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Abstract

We report molecular modeling and functional confirmation of Ole and HT binding to HIV-1
integrase. Docking simulations identified two binding regions for Ole within the integrase active site.
Region | encompasses the conserved D64-D116-E152 motif, while region Il involves the flexible
loop region formed by amino acid residues 140-149. HT, on the other hand, binds to region Il. Both
Ole and HT exhibit favorable interactions with important amino acid residues through strong H-
bonding and van der Waals contacts, predicting integrase inhibition. To test and confirm modeling
predictions, we examined the effect of Ole and HT on HIV-1 integrase activities including 3'-
processing, strand transfer and disintegration. Ole and HT exhibit dose-dependent inhibition on all
three activities, with ECsgs in the nM range. These studies demonstrate that molecular modeling of
target-ligand interaction coupled with structural-activity analysis should facilitate the design and
identification of innovative integrase inhibitors and other therapeutics.
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INTRODUCTION

HIV-1 integrase is one of three viral enzymes required for viral replication, along with RT and
protease [1-3]. Integration of HIV-1 cDNA into the host chromosome is essential for stable
maintenance of the viral genome, efficient viral gene expression and productive infection.
Thus, viral integrase is a critical target for anti-HIV therapy [4,5]. The first step leading to viral
DNA integration is the binding of viral integrase to HIV long terminal repeat (LTR) sequences.
This is followed by three sequential reactions: 1) 3'-processing, the removal of two nucleotides,
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GT, from the 3’-end of HIV-LTR, 2) strand transfer, a concerted cleavage-ligation reaction, in
which the integrase makes a staggered cut in the target DNA and ligates the recessed 3’ ends
of the viral DNAto the 5" ends of the target DNA, and 3) gap repair, removal of the two unpaired
nucleotides at the 5" end of the viral DNA and repair of the gap between the viral and the target
DNA. In the presence of a DNA substrate that mimics the product of viral integration, integrase
can catalyze the reversal of strand transfer, known as “disintegration” [6], in which viral DNA
is released and the target DNA is sealed. In this article, we report our findings on molecular
modeling of Ole and HT interactions with HIV-1 integrase, and confirmation of model
predictions by analysis of functional activities.

MATERIAL AND METHODS
Oleuropein (Ole) and Hydroxytyrosol (HT)

Ole and HT used in this study were prepared and purified from olive leaf extract as described
in the preceding article.

Target Cells, HIV-1, Anti-HIV and cytotoxicity assays

Target cells MT2, H9, HIV-1,;,g chronically infected H9 (H9/HIV-1,;,g) and HIVV-1/I11B virus,
were obtained through the AIDS Research and Reference Reagent Program, NIAID, NIH.
MT-2 cells were from D. Richman [7,8]. H9 cells and HIV-1I1IB virus stocks were from R.
Gallo [9,10]. The cell lines were cultured in RPMI medium 1640 containing 100U/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, and 10% heat-inactivated fetal calf
serum. Viral stocks were prepared and standardized as described previously [11]. Anti-HIV
activity was measured by the microtiter syncytial formation and HIV-1 p24 production assays
[11]. Cytotoxicity was determined by the MTT assay [11].

Molecular Modeling

A combination of molecular docking, molecular dynamics (MD) simulation and free energy
calculations [12,13] were performed to probe the interactions of Ole or HT with viral targets.
Docking was performed with AutoDock version 3.0.5 [14]. Relaxation of docking structure
obtained was carried out by the program Discovery from Insight Il (Accelrys Inc., San Diego,
CA, U.S.A)), using 500 steps of Steepest Descent followed by Conjugate Gradient until the
root mean square (RMS) of the energy gradient reaches 0.01 kcal/molA.

HIV-1 Integrase

HIV-1 integrase was expressed in E. coli from pIN (F185H/C280S) and purified according to
previously reported method [15]. This recombinant clone makes the integrase protein more
soluble and stable without affecting in vitro activity. HIV-1 integrase protein (F185H/C280S)
was used as a standard for purification and assay. The integrase clone pIN (F185H/C280S) and
the standard integrase protein were obtained through the NIH AIDS Research and Reference
Reagent Program, NIAID, NIH from Dr. Robert Craigie [16].

Integrase Substrates

Oligonucleotide substrates were synthesized and purified as described previously [17]. Three
types of substrates were synthesized with sequences that correspond to the U3 and U5 ends of
HIV-LTR: (i) the 21-nucleotide minus strand of U3 end HIV-LTR 5'-
GAGTGAATTAGCCCTTCCAGT-3', and the U5 HIV-LTR, 5'-
GTGTGGAAAATCTCTAGCAGT-3, as well as their complementary strands, for assaying
the 3'-processing reaction; (ii) the 19-mer U3-GT, and U5-GT (i.e., U3 and U5 minus the 3'-
end dinucleotide GT) for assaying heterologous integration (strand transfer); and (iii) a 38-mer
dumbbell substrate with the sequence 5'-
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TGCTAGTTCTAGCAGGCCCTTGGGCCGGCGCTTGCGCC-3', for assaying the dis-
integration.

Radiolabeling and Preparation of the Substrates

The integrase substrates were 5’-end radiolabeled as reported previously [17]. Briefly, 1ug of
the oligonucleotide was 5'-end labeled with 100 pCi of [a-32PJATP (3000 Ci/mmol; 1 Ci = 37
GBqg; A-mersham) by 20 units of polynucleotide T4 kinase in a final volume of 40 pl of kinase
buffer (Boehringer Mannheim) at 37°C for 60 min. The reaction was stopped by EDTA (25
mM) and heat inactivation. Unincorporated label was removed by two passages through a
Sephadex G-25 spin column (Boehringer Mannheim). The purified labeled oligonucleotide
was then annealed with an equimolar amount of unlabeled complementary strand in 10 mM
Tris HCI, pH 7.5/1 mM EDTA/100 mM NaCl at 95°C for 5 min followed by slow cooling.
The dumbbell substrate was self-annealed under the same conditions.

Integrase Assays

Integrase assays were carried out in 20 mM Hepes, pH 7.5/10 mM MgCl, or MnCl, /10 mM
dithiothreitol/0.05% Nonidet P-40 (integrase buffer) with 40 pmol of HIV-1 integrase and 20
ng of 5’-end radiolabeled substrates specific for 3'-processing (21-mer U3), strand-transfer (19-
mer U3-GT)) or disintegration (38-mer dumbbell) in the presence or absence of Ole or HT in
a final volume of 10 pl at 37°C for 60 min. For 3'-processing and disintegration, the reactions
were stopped by the addition of 10 pul of 90% formamide/ 0.025% bromophenol blue/0.025%
xylene cyanol/89 mM Tris/89 mM boric acid/2 mM EDTA, pH 8.0. Samples were heated at
75°C for 3 min, load at 10ul/well onto 18 % polyacrylamide denaturing (7.5 M urea) gels in
TBE buffer and electrophoresed at 200 V constant voltage at room temperature for 2 h. The
results were visualized by autoradiography of wet gels. For strand-transfer (integration),
pUC18 plasmid DNA (50 ng) was used as the target for the integration of viral DNA into
heterologous plasmid DNA. The reaction was stopped by 0.1% SDS and integration products
monitored on 1% agarose gels at 10 ul/well in TBE buffer at 100 V constant voltage at room
temperature for 45 min. The results were visualized by autoradiography of dried gels.

RESULTS

Ole and HT Bind to the Catalytic Site of HIV-1 Integrase

To examine the molecular interactions of Ole and HT with HIV integrase, we performed a
series of docking simulations. In these studies, we focused on the catalytic core domain (CCD)
of the viral enzyme, because the linkages between the CCD and both the N- and C-terminal
domains (NTD and CTD) are flexible and have been not precisely determined. We used the
crystal structure 1QS4 (pdb ID) as the starting structure [18], because it is the only structure
has an inhibitor (5CITEP) bound in the active site. To keep the binding pocket available, we
removed the ligand (5CITEP) from the CCD. Before docking, the missing residues in the loop
region and the point mutation at position 185 were restored with AMBER software. The K185
mutation was converted to the native F185.

Figures 1A and 1B represent the predicted bound conformations of Ole and HT within the
active site of HIV-1 integrase. Two unique binding regions have been identified within the
integrase active site [2, 4], referred to as regions | and Il (Figure 1B). Region I, near the active
site center, encompasses the conserved DDE motif, D64-D116-E152 in HIV-1 integrase. These
residues are highly conserved in all integrases, retrotransposases and other DNA-processing
enzymes (polynucleotide transferases). Mutation of any of these acidic amino acids abolishes
integrase activities and viral replication. D64 and D116 are involved in the formation of
coordination complex with divalent metal (Mg2+ or Mn2+). A second metal (Mg2+ or Mn2
+) can be coordinated between D116 and E152 once HIV-1 integrase binds its DNA substrates
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(20, 21). Metal ion coordination with viral integrase and the phosphodiester backbone of the
DNA substrates are likely to occur during 3'-processing and strand-transfer reactions. Region
I1is close to the active catalytic loop (amino acid residues 139-147), and involves the flexible
loop formed by amino acid residues 140-149. This loop region has been identified as the DNA
binding site which is important for integrase action [19].

As seen in Figure 1A, Ole binds to both regions | and 1. The B-glycopyranose moiety of Ole
interacts with residues in region Il whereas the dihydroxyphenol ring occupies region I. Figures
1C and 1D are ribbon representation of the HIV-integrase CCD showing major strong H-
bonding sites with Ole and HT. The flexible loop widens the active site region and allows the
sugar ring of Ole to dock with strong H-bond with P142 and Q148 as well as form weak
interactions with S147. The dihydroxyphenol moiety of Ole binds to region | with a strong H-
bond interaction with D64 and a weak H bond-network interactions with K156 and K159. This
suggests that Ole would be a strong integrase binding inhibitor because it interacts with residues
in both regions I and I1. On the other hand, the dihydroxyphenol ring of HT binds to region Il
with strong H bond interaction with F139 and nearby T115, and weak interactions with E138
and Q 148. Since the dihydroxyphenol ring is capable of binding both regions | and Il, HT
maintains the ability to bind the integrase active site even if mutations occur. Thus the
likelihood of resistance development should be less than inhibitors that bind to a single site.
Thus, interaction modeling suggests that Ole and HT bind to both regions | and I, so they
would be expected to be effective against metal coordination as well as substrate binding.
Modeling results therefore predict that Ole and HT would inhibit all of the three HIV-1
integrase activities.

Ole and HT Inhibit 3'-Processing Activity of HIV-1 Integrase

Modeling predictions that Ole and HT may affect HIV-integrase activity were tested in all of
the three activities, namely 3’-processing, strand transfer (integration) and disintegration.
Results of HIV-1 integrase inhibitory activities of Ole and HT are summarized in Table | with
their anti-HIV activities.

Figure 2A shows the 3'-processing reaction and results. 5’ [32P] labeled 21-mer double-stranded
oligonucleotide that mimics the U3 HIV-1 LTR was used as a substrate. 3'-processing by HIV-1
integrase, removes the dinucleotide GT from the 3’ end of the labeled minus strand of the 21
-mer substrate and yields a 3’ recessed product (U3-GT) with 19 nucleotides in length. Ole or
HT inhibits the 3'-processing activity of HIV-1 integrase. Figure 2A demonstrates dose-
dependent inhibition of 3'-processing by Ole and HT as detected by 7.5 M urea denaturating
polyacrylamide gel electrophoresis. Inhibition of the formation of the 19 -mer product from
the 21 -mer substrate increases with the increase of Ole or HT concentration from 25 to 100
nM. The degree of inhibition depends on the concentrations of the HIV-1 integrase, the
substrate and the inhibitor. Under our assay conditions, ECsps of 46 and 54 nM were obtained
for Ole and HT respectively, and total inhibition was observed at 100 nM. Substrate U5 HIV-
LTR showed similar results.

Ole and HT Inhibit Strand-Transfer Activity of HIV-1 Integrase

The effect of Ole and HT on the strand-transfer activity of HIV-1 integrase was tested by a
quantitative heterologous integration assay. Figure 2B shows the design and results of this
assay: U3-GT, a 5' [32P] labeled and 3'-recessed 19-mer was used as the viral substrate. To
focus on strand transfer, a supercoiled pUC18 plasmid DNA of 2.69 kb was used as the
heterologous target. Incubation of the 5’ [32P] labeled viral substrate with unlabeled target in
the presence of HIV-1 integrase results in the integration of the labeled 19-mer viral substrate
into the 2.69 kb target plasmid. Integration was monitored by the conversion of unlabeled
plasmid to labeled DNA in agarose gel electrophoresis as seen in the figure. Under these
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conditions, any inhibition detected must be specific for strand transfer and not for 3’ processing.
Ole and HT demonstrated dose-dependent inhibition of the strand-transfer activity of HIV-1
integrase with ECsgps of 56 and 43 nM respectively.

Ole and HT are Effective Against Disintegration Activity of HIV-1 Integrase

Figure 2C shows a schematic representation of disintegration reaction and assay results.
Disintegration is the reverse of integration and involves concerted strand-cleavage and ligation
reactions [20]. Strand cleavage takes place precisely at the junction between the viral and the
target sequences and is coupled with the rejoining of the cleaved target sequences. The
disintegration substrate is a dumbbell shaped 38-mer oligonucleotide that mimics the
recombination intermediate of HIV-1 integration. It contains 5' [32P] labeled virus-specific
U5-LTR sequence of 14-mer in the stem of the hairpin loop and arbitrary target DNA sequences
of 24-mer in the base of the dumbbell [21, 22]. The folded structure of the annealed substrate
shown is based on reports obtained from hairpin formation by similar sequences [23, 24].
Disintegration of the 5’ [32P] labeled dumbbell by HIV-1 integrase is expected to give two
products, a 5’ [32P] labeled 14-mer hairpin loop viral sequence and an unlabeled 24-mer closed
circular target DNA. In the presence of HIV-integrase, the production of labeled 14-mer hairpin
loop was detected by 7.5 M urea denaturating polyacrylamide gel electrophoresis and
autoradiography of the gel, whereas the 24-mer product, the target DNA, was not seen in the
autoradiography because it is unlabeled. This product can be detected by UV shadowing of the
gel or by the use of 3'-labeled substrate. In the presence of Ole or HT, dose-dependent inhibition
on the formation of the labeled 14-mer disintegration product was observed with ECggs of 28
or 18 nM respectively.

DISCUSSION

Several classes of HIV integrase inhibitors have been reported [4,23], but none is clinically
available yet. Lack of structural information for the intact protein, issues regarding different
active site conformations dependent on crystal structure, and uncertain oligo-meric character
of the enzyme protein have impeded the discovery of a clinically useful HIV-integrase inhibitor
[4,23]. Thus, molecular modeling becomes a key component in both the design of new integrase
inhibitors and the identification of important protein—ligand interactions. There are 14 crystal
structures of HIV-integrase available from the Protein Data Bank (PDB); however, only one
has an inhibitor bound in the active site: 1QS4 [18]. We believe that this crystal structure
contains the inhibitor would be the most relevant active site conformation on which to conduct
the docking simulations with our anti-HIV small molecules, Ole and HT, despite previously
reported crystal-packing effects associated with this structure [24].

The docking results reported here show good correlation with experimental data and provide
a valuable tool for both evaluating compounds and designing more potent inhibitors. Ole and
HT exhibit dose dependent inhibition in all of the three activities of HIV-1 integrase: 3'-
processing, strand transfer and disintegration with ECgps all in the nM range. These compounds
also showed good antiviral efficacy both in cell-to-cell transmission of HIV-1 as assayed by
syncytial formation and in HIV-1 replication as assayed by p24 production. However, they are
not toxic in the effective dose ranges and even at the concentration of 1,000 times ECsq (Table
1).

To our knowledge, Ole and HT are the first group of small molecules capable of multiple
actions against the AIDS virus, inhibiting both viral entry and integration. To act both outside
and inside of the cellular environments represents a great advantage of this novel class of drugs.
The structure-function information described here should facilitate the design of innovative
multi-functional HIV-1 inhibitors.
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Figure 1. Molecular docking of Ole and HT with HIV-1 integrase

The predicted binding structures of Ole (A) and HT (B) inside the HIV-1 integrase catalytic
site. Integrase is shown as a surface model, while Ole and HT are shown as van der Waals
models and the purple sphere represents Mg2*. Hydrogen bonds formed by Ole (C) and HT
(D) with integrase are indicated as green dotted lines, and the integrase backbone is represented
by the cyan ribbon.
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A. 3’-Processing
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Figure 2. The effect of Ole and HT on HIV-1 integrase 3'-processing, strand transfer and

disintegration activities

A. The effect of Ole and HT on HIV-1 integrase 3'-processing activity

Left: Schematic representation of the 3'-processing activity of HIV-1 integrase. A 5'-32p-
labeled 21-mer of HIVV-1 LTR U3 double-stranded (ds) DNA was used as the substrate. Specific
cleavage of the dinucleotide GT from the 3’ end of the substrate results in the formation of 19-

mer 3'-recessed U3-GT.

Right: Inhibition of HIV-1 integrase 3'-processing activity by Ole and HT. Inhibition was
monitored by the formation of labeled 19-mer product. Lane 1, the 21-mer substrate, 5’-32P-
labeled U3. Lane 2, cleavage of the 3' GT of the 21-mer substrate by HIV-1 integrase results
in the formation of the 19-mer 3'-recessed U3-GT. Lanes 3-7 or 8-12, in the presence of 25,

50, 75, 100, and 200 nM Ole or HT.

B. The effect of Ole and HT on HIV-1 integrase strand transfer activity
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Left: Schematic representation of strand transfer (integration). Pre-cleaved 5'-32P-labeled U3-
GT 19-mer was used as the viral substrate and, unlabeled pUC18 DNA (2.69 kb) was used as
the heterologous target substrate.

Right: Inhibition of strand-transfer activity of HIVV-1 integrase by Ole and HT. Integration was
monitored by the conversion of the unlabeled plasmid into labeled DNA. Lanes 1, 5'-32p-
labeled size marker, Hindlll fragments of A phage DNA. Lanes 2, target substrate, pUC18;
because it is unlabeled, it is not seen in the autoradiogram. Lanes 3, the product of integration
(ST) by HIV-1 integrase. The integration of the 532P-labeled U3-GT into pUC18 results in
the appearance of labeled band at 2.69 kb, corresponding to the size of pUC18. Lanes 4-8, in
the presence of 25, 50, 75, 100 and 200 nM Ole or HT.

C. The effect of Ole and HT on HIV-1 integrase disintegration activity

Left: Schematic representation of the disintegration activity of HIV-1 integrase. The 5’ 32P-
labeled 38-mer dumbbell was used as the substrate and shown with the predicted secondary
structure. Disintegration yields a 32P-labeled 14-mer consisting of the viral sequences in the
hairpin stem and a 24-mer unlabeled target sequence that has been repaired.

Right: Inhibition of disintegration activity of HIV-1 integrase by Ole and HT. Lane 1, the

5' 32p-Jabeled 38-mer dumbbell substrate. Lane 2, treatment with HIV-1 integrase results in
the formation of the 5’ 32P-labeled14-mer disintegration product. Lanes 3, 4, 5, 6, 7
disintegration assays in the presence of 25, 50, 75, 100, and 200 nM Ole. Lanes 8, 9,10,11,12,
in the presence of 25, 50, 75, 100, and 200 nM HT.
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Table 1
Anti-HIV Activities and Inhibition on HIV-1 Integrase Activity
Compound Anti-HIV Activi'[ya Inhibitory Activityb ECc, (NM)
EC, (hM) 1C:, (NM) HIV-1 Integrase Activities
Syncytium P24 Cytotoxicity| 3'-Prog ST Dis-In|
Ole, 5545 73+8 >10,000 466 56+5] 28+3
HT 61+6 68+8] >10,000 5445 4345 18+2

a . . S . . S
EC50, effective concentration at 50% inhibition; 1C5(, cytotoxicity concentration at 50% inhibition.

3’-Proc, 3'-processing; ST, strand transfer; Dis-In, disintegration. VValues are means +SD of triplicates in three independent determinations
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