg/mL bovine serum albumin],
1 pL of 5 pmol/mL digoxigenin-labelled target DNA and
32 uL of sterilised water was added into each well of a 96-
well plate. Subsequently, 6 uL of sample solution in
DMSO and 9 uL of a 1/5 dilution of the IN enzyme was
added to each well and incubated at 37°C for 80 min.
After washing the wells three times with 270 uL. PBS,
100puL of 500 mU/mL alkaline phosphatase (AP)-
labelled anti-digoxigenin antibody was added and
incubated at 37°C for 1h. The plates were washed
again three times with 270 pL washing buffer containing
0.05% Tween 20 in PBS and then another three times
with 270 pL PBS. Then, AP buffer (150 uL) containing
100 mM Tris-HCI (pH 9.5), 100 mM NaCl, 5 mM MgCl,
and 10mM p-nitrophenyl phosphate was added to
each well and incubated at 37°C for 1h. Finally, the
absorbance in each well was measured with a microplate
reader at a wavelength of 405 nm. A control composed of
a reaction mixture of 50% DMSO and IN enzyme, while
a blank was buffer-E containing 20 mM MOPS (pH 7.2),
400 mM potassium glutamate, 1 mM ethylenediaminete-
traacetate disodium salt, 0.1% Nonidet-P 40, 20%
glycerol, 1mM DTT and 4 M urea without the IN
enzyme. Suramin, an HIV-1 IN inhibitor, was used as a
positive control. The % inhibition against HIV-1 IN was
calculated as follows:

% inhibition against HIV-1 IN
= [(OD control — OD sample)/OD control] x 100

where OD is the absorbance detected from each well.

Molecular docking method
Ligand setup

The three-dimensional structure of compounds was
modelled with the HyperChem Professional 8.0 program

(Hypercube Inc., Gainesville, FL). Each structure was
geometrically optimised using the semi-empirical PM3
method. Subsequently, Gasteiger charges were assigned
using the AutoDockTools program (Hypercube Inc.,
Gainesville, FL).

Integrase setup

The X-ray crystallographic structure of the HIV-1 IN
catalytic core domain (residues 56-209), in complex with
Mg** and 1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tet-
razol-5-yl)-propenone (5CITEP) was obtained from the
Protein Data Bank (PDB code 1QS4). The IN structure
was prepared for docking by selecting only monomer A
which is the only monomer that co-crystallised with
5CITEP, an inhibitor. All water molecules and the
5CITEP were removed while the Mg** at the active site
was maintained. The missing residues in the loop at
positions 141-144 were incorporated and the polar
hydrogen atoms were added to this chain (Vajragupta
et al. 2005). The second Mg>* was placed in the same
relative position according to the two metal structures of
the Prototype Foamy Virus IN (PDB code 30YA), a
structural homolog of HIV-1 IN (Krishnan and
Engelman 2012).

Docking

All docking calculations were performed using the
AutoDock 4.2 program (Hypercube Inc., Gainesville,
FL). A grid box with a dimension of 60 x 60 x 60 A® and
a grid spacing of 0.375 A, which is large enough for a free
rotation of a ligand, was built and placed at the location
of the co-crystallised inhibitor (5CITEP) to cover the
active site of HIV-1 IN. The Lamarckian genetic
algorithm (LGA) method was used with the following
parameters. The number of GA runs was 100, the
population size was 150, the maximum number of
energy evaluations was increased to 2 500 000 per run
and the maximum number of generations in the genetic
algorithm was increased to 100 000. All other docking
parameters were set at their default values.

A cluster analysis was used to group similar con-
formations. For each compound, all 100 independent
conformations were clustered into groups with a criter-
ion of the root mean-square deviation (RMSD) of less
than 2 A. The best-docked conformation was selected
from a cluster with the lowest binding energy and
containing the greatest number of conformations (Healy
et al. 2009). The amino acid residues within 6 A of the
ligand in the IN active site were chosen for the analysis
of hydrogen bond interaction.



Statistical analysis

For statistical analysis, the results of the anti-HIV-1 IN
activity were expressed as a mean+SEM from four
determinations. The ICs, values were calculated using
the Microsoft Excel program.

Results and discussion

The ethyl acetate and water fractions of D. bulbifera
bulbils were fractionated by chromatographic tech-
niques. Five compounds (1-5) were isolated from the
ethyl acetate fraction and two compounds (6 and 7) were
obtained from the water fraction. Their structures were
identified as allantoin (1), 2,4,3',5'-tetrahydroxybibenzyl
(2), 2,4,6,7-tetrahydroxy-9,10-dihydrophenanthrene (3),
myricetin (4), 5,7,4'-trihydroxy-2-styrylchromone (5),
quercetin-3-O-B-D-glucopyranoside (6), and quercetin-
3-O-B-p-galactopyranoside (7). It is of interest that
compounds 1, 2, and 5 were isolated for the first time
from this plant. Compound 1 had been previously found
in Dioscorea batatas Decne. (Dioscoreaceae), Dioscorea
pseudojaponica Yamamoto (Fu et al. 2006), Dioscorea
opposita Thunb. and Dioscorea japonica Thunb. (Yoon
et al. 2008). Compound 5 had been isolated from the
bark of Platanus acerifolia (Aiton) Willd. (Plantanaceae)
(Yang et al. 2013) whereas compound 2, identified as
bibenzyl, had been synthesised by catalytic palladium on
carbon (Pd/C) hydrogenation of trans-2,4,3',5 -tetrahy-
droxystilbene (Likhitwitayawuid et al. 2006).

The anti-HIV-1 IN activities of compounds 1-7 were
determined by the MIA method and compared with
suramin as the positive control (ICs, value =2.30 uM,
Table 2). Myricetin (4) exhibited the most potent activity
with an ICsy value of 3.15uM, followed by 2,4,6,7-
tetrahydroxy-9,10-dihydrophenanthrene (3, ICsq
value = 14.20 pM), quercetin-3-O--D-gluco pyranoside
(6, ICs5y value=19.39uM), and quercetin-3-O-B-D-
galactopyranoside (7, ICsy value =21.80 uM), whereas
all other isolated compounds were inactive (ICs, value
>100 uM). It was interesting to note that the activity of
myricetin was comparable with that of the positive
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control. The result indicated that myricetin (4), whose
structure contains a galloyl moiety possessed a higher
activity than the other compounds. This implied that the
galloyl moiety was crucial for its most effective inhibitory
effect. This is in agreement with the previous study, in
which compounds containing a galloyl moiety often had
a high potency as HIV-1 IN inhibitors (Jiang et al. 2010).
In addition, the catechol and sugar moieties contained in
compounds 3, 6, and 7 were also believed to be another
reason for their activity (Figure 1).

In order to investigate the potential interactions of the
active compounds with the IN enzyme, a molecular-
docking technique was employed. The docking results
showed that all four active compounds bound to the IN
with similar patterns, ie., close to the catalytic triad,
flexible loop, and Mg2+. Compound 4, that had the
galloyl moiety and possessed the most potent activity
(ICsq value =3.15 uM), was found to be located close to
the catalytic triad. It exhibited the best binding affinity to
IN in terms of having the lowest binding energy
(—5.68kcal/mol, Table 3). In addition, compound 4
interacted with various amino acid residues. The inter-
actions were formed by seven hydrogen bonds with
Thr66, His67, Aspll6, Glul52, Asnl55, and Lys159;
especially it interacted strongly with two residues of the
catalytic triad (Figure 2A). This docking result was
related to its inhibitory effect as measured by the MIA.

Compound 3 which contained a catechol moiety was
also found to place close to the catalytic triad as well as to
the flexible loop and possessed strong interactions (ICs,
value = 14.20 uM). It formed five hydrogen bonds with
Thr66, GInl48, Glul52, Asnl55, and Lys159 with
binding energy at—4.55kcal/mol (Figure 2B).
Compounds 6 and 7 were identified as flavonoid
glycosides whose structures had catechol and sugar
moieties. They exhibited activity against the HIV-1 IN
with ICs, values of 19.39 and 21.80 pM, respectively. The
docking study showed that compounds 6 and 7 had
different binding energies (—5.24 and —4.03 kcal/mol,
respectively) while the overall binding conformation and
binding location were similar. Compound 6 formed

Table 2. Anti-HIV-1 integrase activity® of pure compounds from Dioscorea bulbifera L. bulbils.

% Inhibition at various concentrations (uM)

Compounds 1 3 10 30 100 ICs0 (M)
Allantoin (1) - - 29.99+2.17 34.82+2.95 4439+3.90 >100
2,435 -Tetrahydroxybibenzyl (2) - - 18.93+3.87 3436+2.72 40.46 + 2.44 >100
2,4,6,7-Tetrahydroxy-9,10-dihydrophenanthrene (3) - - 47.63 +2.41 57.55+1.69 87.02+0.25 14.20
Myricetin (4) 33.82+£0.27 45.08£0.51 68.62 £1.00 89.76 £0.47 97.23£0.57 3.15

5,7 4 -Trihydroxy-2-styrylchromone (5) - - 32.60+1.08 38.36+1.13 47.89+1.54 >100
Quercetin-3-0-/3-D-glucopyranoside (6) - - 44.84+1.00 52.02+0.73 66.45 +1.22 19.39
Quercetin-3-0-3-p-galactopyranoside (7) - - 43.71+£0.49 52.15+0.93 63.10+1.32 21.80
Suramin (positive control) 33.54+£2.65 57.08+0.78 72.83+£0.64 89.75+0.33 98.01£0.58 2.30

®Each value represents mean + SEM of four determinations.
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Figure 1. The structures of compounds isolated from D. bulbifera bulbils (1: Allantoin; 2: 2,4,3',5'-Tetrahydroxybibenzyl; 3: 2,4,6,7-
Tetrahydroxy-9,10-dihydrophenanthrene; 4: Myricetin; 5: 5,7,4’-Trihydroxy-2-styrylchromone; 6: Quercetin-3-0-3-b-glucopyranoside; 7:

Quercetin-3-0-3-p-galactopyranoside).

seven hydrogen bonds with Thr66, Glu92, Aspllé,
GIn148, and Lys159 (Figure 2C), whereas compound 7
formed only five hydrogen bonds with Asp64, Thr66,
Glu92, Aspl16, and Lys159 (Figure 2D), thereby com-
pound 7 (ICs, value=21.80 uM) exhibited lower activity
than that of compound 6 (ICs, value=19.39 uM).
According to Figure 3, a slight difference was observed
in the orientation of their sugar moiety. For compound
6, it was directly pointed to the flexible loop and
interacted tightly with the two hydrogen bonds of
GIn148 while the sugar moiety of compound 7 formed
a strong interaction with Asp64, a catalytic residue 1.5 A
distant but without any interaction with the flexible loop.

Results from the molecular docking study supported
the high inhibitory effect of the four active compounds
because they could establish hydrogen bonds with

Asp64, Thr66, His67, Glu92, and Aspllé, the amino
acid residues participating in the 3’-processing reaction.
They also interacted with GIn148, Glul52, Asnl55, and
Lys159, the amino acid residues involved in the strand
transfer reaction (Dayam & Neamati 2004) that resulted
in an inhibition of HIV-1 IN activity. Therefore, the
predicted interactions of the active compounds with the
IN enzyme by the docking study clearly confirmed their
inhibitory potency toward the IN catalytic reaction.

Conclusions

From the present study, seven compounds were isolated
from the ethyl acetate and water fractions of D. bulbifera
bulbils and this is the first report of compounds 1, 2, and
5 isolated from this plant. These results provide a strong
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Table 3. The binding energy and H-bonding residues of active compounds with HIV-1 IN.
Binding energy

Compounds 1Cs50 (LM) (kcal/mol) H-bonding residues Distance (A)
2,4,6,7-Tetrahydroxy-9,10-dihydro 14.20 —4.55 Thr66 1.67
phenanthrene (3) GIn148 2.39
Glu152 227
Asn155 2.10
Lys159 1.88
Myricetin (4) 3.15 —5.68 Thr66 1.91
His67 2.06
Asp116 1.89
Asp116 1.86
Glu152 2.16
Asn155 242
Lys159 1.71
Quercetin-3-0-(-D-glucopyranoside (6) 19.39 —5.24 Thr66 1.84
Thr66 2.14
Glu9g2 2.1
Asp116 2.16
GIn148 191
GIn148 2.06
Lys159 2.16
Quercetin-3-0-3-p-galactopyranoside (7) 21.80 —4.03 Asp64 157
Thr66 1.90
Glu92 1.70
Asp116 1.76
Lys159 2.20

Figure 2. Molecular docking of active compounds with HIV-1 IN. The ribbon models show the backbone of HIV-1 IN catalytic domain
with all hydrogen bonding residues are shown as stick models and coloured by heteroatom. Hydrogen bond interactions are shown as
red dash lines and represent bond length in angstrom (A). Mg?* ions are shown as purple balls. Compound 3 (A), compound 4 (B),
compound 6 (C), and compound 7 (D).
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Figure 3. Superimposed structures of the docked conformations of compound 6 (yellow) and compound 7 (green) with amino acid
residues of IN (stick models coloured by heteroatom) and Mg?* (purple balls).

basis for the use of D. bulbifera for AIDS treatment.
Moreover, the active compounds inhibited the catalytic
reaction of IN by blocking the amino acid residues
involved in the 3'-processing and strand transfer reac-
tions. The structural models of the interactions at the IN
active site can provide a useful guide for further designs
for structure-based drugs and development of more
effective inhibitors of HIV-1 IN.
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