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Previously, we have reported that aurintricarboxylic acid (ATA) is one of the most potent inhibitors of the
DNA binding of transcription factor N&B. We now report the NkB-DNA binding inhibitory activity of

ATA analogues. An electrophoretic mobility shift assay has shown that bromopyrogallol red (BPR) is the
most effective inhibitor of NReB-DNA binding among the studied analogues. The molecular modeling
studies showed that BPR makes a strong network of hydrogen bonds with the DNA-binding region of the
p50 subunit of NFeB and has electronegative potential on its peripheral surface. Because zinc has been
reported to influence the DNA binding of NEB, the interaction of these analogues with zinc was studied.
Chemical speciation and formation-constant studies showed that BPR forms the most stable 1:1 complex
with zinc. BPR has also been found to be the most potent antioxidant among the studied analogues.

Introduction made it an important and potential drug target. The drugs studied
against NF«B fall mainly into three categorie)d:antioxidants

The replicative cycle of HIV comprises a number of steps . e . - o .
P 4 P P @gainst oxidative stress conditions, which aid in RE-activa-

that could be considered adequate targets for chemotherapeuti

; ; i tion; 1xB phosphorylation and degradation inhibitors; and NF-
intervention! Most of the HIV inhibitors have shown problems, LI A . X
such as poor absorption and bioavailability, less antiviral “B-DNA binding inhibitors. We have mainly studied NéB-

specificity, and failure due to mutations in the virus. The DNg\Ngqgigg;Rhibitprsltréatrﬁ)_re_\(/ﬁnt fre%_NEB frorr|1 bri]ntljing
frequently observed mutation of HIV-1 is known to be a cause © : ese include histidinepyridine metal chelators

of drug resistance. Thus, there is a clear need for new antiviral 210 aurintricarboxylic acid (ATA), the latter being one of the

agents that affect unique targets that are not subject to mutationsStrongest inhibitors of NkB-DNA binding among the mol-

One such novel target is the host cell's transcription factor, ecules tested so faf.This prompted us to undertake the present

nuclear factor-kappa B (NEB), which plays an important role study, V\_/h_erein we investigate thg MB'DN.A binding ir!hit_)i-
in the regulation of HIV-1 gene expression. Targeting AB- tory activity of ATA analogues with the aim of establishing a

evades the problem of resistance because it is a hormal part O§tructur¢act|V|ty relatlons_hlp. o
the T-cell and is not subject to mutation. According to current estimates, over 2000 transcription factors

NF-«B belongs to a family of transcription factors (Rel/NF- &€ Zzinc-dependeft. Several studies have been done to
«B) that are sequestered in the cytoplasm by specif@ | investigate the zinc-dependent mechanism of the DNA binding
proteins?~7 NF-«B can exist in homo or heterodimeric forms. of NF-«B.122224A]| of these studies with respect to recombinant

In the case of HIV-1, the predominant NdB complex in the NF-«B-pS0 binding to DNA suggest that NEB recognizes

T-cells is the p56-p65 heterodimetNF-B binds to the target DA by using zinc-dependent motifs, and zinc may also play
DNA («B sites), and initiates gene expressidiRecent studies & role in cross-linking the DNA binding of the p50 dinér.
have shown that the p50 subunit of the NB-complex is the Therefore, considering th_e possible Z|nc+b|nd|ng qf thgse ATA
one that mainly interacts with the HIV-1 long-terminal repeat analogues, we have studied the effect of Zan the inhibitory
(LTR).1L12 The LTR «B site contains the sequenceGG- activity of _the most potent |nh|_b|tors and have also determined
GACTTTCC-3. The specific amino acids that are responsible the formation constant of the zinc complexes of these analogues.
for the interaction with the DNA are residues-5B1 of the
p50 subunit (59: Arg, Tyr, Val, Cys, Glu, Gly, Pro, Ser, His,
Gly, Gly, Leu, Pro: 71)}314 ATA analogues pyrocatechol violet (PV), aurin(AU), pyro-

It is the viral gene expression, where NB-plays a crucial gallol red (PR), bromopyrogallol red (BPR), fluorescein (FL),
role by binding to the HIV LTR reporter sequence (thB chrome azurol S (CAS), and eriochrome cyanine R (ECR) were
site) 815 Biochemical studies have shown a correlation between used in the present study. The structures of the analogues are
the activation of NReB and the transcription of HIV-LTR:15.16 indicated in Figure 1. Figures—24 show the inhibitory effect
The strong dependence of HIV gene expression oncRIRas of these analogues on the DNA binding of (pb@y 30 and
100uM concentrations as demonstrated by the electrophoretic
* Corresponding author. Tek-91-11-27666250. Fax+91-11-27666250.  mobility shift assay (EMSA). It was carried out by using the
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Figure 1. Structures of ATA analogues.
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Figure 2. Effects of pyrocatechol violet (PV), aurin (AU), pyrogallol  Figure 3. Effect of bromopyrogallol red (BPR) and fluorescein (FL)
red (PR) on the DNA binding of (p5@)The effect of zinc on the  on the DNA binding of (p5Q) The effect of zinc on the inhibition of
inhibition of the DNA binding of (p50) by PR is also shown. the DNA binding of (p50) by BPR is also shown.

and 100uM concentrations, whereas PV was effective at 100 binding at a very low concentration and that the addition of
uM. FL, CAS, ECR, and AU did not show significant inhibitory  zinc(ll) partially restored the DNA binding property of N¢B.
effects at both concentrations. The most potent one was BPR,Prasad et &4 have suggested that NfB recognizes DNA by
which inhibited DNA binding almost completely at 3M using zinc-dependent motifs. Zinc may also play a role in cross-
concentration, suggesting thestzalue of micromolar order.  linking the DNA binding of the p50 dimer. Hence, the zinc-
Several studies have demonstrated that zinc influences thebinding behavior of these analogues may be correlated with their
DNA binding of NF«B. Zabel et al® have showed that the  ability to inhibit NF«B-DNA binding. The zinc affinity of the
binding of NF«B to DNA was specifically blocked by the analogues PV, PR, BPR, CAS, and ECR was studied pH-
chelating agent 1,10-orthophenanthroline and could be recon-metrically. The formation constants for the zinc complexes of
stituted only by the addition of zinc. Otsuka et2&lhave these dyes were calculated using the pH measurement method
examined the effects of four novel heterocyclic chelator of Bjerrum2®as modified by Irving and Rossoff.The values
compounds comprising (dimethylamino) pyridine and histidine were refined using the weighted least-squares method and are
units and their zinc complexes on MB- binding to DNA. given in Table 1 along with the values of the protonation
Sharma et a&#2 demonstrated that ATA inhibited NEB-DNA constants for the analogues. The order of the stability constants
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Figure 4. Effect of chrome azurol S (CAS) and eriochrome cyanine
R (ECR) on the DNA binding of (p5@)

Table 1. Overall Equilibrium Constants for Zh—ATA Analogue
Complexes

log log log log log
ATA analogue BuL  PBrar PraL  Prar Pw Ot
pyrocatechol violet 11.34 20.34 25.42 7.48 0.06409

11.39 22.08 29.66 32.91 7.88 0.27948
bromopyrogallolred 11.10 21.60 28.06 31.66 9.71 0.01405
chrome azurol S 11.62 5.88 0.42193E-11
eriochrome cyanine R 11.32 5.95 0.15259E-07
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Figure 5. Species distribution curve of PVvzZn (ll). Total ligand
concentrationT, (PV) = 2.50 x 1073 M; total metal concentration,
Twm (Zn(11)) = 2.50 x 1072 M; ionic strengthu = 0.1 M (NaClQ);
temperatureT = 25 °C (£ 0.5°C).

for the zinc complexes are BPR PR > PV > ECR > CAS,
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Figure 6. Species distribution curve of PRZn (ll). Total ligand
concentrationT. (PR) = 2.53 x 10~ M; total metal concentration,
Twm (Zn(l1)) = 2.53 x 107*M; ionic strengthu = 0.1 M (NaClQ);
temperatureT = 25 °C (+ 0.5°C).
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Figure 7. Species distribution curve of BPRZn (Il). Total ligand
concentrationT, (BPR)= 2.53 x 107 M; total metal concentration,
Tw (Zn(l1)) = 2.53 x 10~ M; ionic strengthu = 0.1 M (NaClQy);
temperatureT = 25 °C (£ 0.5°C).

In an effort to rationalize the results obtained from EMSA
studies, we resorted to the application of molecular modeling
and computational methods with the intention of analyzing and
reviewing the structure of the DNA-binding region (DBR) in
complex with the analogue and explaining the structaetivity
relationships observed within this class. Biochemical studies
have hinted at a relationship between the structural conformation
of p50 with its DNA binding ability and functiofilt is plausible
that the analogues that have stronger interactions with important
amino acid residues such as Ser66, His67, and Arg59 of the
DBR of p50 would affect its conformation the most, thereby
acting as good NkB-DNA binding inhibitors?1-2 Considering
this, the analogues were docked to the DBR (amino acid residues
59-71) of NF«B (p50). The docked complexes were refined
with a progressive energy-minimization protocol using the

which is the same as those obtained from EMSA results. The AMBER force field. Figures 8 and 9 depict the interaction of

species distribution curves for the zinc complexes for PV, PR,
and BPR were drawn using the program $Pdnd are shown
in Figures 5-7.

The EMSA experiments were also done with zinc (one
equivalent) being introduced after the DNA-binding inhibition
reaction with BPR (Figure 3, column 6). A partial recovery of
the (p503—DNA complex was observed. Similar results were
also obtained for PR (Figure 2, column 8). This provides
additional support for the zinc-dependent mechanism of NF-
«B-DNA binding. The reversal of inhibition by the addition of
zinc could be accounted for by invoking the zinc chelate
formation of the inhibitor.

the analogues with the p50-DNA binding region after energy
refinement. It is clear from these docked complexes that BPR,
PR, and PV which are active can form extensive hydrogen bonds
with the DBR of p50 than AU, CAS, ECR, FL, which are
inactive and make only weak interactions. Additionally, BPR
has two bromine groups, which provide it with the ability to fit
better and deeper in the DBR because of good van der Waals
interactions. In addition, molecular electrostatic potential (MEP)
maps were generated for each analogue after its geometry was
energy-minimized (Supporting Information). The study of such
potential maps provides insight in understanding the nature of
molecular recognition in bimolecular associatf@Theoretically
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Figure 8. Possible binding modes of the ATA analogues with the p50 DNA binding regierD Aepresent the complexes with analogues CAS,
ECR, PV, and AU, respectively. The hydrogen bonds are depicted as green lines, and the distances are in A.

calculated potentials, using ab initio methods, have been the range of only3.0%. The antioxidant activity order for the
described to be very predictiv&?2 A comparison of the MEPs  analogues is BPR PR> PV > ECR, CAS, which is the same
reveals that better inhibitors such as BPR have a net electro-as that obtained by the EMSA and the formation-constant
negative potential around them. In a previous study of several studies. This provides additional support for investigating the
different classes of NkB (p50)-DNA binding inhibitors, it has NF-«B inhibitory activity of these analogues.

been found that the p50-DBR is rendered in a net electropositive

potentia?® and that the better inhibitors are the ones that have conclusions

relatively more electronegative MEP surfaces. Similarly, in the

present case, inhibitors such as BPR also show better binding The discovery of the role of NkB in the regulation of HIV-1
characteristics, on the basis of the complementarity of electro- gene expression has stimulated an intensive search for the
statics with the DBR. Further, BPR and PR have been found to inhibitors of NF«B. Our group is working on the design of
form stronger complexes with zinc on the basis of their greater new NF«B-DNA binding inhibitors'®2122 Recently, we re-
ability to complex with positively charged metal because of the ported that ATA is a potent NkB-DNA binding inhibitor.
presence of more electronegative potentials on their surfaces. Work on other ATA analogues against MB- has not been

It has been shown that antioxidants inhibit NB-mediated previously reported. For this purpose, we have studied this class
transcriptional activation because reactive oxygen species arewith the aim of establishing structur@ctivity relationships. On
known to stimulate NRB activation!” The antioxidant activity ~ the basis of the results presented earlier, the following structural
of a compound can be assayed by its ability to scavenge thedesign requirements for ATA analogues to act asdBFDNA
superoxide (@) produced by the xanthirexanthine oxidase binding inhibitors are proposed. The inactivity of AU and FL
reaction (Scheme 1). This is manifested as an inhibition in the indicate that the presence of a chelating site on the analogue is
rate of production of formazaif: 32 essential for NReB-DNA binding inhibitory activity. A com-

The antioxidative efficacies of PV, PR, BPR, CAS, and ECR parison of active and inactive analogues reveals that the minimal
are shown in Table 2 (also see Supporting Information). To structural requirements for inhibitory activity in the series
know whether there was any alteration in-"Ogeneration in includes catechol function or salicylic acid function in two of
the reaction due to enzyme (xanthine oxidase) inhibition the three aromatic nuclei and a sulfonic or carboxylic acid group
following the addition of different analogues, the production in the third aromatic ring. A comparison of ATA, CAS, and
of uric acid was monitored. The observations revealed that thereECR shows that the presence of a methyl group ortho to salicylic
was no marked change inOgeneration because the production acid configuration leads to loss in inhibitory activity. The
of uric acid in all of the reactions was almost the same and in presence of halogen groups on the rings containing catechol
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Figure 9. Possible binding modes of the ATA analogues with the p50 DNA binding regiei Eepresent the complexes with analogues PR,
BPR, and FL, respectively. The hydrogen bonds are depicted as green lines, and the distances are in A.

Scheme 1 amino acids, was inserted into pGBEXscherichia colstrain BL21
was transformed with each plasmid, and GST fusion proteins were
Xanthine —ne NS, i acid + 05 purified using glutathione-sepharose column chromatography as
described previously by Inoue et %34
0, Compound ——> Electrophoretic Mobility Shift Assay (EMSA). A biotinated
<~ NBT double-stranded oligonucleotide containing<B site from the
mouse immunoglobulir light chain enhancer
5'-Biotin-AGCTTCAGAGGGGACTTTCCGAGAGG-3
3-AGTCTCCCCTGAAAGGCTCTCCAGCT-Biotin-5
was used. Purified GST-p50 (5 ng) was used for the EMSA.

Formazan at 560 nm

Table 2. Superoxide Scavenging Activities of the ATA Analogues

ATA analogue 1Go (uM) After the incubation of each reaction mixture containing the binding
pyrocatechol violet 120.0 buffer (15 mM Tris-HCI (pH 7.5), 75 mM NacCl, 1.5 mM EDTA,
pyrogallol red 88.0 1.5 mM dithiothreitol, 7.5% glycerol, 0.3% NP-40, 1 mg/mL BSA),
bromopyrogallol red 51.5 0.5 ug of polydl-dC, GST-p50 , and each analogue at room
chrome azurol S >250.0 temperature for 5 min, the labeled DNA probe (30 000 cpm) was
eriochrome cyanine R >250.0 added, and the mixture was further incubated at room temperature

for 20 min. The sample in a volume of 14 was loaded onto 4%
. . oly(acrylamide) gels and electrophoresed at 80 CV. After this,
(BPR) and t.he presence c.Jf'an ethef I!nkage between these ”ng%e gel was transferred to a nylon membrane. The biotin end-labeled
(BPR, PR) increases inhibitory activity. DNA was detected using the streptavidin-horseradish peroxidase
conjugate and lightshift chemiluminescent substfathis chemi-
luminescence assay method offers the sensitivity and speed of
ATA analogues used in these experiments were purchased fromradioactive assays without the hazards, waste, and probe-instability
commercial sources. PV, PR, and BPR were supplied by Acros problems associated with radioactive systems.
Organics. CAS was purchased from Aldrich, ECR from Central ~ Chemical Speciation and Formation-Constant Studies of the
Drug House, and Fluorescein and Aurin from TCI, Tokyo. Zn?*—ATA Analogue Complex. The pH-metric technique is a
GST-p50 Bacterial Protein Preparation.In GST-p50, the Fspl- robust and versatile way of measuring the ionization and distribution
Apal fragment of p105 NRB cDNA, which covers the first 464 of drugs in biological fluids and assessing their interaction with

Experimental Section
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trace metal ions. pH-metric titration has been carried out with the (performed at 6-31G* level), as described in the above section,
digital pH meter ELICO LI 120 with a combined glass electrode. were used to map the net electron density around each inhibitor.
The glass electrode was calibrated before the titrations as describedOLEKEL 4.3* was used to map the electrostatic potential onto
by Martell and Motekaitig” To ensure constant ionic strength (0.1 the electron density surface.
M) during the titrations, an electrolyte, sodium perchlorate NaCIO Antioxidant Activity. Assay for Superoxide Anion Genera-
was added in requisite amounts. A solution of tetramethylammo- tion. The superoxide generation as¥#&} was performed with a
nium hydroxide (TMAH) (E. Merck) was used as the titrant. The little modification in the method adopted elsewh&&he typical
zinc ion solution was prepared from Analar (BDH) samples of the reaction mixture in a total volume of 1.0 mL contained phosphate
zinc sulfate and was standardized by the conventional methodsbuffer (0.1 M, pH 7.4), I-methionine (10 mM), nitroblue tetrazolium
described by Voget® (NBT) (57.0 mM), and xanthine (1.0 mM). The reaction mixture
The titrations were performed in a covered glass jacketed titration was incubated for 5 min at room temperature 2% °C). The
cell under a stream of presaturated nitrogen. Measurements for BPRreaction was initiated by the addition of 50 milliunits of xanthine
and PR were made in a 12.5% ethanol/water medium 4C2&6- oxidase. Superoxide production was spectrophotometrically evalu-
0.5°C), maintained constant by using a Julabo VC type thermostat. ated (SL 159, ELICO spectrophotometer) by monitoring the
For PV, CAS, and ECR, the measurements were made in anreduction of NBT to formazan at 560 nm.
aqueous medium at 28C (+ 0.5 °C). Stepwise dissociation Assay for Superoxide Anion Scavenging by Compoundsive
constants within the range of the potentiometric titrations (up to concentrations, 50, 100, 150, 200 and 280, of the analogues,
pH 12.0) were calculated. Formation constants of the complexes pyrocatechol violet, pyrogallol red, bromopyrogallol red, chrome
were determined by direct potentiometric titration using Bjerrum’s azurol S, and eriochrome cyanine R, were added in the reaction
method> as modified by Irving and Rosscttiand the weighted  mixture for the assay of © generation described above while
least-squares technique. The program 8m&s used for drawing  testing antioxidative efficacy. The kinetics of the reaction was
the species distribution curve. followed in two sets, that is, the controls and by adding different
Molecular Modeling. Docking Studies. The 3D structure of  compounds. The percentage inhibition in formazan formation was
NF-«B (p50), obtained from the Protein Data Bank (pdb id: recorded because of the increase in the scavenging ofitOthe
INFK)¥" was used to dock the analogues. Docking studies were |atter set comparing the controls.

performed with the GOLD 2.0 prograffi,and the details of the In the above reaction, the product is uric acid (trihydroxy purine)

docking procedure have been described in detail in our previous formed as a catabolism of xanthine (dihydroxy purine), reacted upon
studies?® Briefly, the amino acid residues 591 (the DBR) in by xanthine oxidase. The production of uric acid was also

p50, which have been described to be very importantBrsite spectrophotometrically measured at 290*hin controls as well

specific DNA recognitiort? were defined as the docking site. a5 by adding the compounds. These experiments were conducted

Docking simulations were performed in standard default settings to workout if there were some alterations i Qgeneration due to
to get the best predictive accuracy. GoldScore was used to rankthe enzyme inhibition by the studied compounds.

the relative docking energies, and the highest scored solutions were

considered. GoldScoteis a fitness function implemented in the .
GOLD program, which has four components: (a) protdigand Acknowledgment. M.J.R. would like to thank NFCR Center

hydrogen bond energy, (b) proteitigand van der Waals energy, for Computational Drug _Dlscovery, Unlver§|ty of Oxford, UK
() ligand intramolecular hydrogen bond energy, and (d) ligand for a doctoral scholarship to V.P. and Fundapara a Ciacia
internal van der Waals energy. The Insight Il molecular modeling € Tecnologia, Portugal for financial support. R.K.S. thanks JSPS
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Parametrization and Energy Refinement of ComplexesAll
of the complexes were refined in the presence of explicit solvent,  sypporting Information Available: Energy-minimized struc-
with a progressive energy-minimization protocol using the AMBER  tres of the ATA analogues, molecular electrostatic potentials of
force field** First, all of the complexes were solvated by an 8 A the energy minimized structures of ATA analogues, and antioxidant

thick shell of pre-equilibrated TIP3P water molecules. Next, in a efficacies of the ATA analogues. The material is available free of
progressive minimization protocol, first, the hydrogens of the system ¢charge via the Internet at http://pubs.acs.org.

were minimized, and next, only the water molecules were allowed

to minimize so as to let them adapt in the electric field of the References
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