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Recent studies have shown that the zinc influences the DNA binding of transcription factor NF-kB. So the
zinc-interaction of pyrogallol red (PR) an inhibitor of NF-kB-DNA binding was studied by isolating the
zinc-PR complex. The complex was characterized using IR, UV-visible, TH NMR, and thermal studies.
Binding sites of PR were investigated by molecular modeling using MM+ and PM3 methods and by gen-
erating molecular electrostatic map. These studies have confirmed the role of metal ion chelation in the
inhibition of NF-kxB-DNA binding by PR.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nuclear factor-kappa B (NF-kB) is a Rel family transcription fac-
tor consisting of p50 and p65 subunits and sequestered in the cyto-
plasm by specific IxB proteins."* NF-kB can be activated by
diverse stimuli such as microbial and viral products, proinflamma-
tory cytokines, T- and B-cell mitogens, and physical, chemical, and
oxidative stresses. Before activation, NF-kB/Rel dimers are bound
to IkBs, and retained in an inactive form in the cytoplasm.>~’ Fol-
lowing the activation, IxB is phosphorylated by IxB kinases,® poly-
ubiquitinated by ubiquitin ligase complex,® and further degraded
by the 26S proteasome. Finally NF-kB is released and translocated
into the nucleus, where it binds to the target DNA (kB sites), and
initiates gene expression. Recent studies have shown that the
p50 subunit of the NF-kB complex is the one which mainly inter-
acts with the HIV-1 LTR.'®"'2 By binding to the kB sites, NF-xB
mediates gene expression pathways, and is involved in a number
of pathological events, including progression of AIDS by regulating
the first step transcription and hence multiplication of human
immunodeficiency virus type 1 (HIV-1).!3 Zinc plays an important
role in the activation of NF-xB.% It has been reported that NF-xB
inhibitory activity of compounds such as 1,10-phenanthroline®
and aurintricarboxylic acid (ATA)® is related to their complex for-
mation with zinc. In zinc-deficient cells, the activation of NF-xB
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is significantly decreased. Sharma et al. examined the effect of
ATA on the DNA binding of NF-xB and found that ATA is the most
potent inhibitor of NF-kB among the molecules tested so far® and
demonstrated that ATA inhibited the NF-kB-DNA binding at a very
low concentration and that the addition of zinc(Il) partially re-
stored the DNA binding resulting in replication of HIV virus.”

Studies with respect to recombinant NF-kB p50 binding to DNA
suggest that NF-kB recognizes DNA by using zinc-dependent mo-
tifs. Zinc may also play a role in cross-linking the DNA binding of
p50 dimer.> Therefore, the zinc-interaction of pyrogallol red (PR)
(Fig. 1), an ATA analogue and NF-kB-DNA-binding inhibitor, was
studied by isolating the zinc-PR complex. Binding sites of PR were
identified by IR, UV-visible, 'TH NMR, and thermal and molecular
modeling studies.

2. Results and discussion
2.1. Physical properties of the complexes

The PR complex of zinc(II) has been isolated in methanol under
normal conditions. The complex is dark blue in color. The complex
is hygroscopic in nature and soluble in water, methanol, ethanol,
and DMSO but insoluble in chloroform and carbon tetrachloride.
On the basis of elemental analysis (Table 1), we found that PR acted
as a bidentate ligand and formed a mononuclear complex in 1:1 ra-
tio and the results suggest that the composition of complex is [Zn-
PR-2H,0].
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Figure 1. Pyrogallol red (PR).

Table 1
Elemental analysis of Zn-PR complex

Complex % Calculated (observed)

C H S M
[Zn-PR] 40.71(40.21) 3.59(3.42) 6.38(6.72) 17.61
Table 2
UV-vis absorption spectral data of Zn-PR complex
Ligand/complex PR (nm) Zn(II)-PR (nm)
Band I (MeOH) 503 535
Band Il (MeOH) 431 441

The absorption spectra of the PR and its zinc complex were re-
corded in methanol in the spectral range 300-800 nm. The charac-
teristic absorption peaks with their assignment are given in Table
2. In the absorption spectra of free ligand two peaks at 503 nm
(band I, phenolic system) and 431 nm (band II quinolic system)
are observed!* due to m-n" and n-7" transition. In the complex,
the absorption spectrum of pyrogallol red is shifted to higher
wavelength, that is, 535 nm and 441 nm. Such bathochromic shift
can be explained by the extension of the conjugated system on
complexation. The absorption band I was shifted more than band
I, which indicates that band I is involved in coordination to the
metal ion. These results suggest the involvement of 9-OH and
10-OH group in coordination with the metal ion.

2.2. IR spectra

The characteristic IR absorption frequencies in the spectral
range 4000-400 cm~! were measured for metal-free PR and its
zinc complex. The IR absorption frequencies of PR and its zinc com-
plex are presented in Table 3. The IR spectrum of the Zn-PR com-
plex clearly indicates that the free PR participates in coordination

Table 3

IR absorption frequencies of Zn-PR complex

Functional groups PR (cm™') Zn-PR (cm™!)
v(O-H) 3401 and 3188 3401

v(C-H) 2381 2387

(C=0) 1653 1621

¥(C-0) 1588 1576
v(skeletal vibration in a plane) 1372 1397

C-0-H 1108 1095

v(aromatic ring out of plane) 901 855

with the metal ion. In the ligand, the aromatic -OH shows two
broad peaks at 3188 and 3401 cm™!, while in the complex peak
at 3188 cm ! disappears. In the ligand, C-O peak at 1588 cm ™! is
observed and in zinc complex it is shifted to lower frequency at
1576 cm~1.1>16 Single peak at 1372 cm™! in ligand for the skeletal
vibration in a plane is shifted and splited into two broad peaks at
1397 cm™~! in the complex spectrum, which shows that after coor-

dination of zinc with PR the complex becomes nonplanar.
2.3. 'H NMR spectra

'H NMR spectrum of the zinc complex was recorded in
DMSO-dg solvent at 300 MHz. The data are summarized in Table
4. The resonance signals of coordinated PR are shifted downfield
as well as upfield as compared to the free PR. It was observed
that relative shift in the "H NMR signal due to the deprotonation
of OH in ligand when coordinated with zinc metal ion was not
found in the spectra, because it is suppressed due to the
DMSO-ds solvent. Resonance signal in Zn-PR complex, the adja-
cent CH proton is shifted upfield and other CH proton are shifted
downfield and subjected to no perturbing influence other than
the deshielding expected from the electron withdrawing induc-
tive effect of coordination. Due to the coordination of PR with
zinc metal ion, '"H NMR signal for CH(ot) and CH(P) is shifted up-
field (6.96-6.86 ppm) and CH(y) and CH(3) is shifted downfield
(7.64-7.77 ppm).”

2.4. Thermal analysis

Thermogravimetric analysis of the complex was carried out to
examine the thermal stability, number, and nature of the water
molecule present in the complex. The thermogram was recorded
in the temperature range 50-1000°C in nitrogen atmosphere
with heating rate 15 °C per minute and the data are shown in
Table 5. The TGA curve shows that the first weight loss of the
complex was 7.2%, observed between 150 and 180 °C, which cor-
responds to loss of two water molecules and second weight loss
was 74.5% between the range of 220-800 °C corresponding to
one molecule of PR. Therefore, composition of the complex is
[Zn-PR-2H,0].

2.5. Molecular modeling of Zn(II)-PR complex

The molecular geometry of the PR and its complex was opti-
mized by molecular mechanics (MM+) and semiempirical method
(PM3) using ‘HyperChem'’ Professional version 7.51 software. To
identify the binding site, net charges on each atom of PR have been
assigned. In addition, MEP was generated from optimized mini-
mum energy conformation of PR. Figures 2 and 3 show the energy
minimized structure and MEP for the PR. Study of such potential
map provides insight into the nature of molecular recognition in li-
gand-metal interaction.'® The color-coded isosurface in Figure 3
represents positive potential in blue and a negative in red color.
The better chelating sites are the ones, which have relatively more
electronegative MEP surface.!®2°

Energy minimized structure of Zn(II)-PR complex obtained by
geometric optimization is shown in Figure 4. It was found that
the probable chelating sites are 9- and 10-OH groups.

Table 4
"H NMR chemical shift data (ppm) of Zn-PR complex in DMSO-dg on 300 MHz

Compound H,-Hg(d) Hs-Hy(d) Hy(d) H'4-H's(t) Hs'(d) Hs'(d)
PR 6.96-6.93 7.35-7.33 7.31-7.29 7.64-7.63 7.71 8.05
Zn-PR 6.86-6.80 7.35-7.32 7.79-7.71 7.77-7.74 7.90 8.15
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Table 5
Thermal analysis data of Zn-PR complex

Complex Temperature % Weight loss Constituents eliminated
(°C) e —
Calculated Observed
[Zn(PR)-2H,0]  50-120 7.20 7.01 H,0
220-800 75.05 74.5 One molecule of

pyrogallol red

Figure 2. Energy minimized structure of PR by MM+ method E = 40.4240, 0.096.
2.6. Electrophoretic nobility shift assay

PR shows the inhibitory effect on the DNA binding of (p50), at
30 and 100 puM concentrations as demonstrated by EMSA (Fig. 5). It
was carried out by using the chemiluminescence method, which
offers the sensitivity and speed without producing hazardous
radioactive waste. PR was found to exhibit remarkable inhibitory
effects on the DNA binding of (p50),, both at 30 and 100 uM con-
centrations.” Several studies have demonstrated that zinc influ-

ences the DNA binding of NF-xB. Zabel et al.° have shown that
the binding of NF-xB to DNA was specifically blocked by the che-
lating agent 1,10-phenanthroline and could be reconstituted only
by the addition of zinc. Otsuka et al.>! have examined the effects
of four novel heterocyclic chelator compounds comprising
(dimethylamino) pyridine and histidine units and their zinc com-
plexes on NF-«B binding to DNA. Sharma et al.® demonstrated that
ATA inhibited NF-kxB-DNA binding at a very low concentration and
that the addition of zinc(Il) partially restored the DNA-binding
property of NF-kxB. Prasad et al.’> have already suggested that NF-
KB recognizes DNA by using zinc-dependent motifs. Zinc may play
a role in cross-linking the DNA binding of the p50 dimer. Hence,
the zinc-binding behavior of PR may be correlated with its ability
to inhibit NF-xB-DNA binding.

2.7. Molecular modeling, docking studies

In an effort to rationalize the results obtained from EMSA stud-
ies, we resorted to the application of molecular modeling and com-
putational methods with the intention of analyzing and reviewing
the structure of the DNA-binding region (DBR) in complex with PR.
Biochemical studies have hinted at a relationship between the
structural conformation of p50 with its DNA-binding ability and
function.?? It is plausible that the compounds 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 NF-kB-DNA-binding inhibitors.
Considering this, PR was docked to the DBR (amino acid residues
59-71) of NF-xB (p50). The docked complex was refined with a
progressive energy-minimization protocol using the AMBER force
field. Figure 6 depicts the interaction of the PR with the p50-
DNA-binding region after energy refinement. It is clear from this
docked complex that PR, which is active, can form extensive hydro-
gen bonds with the DBR of p50. Theoretically calculated potentials,
using ab initio methods, have been described to be very predic-
tive.>>?4 PR has been found to form stronger complexes with zinc
on the basis of its greater ability to complex with positively
charged metal because of the presence of more electronegative
potentials on its surface.

3. Conclusion

PR was shown to directly inhibit NF-ikB-DNA binding. We have
studied the metal chelation by using elemental analysis, UV-visi-

Figure 3. 3D Mapped isosurface molecular graph of PR electrostatic potential = minimum, —0.122; maximum, 1.809.
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Figure 4. Energy minimized structure of Zn(II)-PR by using molecular mechanics,
(MM+) E = 51.1864, 0.0956.

PR  PR+2Zn
100 100 + 100 pM

b o e50,DNA

Complex

(p50), 30

-

Figure 5. Effects of pyrogallol red (PR) on the DNA binding of (p50),. The effect of
zinc on the inhibition of the DNA binding of (p50), by PR is also shown.

ble, IR, and 'H NMR studies and found that zinc ion binding with PR
through hydroxyl group at 9- and 10-positions. Thermogravimetric
study shown that the complex losses two water molecules and one
molecule of PR, which indicates that metal forms 1:1 complex with
ligand. Molecular modeling studies supported the chelating sites
predicted in the aforesaid studies. On the basis of above results
structure of Zn-PR complex has been predicted and given in
Figure 7. EMSA, molecular modeling, and docking studies gave
the evidence in support of direct inhibition of NF-kB-DNA binding.

The present study concludes that the Zn-PR-2H,0 complex for-
mation plays very important role in inhibition of NF-kB-DNA
binding.

4. Materials and methods
4.1. Reagents

All reagents and solvents were analytical reagent grade. Tetra-
methylammonium hydroxide, PR, and zinc acetate were procured

from Merck, Acros Organics and Thomas Baker, respectively, and
used as such in this study.

Figure 6. Possible binding modes of the PR with p50-DNA-binding region.
Hydrogen bonds are depicted as green lines and distances are in Angstroms.

OH,

/ O OH

Figure 7. Tentative structure of Zn-PR complex.

4.2. Preparation of Zn(II)-PR complexes

Hot solution of PR (1 mM) in 50 mL methanol was added drop-
wise to the hot solution of 1 mM zinc acetate [Zn(CH3COO),-2H,0]
in 50 mL methanol. The reaction mixture was stirred thoroughly
for 4 h at 50 °C temperature on hot plate, then it was refluxed for
8-12 h at 70 °C. The solution was left for slow evaporation at room
temperature and after that dark blue color complex was collected
from the solution and dried in vacuum desiccator over P401o.

4.3. Instrumentation and measurement

Microanalysis (Carbon and Hydrogen) was carried out with a
FISONS EA-1108 elemental analyzer. The thermogram was
recorded on Du Pont TA 2000 TGA machine under nitrogen atmo-
sphere at a heating rate of 15 °C min~!. A Shimadzu UV-2501PC
spectrophotometer was used to obtain the electronic spectra in
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the region 300-800 nm in methanol. FTIR spectra in the 4000-
400 cm™! regions were recorded from KBr pellets on a Perkin-El-
mer FTIR Spectrophotometer 2000. 'H NMR chemical shift was
measured in DMSO-dg solvent on Bruker 300 MHz spectrometer.

4.4. Molecular modeling of the Zn(II)-PR complex

The molecular geometry of the PR was first optimized by molec-
ular mechanics, MM+ and then by semiempirical method, PM3
using ‘HyperChem’ Professional version 7.51 Software.?® To iden-
tify the binding sites, net charges on each atom on PR has been
determined. In addition, molecular electrostatic map (MEP) of PR
and its complex was generated.

4.5. Electrophoretic mobility shift assay

A biotinated double-stranded oligonucleotide containing a kB
site from the mouse immunoglobulin ¥ light chain enhancer was
used. Purified GST-p50 (5 ng) was used for the electrophoretic
mobility shift assay (EMSA).

e 5'-Biotin-AGCTTCAGAGGGGACTTTCCGAGAGG-3'
e 3'-AGTCTCCCCTGAAAGGCTCTCCAGCT-Biotin-5'

After the incubation of reaction mixture containing the binding
buffer (15 mM Tris-HCl (pH 7.5), 75 mM NaCl, 1.5 mM EDTA,
1.5 mM dithiothreitol, 7.5% glycerol, 0.3% NP-40, and 1 mg/mL
BSA), 0.5 pg of polydI-dC, GST-p50, and PR at room temperature
for 5 min, the labeled DNA probe (30,000 cpm) was added, and
the mixture was further incubated at room temperature for
20 min. The sample in a volume of 10 pL was loaded onto 4%
poly(acrylamide) gels and electrophoresed at 80 CV. After this,
the gel was transferred to a nylon membrane. The biotin end-la-
beled DNA was detected using the streptavidin-horseradish perox-
idase conjugate and lightshift chemiluminescent substrate.?® This
chemiluminescence assay method offers the sensitivity and speed
of radioactive assays without the hazards, waste, and probe-insta-
bility problems associated with radioactive systems.

4.6. Molecular modeling, docking studies

The 3D structure of NF-kB (p50), obtained from the Protein Data
Bank (pdb id: 1NFK)?” was used to dock the PR. Docking studies
were performed with the GOLD 2.0 program,?® and the details of
the docking procedure have been described in detail in our previ-
ous studies.” Briefly, the amino acid residues 59-71 (the DNA-
binding region) in p50, which have been described to be very
important in kB site specific DNA recognition,?® were defined as
the docking site. Docking simulations were performed in standard

default settings to get the best predictive accuracy. GoldScore was
used to rank the relative docking energies, and the highest scored
solutions were considered. GoldScore?® is a fitness function imple-
mented in the GOLD program, which has four components: (a) pro-
tein-ligand hydrogen bond energy, (b) protein-ligand van der
Waals energy, (c) ligand intramolecular hydrogen bond energy,
and (d) ligand internal van der Waals energy. The Insight Il molec-
ular modeling package?® was used for further analyses of the
docked complexes.
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