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In a recent report on anti-HIV activity of dimeric phloroglucinol compounds, seven out of twenty one
compounds were shown to possess good activity in HIV infected human CD4+ T cell line. The seven active
compounds were docked into the active sites of HIV-1 reverse transcriptase (RT), integrase (IN), and pro-
tease (PR). Two compounds which have RT inhibitory activity exhibited H-bonding interaction with
Lys101. Compounds 1, 5, and 6 exhibited good binding interactions with catalytic residues Asp64 and
Asp116, while compounds 5 and 7 showed binding with PR (Asp25, Gly27, and Asp29). We propose here
that compound 5 may be a dual inhibitor acting against both IN and PR. The docking results gave the
information about active site binding modes of dimeric phloroglucinols interacting with HIV proteins.

© 2010 Elsevier Ltd. All rights reserved.

Human immunodeficiency virus type 1 (HIV-1) causes acquired
immunodeficiency syndrome (AIDS). The pol gene of HIV-1 en-
codes three key enzymes to propagate its life cycle—(1) reverse
transcriptase (RT), also known as RNA-dependent DNA polymer-
ase, that is, used by the virus to transcribe the viral genomic RNA
to proviral DNA, which is then integrated into the host genome,
(2) integrase (IN), the enzyme used for catalyzing 3’ ends prepro-
cessing of the viral DNA which is covalently ligated to the host
chromosomal DNA and (3) protease (PR), enzyme used for the pro-
cessing of the new virulent viral particles. These three enzymes are
potential drug targets for chemotherapeutics.!™

Phloroglucinols are known to occur naturally in certain plant
genera Dryopteris, Aspidium, Mallotus, Hypericum, Eucalyptus, and
Helichrysum. The phloroglucinol compounds have shown a diverse
range of biological activities including anti-HIV activity.’

Recently, anti-HIV activity of dimeric phloroglucinol derivatives
has been reported.® These compounds have two monomeric units
joined through a methylene linkage with variation in the acyl chain
on both the phloroglucinol nuclei or with different substituents on
the linked methylene bridge. Out of twenty one, seven dimeric
phloroglucinol derivatives showed good anti-HIV activity in a hu-
man CD4+ T cell line (Fig. 1). The compounds 2 and 3 exhibited
highest anti-HIV activity. All the seven active compounds were also
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screened against RT; compounds 3 and 4 exhibited good inhibitory
activity against RT.®

These seven compounds were used for docking studies. The
objective of the present study is to explore the binding mode of di-
meric phloroglucinol derivatives with HIV-1 reverse transcriptase,
protease, and integrase using computational docking methodology.
Two compounds that showed RT inhibitory activity were docked
into the active site of HIV-1 RT enzyme to validate the concept.
The other compounds which did not show RT inhibitory activity
were selected for docking studies against the active sites of HIV-
1 PR and IN.

Docking studies of dimeric phloroglucinol derivatives were per-
formed using autopock4.2 program’ on crystal structure of HIV-1
RT, IN, and PR enzymes, their PDB IDs are 3FFI, 1QS48, and
1HSG,® respectively. All compounds were built using sysvi7.1
molecular modeling package!® installed on a Silicon Graphics Fuel
Work station running IRIX 7.1. Tripos force field, Gasteiger Huckel,
partial atomic charges'! and Powell’s conjugate gradient method
were used for minimization of all molecules with 0.05 Kcal/mol en-
ergy gradient convergence criterion.'? All protein structures were
prepared for docking using AutoDock Tool. Co-crystallized ligands
and all water molecules were removed from crystal proteins while
a magnesium ion (Mg?*) at the active site of HIV-1 IN (1QS4) was
maintained. Polar hydrogen’s were added and non-polar hydro-
gen’s were merged, finally Kallman united atom charge and atom
type parameter was added. Grid map dimensions were set sur-
rounding active site and also significant portion of the surrounding


http://dx.doi.org/10.1016/j.bmcl.2010.06.057
mailto:prabhagarg@niper.ac.in
http://dx.doi.org/10.1016/j.bmcl.2010.06.057
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

4428 P. Gupta et al./Bioorg. Med. Chem. Lett. 20 (2010) 4427-4431

Figure 1. Structures of anti-HIV dimeric phloroglucinols.®

surface. Lamarckian genetic search algorithm was employed and
docking run was set to 30. All other parameters were set to default
value: maximum number of energy evaluation 25,000,00 per run;
maximum number of generation in the genetic algorithm was in-
creased to 27,000.”

First, docking studies of co-crystallized ligands of these proteins
3FFI, 1QS4, and THSGA were performed and it was found that all
the co-crystallized ligands superimposed well with experimentally
determined ligands (Table 2 and Figs. 10-12 in Supplementary
data). These set of parameters of docking protocol were further
used for our studies. Among the seven compounds, two dimeric
phloroglucinol compounds 3 and 4 showed 87.75% and 80.46%
inhibition against RT.® The H-bonding interactions exhibited by
the compounds 3 and 4 with Lys101 was already reported to be
important for inhibition.”® The docking results of RT are shown
in Table 1. The middle portion of compounds 3 (benzyloxyphenyl)
and 4 (quinolyl) were found near to Lys103, Ser105, Val106,
Pro225, Phe227, Leu234, Pro236, and Tyr318 (Figs. 2 and 3). These

Table 1

residues also exhibited hydrophobic interactions strengthening the
binding of inhibitor to the active site. Both the compounds 3 and 4
have similar aromatic rings on both sides of the linker methylene
bridge that interacted with different residues of active site. The
acyl groups on the phloroglucinol nuclei in compounds 3 and 4
are surrounded by Pro95, His96, Pro97, Val106, Thr107, Val108,
Tyr181, Tyr188, Phe227, Trp229, and Leu234 which also exhibited
hydrophobic interactions (Figs. 2 and 3). Similarly, another acyl-
ated aromatic ring of compounds 3 and 4 also exhibited hydropho-
bic interaction with residues Pro97, Leul100, Lys101, Lys102,
Lys103, Asn136, Gly138, Val179, 1le180, Gly190, and Ser191 (Figs.
2 and 3). Some of these interactions are also supported by pub-
lished results.!*'> The substituents on compound 4, the acetyl
and quinolyl groups have low steric volume than compound 3 with
isovaleryl and benzyloxyphenyl (Fig. 1). This may be possible rea-
son for higher RT inhibitory activity of compound 3 compared to 4.

Active site formed by these hydrophobic residues and multiple
ring system inhibitors showed that hydrophobic interaction is

H-bonding and Mg?* interactions observed between compounds and active site of RT, PR, and IN

Compd RT PR IN aMg?* - interaction (A)
H-boning (A) H-boning (A) H-boning (A)
1 - OH-0=C Gly27' (2.19) OH-0=C Asp64 (2.08) HO-Mg?* (3.40)
O-HN Asp29 (2.18) OH-0=C Asp64 (1.93) HO-Mg?* (3.41)
C=0-HN His67 (1.98) HO-Mg?* (3.20)
C=0-HN Asn155 (1.86) C=0-Mg>* (3.9)
OH-NH Asp116 (2.21) C=0-Mg** (3.70)
2 - C=0-HN lle50 (2.12) OH-0=C Asp64 (2.23) HO-Mg?* (3.50)
C=0-HN Ile50' (1.64) C=0-HNAsn155 (2.02) HO-Mg?* (2.67)
C=0-Mg** (3.11)
3 OH-0=C Lys101 (2.06) - -
4 OH-0=C Lys101 (1.90) - -
5 - OH-0=C Asp25' (2.09) OH-0=C Asp64 (1.87) HO-Mg?* (3.20)
OH-0=C Gly27 (1.96) OH-0=C Cys65 (2.06) HO-Mg?* (3.97)
C=0-HN Asp29 (2.22) C=O-HN His67 (1.89) HO-Mg?* (3.18)
OH-0=C Asp116 (1.92)
C=0-HN Asn155 (1.64)
6 - OH-0=C Asp25' (1.81) OH-0=C Cys65 (1.96) HO-Mg2* (2.76)
OH-0=C Asp25 (2.05) C=0-HN His67 (1.79) HO-Mg?* (3.66)
OH-0=C Asp116 (1.89)
C=0-HN Asn155 (1.57)
7 - OH-0=C Asp25' (2.16) OH-0=C Glu92 (2.07) HO-Mg?* (2.15)

OH-0=C Gly27' (2.07)
OH-0=C Gly27 (1.71)
C=0-HNAsp29 (2.14)

C=0-HN His67 (1.89)

C=0-Mg?* (2.91)

The value in parentheses is H-bonding distance between donor/acceptor atom of ligand and protein acceptor/donor atoms and ’ indicate B chain of PR.
2 Distance between highly electronegative atom of ligand and Mg?*.



P. Gupta et al./Bioorg. Med. Chem. Lett. 20 (2010) 4427-4431 4429

| W

Lys103

~

Met23

I'yr181

Figure 2. Docking interactions of compound 3 into the active site of RT (3FFI).
Green color sticks for active site residues; cyan color sticks for docked conformation
of compound 3; magenta color sticks for co-crystallized ligand (generated by Pymol
program; www.pymol.org).
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Figure 3. Docking interactions of compound 4 into the active site of RT (3FFI).
Green color sticks for active site residues; cyan color sticks for docked conformation
of compound 4; magenta color sticks for co-crystallized ligand (generated by Pymol
program; www.pymol.org).

important for inhibition. Both compounds were well superimposed
on co-crystallized ligand (Figs. 2 and 3) suggesting that these
docked conformations may be the most favorable conformation
of these inhibitors.

The compounds 1, 2, and 5-7 docked (1QS4) near to Mg?* which
was found to be essential for HIV-1 IN activity (Figs. 4-6 and Sup-
plementary data Figs. 13 and 14).'5"!° The H-bonding interactions
exhibited by these molecules are with Asp64, Cys65, His67, Glu92,
Asp116, and Asn155. The docking results of HIV-1 IN are shown in
Table 1. Most of the compounds consistently exhibited H-bonding
to catalytic residues (Asp64 and Asp116), except compound 7.
These residues are important for integrase activity.!>#20-27 The
substituents on methylene of compounds 1 (cyclohexyl), 2 (phe-
nyl), 5 (2-furyl), 6 (N,N-dimethylaminobenzene) and 7 (pyridyl)
are surrounded by GIn62, Leu63, Ile141, Pro142 (the residues
Ile141-Asn144 are missing in PDB ID 1QS4 and analyzed by over-
lapping PDB ID BIS** with 1QS4) and GIn148 (Figs. 4-6 and Supple-

The66

Figure 4. Docking interactions of compound 1 into the active site of IN (1QS4).
Green color sticks for active site residues; cyan color sticks for docked conformation
of compound 1; magenta color sticks for co-crystallized ligand; red ball for
magnesium ion (generated by Pymol program; www.pymol.org).
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Figure 5. Docking interactions of compound 5 into the active site of IN (1QS4).
Green color sticks for active site residues; cyan color sticks for docked conformation
of compound 5; magenta color sticks for co-crystallized ligand; red ball for
magnesium ion (generated by Pymol program; www.pymol.org).

mentary data for Figs. 13 and 14). These residues form moderately
lipophilic binding pocket and show hydrophobic interactions with
these substituents.?®> One of the phloroglucinol nucleus located
near to Thr66, Glu152, Asn155, Lys156, and Lys159 exhibited
hydrophobic interactions to these residues.

The highly electronegative atoms (oxygen of -OH and -C=0
groups) formed coordination bond to the metal ion and chelated
it (Table 1 for distance between nearby highly electronegative
atom and Mg?"). Interestingly, cation-m interaction exhibited by
these molecules between Mg?" and w electrons of one of the aro-
matic rings also strengthen the binding of inhibitors to the active
site of HIV-1 IN. The isovaleryl group of compounds 2 and 7
showed hydrophobic interactions to the active site residues
(Cys65, Thr66, His67, Asp116, Asn117, Gly118, Asn120, Glu152,
Asn155 and Lys159) (Figs. 13 and 14 in Supplementary data).
The docking analysis revealed that compounds bound differently
to the active site than 5-CITEP (co-crystallized ligand of 1QS4),
because of structural diversity. On the basis of docking studies,
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Figure 6. Docking interactions of compound 6 into the active site of IN (1QS4).
Green color sticks for active site residues; cyan color sticks for docked conformation
of compound 6; magenta color sticks for co-crystallized ligand; red ball for
magnesium ion (generated by Pymol program; www.pymol.org).

Figure 7. Docking interactions of compound 2 into the active site of PR (1HSG).
Green color sticks represent chain A residues; orange color sticks represent chain B
residues; cyan color sticks for docked conformation of compound 2; magenta color
sticks for co-crystallized ligand (generated by Pymol program; www.pymol.org).

we observed that compounds 1, 5 and 6 exhibited good binding
interactions (with catalytic residues Asp64 and Asp116) than com-
pounds 2 and 7. So, these compounds might have good HIV-1 IN
inhibitory activity (Table 1). These docking interactions are sup-
ported by published results.!821.22:26-31

The docking results of HIV-1 PR showed H-bonding interactions
with active site residues described in Table 1. The H-bonding inter-
actions exhibited by residues Asp25, Asp25’, Gly27, Gly27' Asp29,
Gly48', 11e50, and Ile50".232:33 The cyclohexyl, 2-furyl, N,N-dimeth-
ylaminobenzene, and pyridyl groups of compounds 1 and 5-7 are
surrounded by Asp29, Asp30, Val32, lle47, Gly48 and Gly49 (Figs.
8 and 9 and Supplementary data for Figs. 15 and 16).

These residues exhibited hydrophobic interactions with the
substituents of compounds 1 and 5-7. One of the phloroglucinol
nucleus of compounds (1 and 5-7) is surrounded by residues
Gly27', Asp25’, Ala28’, Gly49', lle50’, Pro81 and Val82. Similarly,
the other phloroglucinol nucleus is surrounded by residues
Gly27, Asp28, Asp29, Arg8 Leu23’ and Pro81’ (Figs. 7-9 and
Supplementary data for Figs. 12 and 13). These residues also

Figure 8. Docking interactions of compound 5 into the active site of PR (1HSG).
Green color sticks represent chain A residues; orange color sticks represent chain B
residues; cyan color sticks for docked conformation of compound 5; magenta color
sticks for co-crystallized ligand (generated by Pymol program; www.pymol.org).
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Figure 9. Docking interactions of compound 7 into the active site of PR (1HSG).
Green color sticks represent chain A residues; orange color sticks represent chain B
residues; cyan color sticks for docked conformation of compound 7; magenta color
sticks for co-crystallized ligand (generated by Pymol program; www.pymol.org).

imparted hydrophobic interactions to the aromatic rings of com-
pounds. Interestingly, compound 2 oriented differently into the ac-
tive site than compounds 1, 5-7 (Fig. 9) possibly resulting in higher
anti-HIV activity of compound 2. This compound exhibited H-
bonding interactions with Ile50 and Ile50’ (Table 1). The phenyl
group of this compound is surrounded by residues Val32, Pro81,
Val82 and Ile84 which showed hydrophobic interactions. One
phloroglucinol ring is surrounded by Ile50, lle50’ Val82 and Ile84,
while other by Asp29’, Val32’, lle47’, Gly48' and Ile50. These resi-
dues showed hydrophobic interactions that imparted tight binding
to the active site of PR. On the basis of docking results, we observed
that compounds 5 and 7 exhibited good binding interactions
(Asp25', Gly27 and Asp29) to the active site of HIV-1 PR than com-
pounds 1, 2 and 6 (Table 1). These compounds might have anti-
HIV-1 PR inhibitory activity.

The docking studies of dimeric phloroglucinol derivatives have
shown good binding interactions into the active site of HIV-1 RT,
IN and PR. Compounds 3 and 4 showed good binding pose with
RT protein that can be helpful to understand the mechanism of
binding of these compounds to the active site of RT.
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We concluded from docking studies that compounds 1, 5 and 6
showed good binding interactions to the IN protein, while com-
pounds 5 and 7 showed with PR protein. It was also found that
compound 2 is differently oriented into the active site of PR, may
be because of high anti-HIV activity or bind to the active site by
alternative mechanism of viral inhibition.® Overall results of dock-
ing analysis found that compound 5 exhibited good binding mode
in both protein IN and PR.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2010.06.057.

References and notes

1. Chiu, T. K.; Davies, D. R. Curr. Top. Med. Chem. 2004, 4, 965.
. d’Angelo, ].; Mouscadet, ]. F.; Desmaéle, D.; Zouhiri, F.; Leh, H. Pathol. Biol. 2001,
49, 237.
. Andrake, M. D.; Skalka, A. M. J. Biol. Chem. 1996, 271, 19633.
. Johnson, A. A.; Marchand, C.; Pommier, Y. Curr. Top. Med. Chem. 2004, 4, 1059.
Singh, 1. P.; Bharate, S. B. Nat. Prod. Rep. 2006, 23, 558.
. Chauthe, S. K.; Bharate, S. B.; Sabde, S.; Mitra, D.; Bhutani, K. K.; Singh, I. P.
Bioorg. Med. Chem. 2010, 18, 2029.
7. Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart, W. E.; Belew, R. K.;
Olson, A. ]. J. Comput. Chem. 1998, 19, 1639.
8. Goldgur, Y.; Craigie, R.; Cohen, G. H.; Fujiwara, T.; Yoshinaga, T.; Fujishita, T.;
Sugimoto, H.; Endo, T.; Murai, H.; Davies, D. R. Proc. Natl. Acad. Sci. U.S.A. 1999,
96, 13040.
9. Chen, Z; Li, Y.; Chen, E.; Hall, D. L.; Darke, P. L.; Culberson, C.; Shafer, J. A.; Kuo,
L. C. J. Biol. Chem. 1994, 269, 26344.
10. syeyL7.1 Tripos Inc., St. Louis, MO, 63144, USA.

N

RSN

15.
16.
17.

18.

31.

32.

33.

4431

. Gasteiger, ].; Marsili, M. Tetrahedron 1980, 36, 3219.
. Powell, M. J. D. Math. Program. 1977, 12, 241.
. Pata,]. D.; Stirtan, W. G.; Goldstein, S. W.; Steitz, T. A. Proc. Natl. Acad. Sci. U.S.A.

2004, 101, 10548.

. Chen, H. F; Yao, X. J.; Li, Q.; Yuan, S. G.; Panaye, A.; Doucet, ]J. P.; Fan, B. T. SAR

QSAR Environ. Res. 2003, 14, 455.

Barreiro, G.; Guimaraes, C. R. W.; Tubert-Brohman, I.; Lyons, T. M.; Tirado-
Rives, J.; Jorgensen, W. L. J. Chem. Inf. Model 2007, 47, 2416.

Asante-Appiah, E.; Skalka, A. M. J. Biol. Chem. 1997, 272, 16196.

Marchand, C.; Johnson, A. A.; Karki, R. G.; Pais, G. C. G.; Zhang, X.; Cowansage,
K.; Patel, T. A.; Nicklaus, M. C.; Burke, T. R.; Pommier, Y. Mol. Pharmacol. 2003,
64, 600.

Neamati, N.; Lin, Z.; Karki, R. G.; Orr, A.; Cowansage, K.; Strumberg, D.; Pais, G.
C. G.; Voigt, J. H.; Nicklaus, M. C.; Winslow, H. E. J. Med. Chem. 2002, 45, 5661.

. Bujacz, G.; Alexandratos, J.; Wlodawer, A.; Merkel, G.; Andrake, M.; Katz, R. A.;

Skalka, A. M. J. Biol. Chem. 1997, 272, 18161.

. Craigie, R. J. Biol. Chem. 2001, 276, 23213.

. Dayam, R.; Neamati, N. Bioorg. Med. Chem. 2004, 12, 6371.

. Engelman, A.; Craigie, R. J. Virol. 1992, 66, 6361.

. Gait, M. ].; Karn, ]. Trends Biotechnol. 1995, 13, 430.

. Goldgur, Y.; Dyda, F.; Hickman, A. B.; Jenkins, T. M.; Craigie, R.; Davies, D. R.

Proc. Natl. Acad. Sci. US.A. 1998, 95, 9150.

. Gupta, P.; Roy, N.; Garg, P. Eur. J. Med. Chem. 2009, 44, 4276.

. Leavitt, A. D.; Shiue, L.; Varmus, H. E. J. Biol. Chem. 1993, 268, 2113.

. Sotriffer, C. A.; Ni, H.; McCammon, J. A. J. Med. Chem. 2000, 43, 4109.

. Serrao, E.; Odde, S.; Ramkumar, K.; Neamati, N. Retrovirology 2009, 6, 25.

. Vajragupta, O.; Boonchoong, P.; Morris, G. M.; Olson, A. ]. Bioorg. Med. Chem.

2005, 15, 3364.

. Sechi, M.; Derudas, M.; Dallocchio, R.; Dessi, A.; Bacchi, A.; Sannia, L.; Carta, F.;

Palomba, M.; Ragab, O.; Chan, C. J. Med. Chem. 2004, 47, 5298.

Healy, E. F.; Sanders, J.; King, P. J.; Robinson, W. E. J. Mol. Graphics Modell. 2009,
27, 584.

Dixon, R. A. F.; Scolnick, E. M.; Sigal, I. S. Proc. Natl. Acad. Sci. U.S.A. 1988, 85,
4686.

Wlodawer, A.; Miller, M.; Jaskolski, M.; Sathyanarayana, B. K.; Baldwin, E.;
Weber, 1. T.; Selk, L. M.; Clawson, L.; Schneider, J.; Kent, S. B. Science 1989, 245,
616.


http://dx.doi.org/10.1016/j.bmcl.2010.06.057

	Active site binding modes of dimeric phloroglucinols for HIV-1 reverse  transcriptase, protease and integrase
	Supplementary data
	References and notes


