Molecular
BioSystems

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Molecular
Biosystems

wwrse orglmolecularbiosystems

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

@Hmm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

b

1y &

~

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/molecularbiosystems


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12 Molecular BioSystems

39x21mm (300 x 300 DPI)



“Molecular BioSystems

ROYAL SOCIETY

OF CHEMISTRY

Journal Name

ARTICLE

Insights into the properties of the two enantiomers of trans-6-
viniferin, a resveratrol derivative: antioxidant activity,
Received 00h January 20, biochemical and molecular modeling studies of the interactions
ccepted 00th January 20xx
with hemoglobin

DOI: 10.1039/x0xx00000x

. . + + . . .b . . .
www.rsc.org/ Silvana Ficarra®', Ester Tellone®’, Davide PIr((j)”I , Annamadrla Russo®, Davide Barreca®, Antonio
Galtieri®, Bruno Giardina®, Paolo Gavezzotti®, Sergio Riva“ and Maria Cristina De Rosa“*

Resveratrol is widely known as an antioxidant and anti-inflammatory molecule. The present study first reports the effects
of trans-8-viniferin (TVN), a dimer of resveratrol, on human erythrocytes. The antioxidant activity of TVN was tested using
in vitro model systems such as hydroxy radical scavenging, DPPH and lipid peroxidation. In addition we have examined the
influence of the 15R,22R- and 15S,22S-enantiomers (abbreviated R,R-TVN, and S,S-TVN, respectively) on anion transport,
ATP release, caspase 3 activation. Given that hemoglobin (Hb) redox reactions are the major source of RBC oxidative
stress, we also explored the effects of TVN on hemoglobin function. TVN showed moderate antioxidant properties and
good protective activity from hemoglobin oxidation. Potential binding sites of R,R-TVN and S,S-TVN with oxy- and deoxy-
Hb were also investigated through an extensive in silico docking approach and molecular dynamics calculations. On the
whole molecular modeling studies indicate that binding of R,R-TVN and S,S-TVN to Hb lacks of specific ligand-target
interactions. This is the first report on the biological activity of the individual enantiomers of a resveratrol-related dimer.

Introduction Furthermore, recent studies have revealed that resveratrol is
able to cross the erythrocyte membrane, interact with
haemoglobin, modulate the red blood cell metabolism and
exert a protective role in several neurodegenerative
diseases.”®

Stilbenes are also known to occur in oligomeric forms and
their biosynthesis includes an oxidative polymerization of the
monomer resveratrol by peroxidases.9 Langcake and Pryce
have identified oxidation products of resveratrol such as ¢-, a-,
B- and y-viniferin, which are dimer, trimer, tetramer and a
more highly polymerized oligomer, respectively.10 Some of
these oligomers have been tested for their antioxidant
properties and, among them, trans-g-viniferin has been the
subject of several studies.”" ™™

The polyphenol trans-resveratrol (trans-3,5,4'-
trihydroxystilbene), a phytoalexin produced in response to
stress, has been the most widely studied stilbene for its role in
human health.* In nature, resveratrol exists in two isomeric
forms (cis and trans configurations of the olefinic bond, the
first less biologically active than the second) either as B-
glycosylated derivatives, named piceids, or as the aglycone.5
The antioxidative property of resveratrol is an important
aspect of its physiological activity in humans. Bioactive
phenols can quenche reactive oxidative species (ROS), such as
hydrogen peroxide, superoxide and the hydroxyl radical, thus
avoiding pro-oxidative damages in humans.®
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Trans-6-viniferin (TVN) is another resveratrol dimer isolated
from grapes in response to fungal infection.®*® It was shown
to be one of the major stilbenes synthesized by Plasmopora
viticola-infected grapevine leaves and to exhibit inhibitory
activity against cyclooxygenase-1 and -2.19%0 However, despite
the fact that several biochemical and biophysical studies have
been performed, information on the antioxidative activity of
trans-5-viniferin in humans is still limited.”?

The aim of the present investigation was to evaluate the
biological activity of TVN and of its (15R, 22R)- and (15S, 225)
enantiomers (abbreviated as R,R-TVN and S,S-TVN, Figure 1).
In this context, a new reliable and easily scalable approach for
the isolation of the enantiomerically pure R,R-TVN and S,S-
TVN has been recently developed, exploiting a sequential
combination of biocatalyzed reactions (laccase-catalyzed

oxidation, B-glucosidases-catalyzed hydrolysis) and
chromatographic separations with a semi-preparative HPLC
chiral column.? Preliminary evaluation of the radical

scavenger activities using the DPPH reduction method showed
that trans-6-viniferin has a higher IC50 value (9.5~10'4
mmol/ml) with respect to resveratrol (6.1-10” mmoI/mI).24

In this study we have sought to evaluate the antioxidant
profile of trans-6-viniferin using different assays or
methodologies, given that the use of a single method for the
measurement of antioxidant activity can yield results which
are not reproducible by other antioxidant methods.” It is
worthwhile to remember that methods of measuring
activity are extremely dependent on the
conditions used and on the substrates or products monitored.
The methods we have used to measure the total antioxidant
capacity were FRAP (ferric reducing/antioxidant power), DPPH
(2,2-diphenyl-1-picrylhydrazyl) and nitrite-induced
hemoglobin oxidation. The scavenging activities of hydroxyl
radicals and lipid peroxidation inhibition capacity have also
been evaluated.

Moreover, the biological activities of R,R-TVN and S,S-TVN
have been investigated in vitro on human erythrocytes (RBC,
red blood cell) which, due to the presence of only a single
membrane and the lack of internal organelles, constitute an
ideal cell system for studying basic drug-biomembrane
2627 The effect of the two enantiomers on the

antioxidant

interactions.
RBC membrane functionality (anion transport, ATP release)
and on the interaction with cytosolic proteins (hemoglobin
and caspase 3) has been assessed.

Computational modeling, with its ability to assess the protein-
ligand interactions at atomic level, has been increasingly
employed to explore the structural properties of biomolecular
complexes.zs'29 To provide a structural basis for the observed
interaction of trans-6-viniferin with human hemoglobin (Hb)
we have complemented the experimental investigation by
using molecular docking and molecular dynamics simulation,
in an effort aimed to elucidate the biochemical mechanisms of
activities of these bioactive compounds.

Experimental

Materials and methods
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Figure 1. Chemical structures of 15R,22R-trans-6-viniferin
(R,R-TVN) (A) and 15S,225-trans-6-viniferin (S,S-TVN) (B) with
numbering according to Mikulski & Molski.?

All biochemical reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Racemic TVN, R,R-TVN and S,S-TVN were
prepared as described.” Citrate fresh human blood was
obtained from informed healthy donors under the declaration
that they had avoided any drug treatment for at least one
week prior to sample collection, in accordance with the
principles outlined in the Declaration of Helsinki.

Limit of detection, applicability and interpretation are in
agreement with those reported in the cited references of this
section.

Preparation of red blood cells

Citrate blood samples were washed three times with an
isosmotic NaCl solution. During washing, the white blood cells
were discarded from the pellet. After washing, the RBCs were
resuspended (hematocrit 4%) in the incubation buffer (35 mM
Na,S0O,, 90 mM NaCl, 25 mM N-(2-hydroxyethyl)-piperazine-
N1-2-ethanesulfonic acid (HEPES), 1.5 mM MgCl,) adjusted to
pH 7.4 and with a value of 310 £ 20 mOsmol/kg, measured by
an Osmostat OM-6020 apparatus (Daiichikagakuco, Kyoto,
Japan).

HPLC determinations

Washed RBCs were incubated at 37°C for 2 h with 50 uM R,R-
TVN and S,S-TVN, respectively. Samples were washed and the
packed cells were lysed with 10% ethanol. Lysates were
centrifuged for 10 min at 4000 x g (4°C) and the supernatant
was filtered with 0.45 mm filter. Free R,R-TVN and S,S-TVN
were analyzed by HPLC with a Shimadzu system, consisting of
an LC-10AD pomp system and an SPDM10OA diode array
detector, a Rheodyne 7725i injector with a 20 ml sample loop
and a reverse-phase Supelco C18 column (5 mm, 250 x 4.6

This journal is © The Royal Society of Chemistry 20xx
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mm). The mobile phase consisted of a linear gradient of
acetonitrile in H,0 as follows: 5-20% (0—2 min), 20—-30% (2—4
min), 30-100% (4—7 min), 100% (7—10 min). The flow rate was
1.0 ml/min at 25°C. R,R-TVN and S,S-TVN were detected at 320
nm and determined by comparison of peak areas with a
standard solution of 50 uM of R,R-TVN and S,S-TVN. Binding of
R,R-TVN and S,S-TVN to Hb was analyzed by HPLC as described
above. Purified Hb (0.7 mg/ml) in the T or R state, was
incubated for 15 min in 1-10" M HEPES buffer plus 1-10" ™M
NaCl with 50 uM R,R-TVN and S,S-TVN and 3.10° M 2,3-
bisphosphoglycerate at pH 7.4.

Sulphate transport measurement

Washed RBCs were incubated in a buffer containing sulphate
at 25 °C in the presence and absence of 50uM TVN, R,R-TVN
and S,S-TVN. At specified intervals 10 umol of 4-acetamido-4’-
isothiocyanostilbene-2,2'-disulfonic acid (SITS) stopping
medium was added to each test tube containing the RBC
suspension. Cells were separated from the incubation medium
by centrifugation (J2-HS Centrifuge, Beckman, Palo Alto, CA,
USA) and washed three times at 4 °C with a sulphate-free
medium. After the final washing, the packed cells were lysed
with perchloric acid (4%) and distilled water and centrifuged at
4 °C. Sulphate ions in the supernatant were precipitated by
adding glycerol and distilled water (1:1), 4 M NaCl and 1 M HCI
solution, and 1.23 M BaCl,.2H,0 to obtain a homogeneous
barium sulphate precipitate. The intracellular sulphate
concentration was measured by spectrophotometry at 425 nm
wavelength as previously reported.30

Measurement of ATP

Erythrocytes were incubated with R,R-TVN or S,S-TVN 50 uM

and ATP was measured by the luciferin—luciferase technique
. . . I . 7,31

as previously reported, with minor modifications.

Caspase 3 activity assay

Erythrocytes were incubated in the absence or in the presence
of 25 and 50 puM TVN, R,R-TVN and S,S-TVN or t-butyl
hydroperoxide (t-BHT) 100 uM for 2 h at 37°C and Caspase 3
activity was determined as previously |'eported.32

Hydroxyl radical scavenging

Hydroxyl radical scavenging was assayed as described by
Halliwell, with slight modifications.*® This assay is based on
quantification of the degradation product of 2-deoxyribose by
condensation with thiobarbituric acid (TBA). The reaction
mixture contains 2.8 mM 2-deoxy-2-ribose, 10 mM phosphate
buffer pH 7.4, 25 uM FeCl;, 100 uM EDTA, 2.8 mM H,0,, 100
UM ascorbic acid and different concentrations of TVN (0—100
UM) in a final volume of 1 ml. The samples were incubated for
1 h at 37 °C in a water bath. After cooling, the absorbance was
measured at 532 nm against an appropriate blank solution.

Lipid peroxidation assay

This journal is © The Royal Society of Chemistry 20xx

Isolated erythrocytes were incubated for 2 h in the absence or
in the presence of TVN and t-BHT (100 uM), as previously
reported.34 Assay for lipid peroxidation was performed using
the thiobarbituric acid reactive substances (TBARS).

Metal chelating activity

The ability of TVN to chelate ferrous ions was measured
according to the method described by Dinis et al.*® Different
concentrations (0-100 uM) of TVN were added to a solution of
20 uM FeCl, to measure chelating activity of ferrous ions. The
inhibition percentage of ferrozine-Fe”* complex formation was
calculated as [(Ag-A,)/Ay]x100, where A, was the absorbance
of the control, and As was the absorbance of the samples in
the presence of the analysed compounds.

Ferric reducing antioxidant power (FRAP)

The FRAP assay was performed according to Benzie & Strain
with minor modification.®® The test determines the ferric
reducing ability of plasma (FRAP) by using antioxidants as
reductants redox-linked colorimetric method. The
purpose of the FRAP assay is to detect a change in absorption
when the ferric form of iron (Fe3+) reduces to ferrous form
(Fe™) (emitting a strong blue color; Fe**/2,4,6-Tris(2-pyridyl)-
S-triazine (TPTZ)), representing the reducing power of
electron-donating antioxidants within the plasma reaction
mixture. The fresh working FRAP reagent was prepared daily
by mixing 25 ml of acetate buffer (300 mM, pH 3.6), 2.5 ml of
TPTZ solution (10 mM in 40 mM HCI) and 2.5 ml of FeCl;.6H,0
solution (20 mM). The reagent was warmed to 37 °C; then
1500 pl were placed in a cuvette (1.0 cm path length) and the
initial absorbance was read. A 50 pl volume of TVN solution
was added to the cuvette and the absorbance was measured
after 4 min at wavelength 593 nm. The final concentration of
the tested compounds ranged from 0 to 100 uM.

in a

DPPH (2,2-Diphenyl-1-picrylhydrazyl) assay

The free radical scavenging effect of tested compounds was
assessed by the free radical method as previously reported
using the stable free radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH) which forms a violet solution and reacts with
antioxidants losing its color.*” The color loss and subsequent
fall in absorbance is correlated to the antioxidant content of
the sample. Test compounds at a concentrations ranging from
0 to 250 pM, in a final volume of 3.0 ml, were mixed with 80
UM DPPH' in methanol. The changes in absorbance at 517 nm
were monitored over 30 min. DPPH' concentration in the
cuvette was chosen to give absorbance values less than 1.0.

Effect of R,R-TVN and S,S-TVN on the time course of nitrite-
induced oxidation of Hb

In vitro model for oxidation of Hb with sodium nitrite was
utilized for production of methemoglobin (metHb). The
purified Hb, suspended in Hepes buffer was incubated in the
absence (control) and in presence of 50 uM of R,R-TVN or S,S-
TVN and concomitantly 0.3 mM NaNO,. The formation of

J. Name., 2013, 00, 1-3 | 3
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metHb was monitored spectrophotometrically at 1 minute
intervals for a total of 20 minutes using a spectrophotometer
UV-visible Beckman DU640.

Molecular docking of R,R-TVN and S,S-TVN with HbA

The binding modes of R,R-TVN and S,5-TVN, on the
oxygenated (R) and deoxygenated (T) states of hemoglobin,
were studied using docking simulations.*® Blind docking, in
which no assumptions were made concerning where within
hemoglobin R,R-TVN and S,S-TVN might be expected to bind,
was performed with Autodock 4.2, a widely-used grid-based
docking program known for its at:curacy.w"41 The blind docking
protocol was developed and validated by redocking a co-
crystallized ligand of carboxyhemoglobin, di(5-(2,3-dihydro-
1,4-benzodioxin-2-yl)-4H-1,2,4-triazol-3-yl)disulfide (TD-1),
with its corresponding crystal structure (PDB ID code: 4N|1).42
The docked conformation of the ligand had root mean square
deviation (rmsd) value of 2.5 A with the experimental TD-1
structure.”® The R,R-TVN and S,S-TVN stereoisomers were built
starting from the crystallographic structure of trans-
resveratrol (PDB ID: 1DVS) and using the sketch module
available within DiscoveryStudio 4.0 suite of programs (Biovia,
San Diego, cA).** The molecular geometry was optimized by
energy minimization using CHARMm force field and
restraining the stilbene moiety to planarity.45 For T and R
states of Hb, the crystallographic structures of deoxygenated
and oxygenated human haemoglobin were obtained from the
Protein Data Bank, PDB ID codes: 2DN2 and 2DNI1,
|'espet:tive|y.46 AutoDockTools (ADT) was used to add polar
hydrogens and partial charges for proteins and ligands using
the Kollman United Atom and Gasteiger charges, respectively.
The ligand has nine rotable bonds (C2—05, C6—03, C7-C4, C8-
C9, C15—-C16, C22-C23, C26-04, C20-02, C18-01), while the
protein was fixed in geometry. During the blind docking
process, the search was extended over the whole receptor
protein without imposing the binding site, using cubic grid
fields with grid points separated by 0.335 A. The maximum
number of energy evaluations and the maximum number of
generations were set to 2.5:10° and 27000, respectively for
each run. 2000 LGA (Lamarckian genetic algorithm) runs were
conducted for each template and the resulting docked
conformations were clustered into groups of similar binding
modes, with a root mean square deviation (rmsd) of 3.0 A
using AutoDockTools. In a second step, we docked the ligands
in each of the binding sites found in the first step (“refined
docking”) using two different docking programs, AutoDock
and Glide Extra Precision (XP) (Schrodinger Suite).47 This time,
the grid field was a 20 A cube centered on the best scored
conformation obtained in the first step and 150 LGA runs were
conducted for each template. In the case of Glide, protein
coordinates were preprocessed for docking using the Protein
Preparation Wizard provided in the Schrodinger Maestro
environment, whereas ligands were prepared for docking
using the LigPrep process.

4| J. Name., 2012, 00, 1-3

Molecular dynamics calculations

All obtained docking solutions from the refined docking
simulations were submitted to aqueous-phase molecular
dynamics (MD) simulations. MD and analysis of the
trajectories were carried out employing GROMACS 4.6.7 and
the GROMOS96 53a6 force field."®* The parameters for the
topology of the ligands were obtained using the Automated
Topology Builder (ATB) server. For the purpose of comparison,
MD simulations on the unbound deoxyHb and oxyHb
structures were also performed. Each simulated system was
embedded in a triclinic box, filled with explicit SPC/E water
molecules and then neutralized by 6 Na* counter ions that
were added at random positions to the bulk solvent. The box
dimensions (8.43 nm x 7.52 nm x 7.68 nm) were set to allow
at least 0.9 nm between the protein and the box faces on each
side. The systems were first minimized and then equilibrated
under NVT conditions for 100 ps at 300 K, followed by 100 ps
under NPT conditions, applying position restraints to the
protein and ligand atoms. Finally, all restraints were removed
and 14 MD simulations were run for 10 ns at 300 K. A cut-off
of 1.2 A was used for the short-range electrostatic and van der
Waals interactions. Long-range electrostatic interactions were
calculated using Particle Mesh Ewald method.*® The Linear
Constraint Solver (LINCS), which removes the fastest degrees
of freedom by applying holonomic constraints to the covalent
bonds and allows to employ a larger timestep of 0.002 ps
during the simulation, was used.”* Coordinates and energies
were saved every 2 ps for analysis which was carried out using
the standard GROMACS tools, such as g_rmsf and g_rms.

All computations were carried out on a CentOS 5 Linux
operating system, running on HP Z820 workstations with
Intel® Xeon® E5-2620 (2.00GH) cpu and graphical processing
unit (GPU) NVIDIA Quadro 2000.

Statistical Analysis

Data are presented as mean of at least three independent
experiments * standard deviation (SD). Data were analyzed by
one-way analysis of variance. Significance was calculated by
Student's t-test.

Results and discussion

Antioxidant properties of trans-3-viniferin

The antioxidant properties of trans-d-viniferin (TVN) have
been evaluated using different assays (Fig. 2). Among the
oxygen radicals, the hydroxyl radical is the most reactive and
causes great damage to living cells due to its ability to react
with various molecules such as phospholipids, DNA, and
organic acids. The ability of trans-g-viniferin and cis-g-viniferin
to scavenge the hydroxyl radicals was previously determined
in the deoxyribose degradation test.”

The effect of increasing concentrations (up to 100 uM) of our
racemic trans-d-viniferin on deoxyribose damage

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Antioxidant activity of trans-6-viniferin (TVN).
Deoxyribose (A), ferrous ion chelating (B) and DPPH (C) assays
of TVN. Results for TVN (a) in B panel are reported in
comparison with the blank control (b).

induced by Fe3+/H202, as described by Halliwell in reference
33, is reported in Figure 2A. The molecule exhibited quenching
ability against hydroxyl radicals showing a degree of OH-:
inhibition of about ~58% at a concentration of 10 uM (Fig.
2A). The obtained IC5, value for the compound, 7.3£0.3 puM,
exhibited an antioxidative activity that was weaker with
respect to trans-g- viniferin but equal to that exerted by trans
resveratrol (0.17 and 7.35 uM, respectively).52

The hydroxyl radical is considered one of the fast initiators of
the lipid peroxidation process.53 The protection against lipid
peroxidation was estimated by dosing the inhibition of
thiobarbituric acid reactive substance. Notably, trans-o-
viniferin did not inhibit lipid peroxidation (data not shown). As
previously reported by others, these results confirm that the
free radical scavenging capacity and the efficacy for inhibition
of lipid peroxidation do not always match.>>¢

Ferrous ion is a key transition metal responsible for initiation
of peroxidation in biological systems. Chelating agents reduce
the concentration of metal ions available for catalyzing
peroxidation and thus are known to serve as effective
secondary antioxidants. As described by Dinis et al., ferrous
ions form a complex with ferrozine, and the intensity of the
purple colour of the complex decreases in the presence of
chelating agents.35 The amount of iron chelated by trans-6-
viniferin (100 uM), calculated by difference in absorbance
between a blank (Fez+—ferrozine) and a sample (Fe2+—ferrozine
and trans-&-viniferin), is shown in Fig. 2B indicating that the
chelating ability of the compound was about 30%.

The reducing power and the antiradical properties of the
samples were then assessed using FRAP and DPPH assays,

This journal is © The Royal Society of Chemistry 20xx

respectively. The FRAP assay is based on the measurement of
the ability of a substance to reduce Fe(lll) to Fe(ll); the greater
the reducing ability, the better the antioxidant property.
Antioxidants may reduce the colourless Fe(lll)-TPTZ to a blue
Fe(ll)-TPTZ complex, which results in an increase in the
absorbance at 595 nm, giving the so called FRAP value. The
FRAP values of increasing concentrations of trans-3-viniferin
showed no significant iron reducing activity (data not shown).
In the DPPH assay, the decrease of absorbance is correlated
with the antioxidant potency of the compounds. DPPH- is a
stable free radical containing an odd electron in its structure
and is used for detecting radical scavenging activity. The
degree of decrease in the absorbance of DPPH indicates the
free-radical scavenging potentials. The free radical scavenging
capacities of trans-8-viniferin is shown in Figure 2C with an
efficiency of about 50% at concentration higher than 100 pM.

These results showed that the antioxidant activity of TVN is
basically due to radical-scavenging effects rather than to a
reducing activity. These findings are in agreement and
somehow confirm previous investigations on resveratrol
moderate antioxidant activity towards the DPPH radical.””™°

The interaction of trans-8-viniferin and its enantiomers with
haemoglobin

Both the racemic mixture and the R,R-TVN, S,S-TVN
enantiomers easily cross RBC membrane by means of passive
diffusion.®® RBC concentration of trans-6-viniferin was assayed
using a high performance liquid chromatographic method. The
study showed that the majority of racemate (~90%), S,S-TVN
(~80%) and R,R-TVN (~60%) was present inside the RBC.
Different types of drug interactions with proteins in RBCs have
been observed and many of them involve Hb, which accounts
for 95%-97% of the cytosolic protein.61 The observed
significant the enantiomers and high
intraerythrocytic concentration of Hb suggest a potential

levels of two
interaction between the tested compounds and the protein.62
To find evidence to support the interaction between trans-6-
viniferin and Hb, additional studies using HPLC analysis were
performed on purified oxy- and deoxy-Hb incubated with the
racemic TVN, R,R-TVN and S,S-TVN, respectively. Our findings
indicate that all the tested compounds interact with Hb, but to
a different extent and that, as already observed for resveratrol
the observed binding is oxygen dependent (Fig. 3).”%% 5,5-TVN
appears to interact more tightly with Hb than R,R-TVN and, in
general, the two enantiomers interact more favorably with the
deoxy form. The levels of free trans-6-viniferin were 50% (R,R-
TVN) and 40% (S,S-TVN) of the total amount in the oxygenated
solution, 40% (R,R-TVN) and 20% (S,5-TVN) in the
deoxygenated one (Fig. 3A,B).

Molecular modelling of R,R-TVN and S,S-TVN into oxy- and deoxy-
Hb

J. Name., 2013, 00, 1-3 | §
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Figure 3. HPLC measurements of the amount of trans-6-
viniferin (TVN) free (white bars) or bound (grey bars) in the
oxygenated (A) and deoxygenated (B) state of protein. (a)
TVN, (b), R,R-TVN and (c) S,S-TVN. Conditions: purified Hb (0.7
mg/ml) was incubated with 50 uM of TVN, R,R-TVN and S,S-
TVN, respectively.

To investigate the potential sites for R,R-TVN and S,S-TVN
binding in oxy- (R state) and deoxy- (T state) Hb, we carried
out in silico molecular docking studies. Blind docking is
commonly used to generate protein-ligand complexes when a
binding site is undetermined.®*** Blind docking simulations of
R,R-TVN and S,S-TVN were performed with AutoDock
scanning the entire surface of oxy- and deoxy-Hb. In the case
of R,R-TVN 2000 docking conformations were grouped into 41
(oxy-Hb) and 33 (deoxy-Hb) clusters whereas docking analysis
of the S,S-TVN ligand produced 30 and 18 different clusters on
oxy-Hb and deoxy-Hb, respectively. This result reflects the
high number of rotatable bonds in the two enantiomers that
make it difficult to find the best binding mode.

A large number of clusters, in fact, implies existence of a wide
range of binding modes and lack of specific ligand-target
interactions. Several studies show that the most populated
clusters of the docked ligand conformations are better
predictors of the native binding mode.®® The majority of the
results concerning molecular docking are shown in Table 1 and
the location of the most populated clusters is shown in Figure
4. Two large clusters emerged from the blind docking of R,R-
TVN in oxy-Hb. One of these contains 405 orientations, the
best one with a score of -7.79 kcal/mol and is located at the
a,f3, interface of the protein (region 1, R1), the cooperative
inter-dimeric interface of the protein (Fig. 4A). The other
cluster (395 orientations, -7.82 kcal/mol) covers the o,B,
interface (region 2, R2), the symmetrically oriented region of
the protein which is arranged as a dimer of identical af
dimers, possessing two-fold symmetry (Fig. 4A).

In the case of S,S-TVN four large clusters were identified. The
most populated one (330 orientations, -7.66 kcal/mol) fits into
region 1, R1 (Fig. 4A), the second (307 orientations, -8.43
kcal/mol) was found at the entrance of the central cavity
between the two a subunits of the protein (region 3, R3), the
third (299 orientations, -7.01 kcal) is located at the entrance of
the central cavity between the two B subunits (region 4, R4),
the fourth (286 orientations, -7.68 kcal/mol) fits into region 2
(Fig. 4A).

Four clusters were identified by the docking analysis of R,R-
TVN with deoxy-Hb (Fig. 4B). The first cluster (400
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Table 1. Results of blind docking
binding energy

number site

(kcal/mol) in
cluster

RR-TVN/oxy-Hb
R1 -7.79 405 B,
R2 -7.82 395 o,B;
SS-TVN/oxy-Hb
R1 -7.66 330 B,
R3 -8.43 307 o0,
R4 -7.01 299 B1B,
R2 -7.68 286 0,B;
RR-TVN/deoxy-Hb
R1’ -6.86 400 0,0,B,
R -6.80 388 BB,
R1’ -6.36 314 o058,
R3’ -7.45 298 o0,B,
SS-TVN/deoxy-Hb
R -6.49 793 BB,
RV -8.83 668 0,058,

orientations, -6.86 kcal/mol) is located in the intersubunit
cavity between o,, a,, and B, chains (region 1’, R1’), the
second cluster (388 orientations, -6.80 kcal/mol) appears in
the intersubunit cavity delimited by f,, B,, and a, chains
(region 2’, R2’), the third cluster (314 orientations, -6.36
kcal/mol) fits into region 1’, whereas the fourth cluster (298
orientations, -7.45 kcal/mol), placed between o, a,, and B,
subunits (region 3’) is symmetrically positioned with respect to
the first one (Fig. 4B).

Figure 4. lllustration of the predicted binding sites between
R,R-TVN (magenta) and S,5-TVN (green) with oxy (A) and
deoxy (B) Hb. The representative poses of the most populated
clusters are shown. Orange, a,; dark blue, B4; yellow, a,; light
blue, B,. The heme groups are represented as ball and sticks
colored by atom type.

This journal is © The Royal Society of Chemistry 20xx




Table 2. Docking scores obtained from AutoDock and Glide

Complexes Region Site Docking Score
(kcal/mol)

AutoDock  Glide

RL b, 841  -6.743

R,R-TVN/oxy-Hb R2 aB, 809  -6.109

R1 Wb, 774 4223

R3 a0, 846  -6.456

S,S-TVN/ oxy-Hb R4 B8, 884  -6.640

R2 B, 773 -3.187

R1 0,53, -7.79 -6.290

R2 BB, 744 5612

RR-TVN/deoxy-Hb o\, 6 668  -5.441

R¥  wap; -824  -7.186

R2 BB,  7.87  -6.032

SS-TVN/deoxy-Hb oo, 0B, -9.01  -6.316

In the case of S,S-TVN/deoxy-Hb combination, two large
clusters were identified. The most populated of the two
(793 orientations, -6.49 kcal/mol) identifies region R2’, and
the other (668 orientations, -8.83 kcal/mol) is located into
region R1’ (Fig. 4B). In summary, four and three distinct
pockets were identified by trans-6-viniferin as putative binding
sites in oxy-Hb and deoxy-Hb, respectively.

To better characterize the possible binding modes of the two
enantiomers in each of these regions all the sites predicted by
the blind docking were further investigated with a subsequent
refined docking step. To this aim, two different docking
programs were used, AutoDock and Glide Extra Precision (XP)
which use different types of scoring functions and searching
methods. Table 2 shows the docking scores obtained from the
two docking methods used and reveals, for each binding
region, an agreement between the ranking of the docked
complexes. However it is worthwhile to notice that the
calculated binding energy differences between R,R-TVN and
S,S-TVN are small in magnitude when compared to the
estimated standard error of the methods (2.5 kcal/mol
estimate for the error in the AutoDock binding energy).

On the whole, docking calculations indicate the lack of specific
ligand-target interactions and suggest the existence of a wide
range of binding modes for trans-6-viniferin to Hb. The
analysis of the intermolecular interactions including
hydrophobic and hydrogen-bonding contacts was carried out
using the LIGPLOT program.67 Intermolecular interactions in
the lowest energy poses, as generated by both AutoDock and

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. LigPlot analysis results. Diagrams of the lowest
energy binding modes (Table 2) of oxy- Hb with R,R-TVN (A)
and S,S-TVN (B) and deoxy-Hb with R,R-TVN (C) and S,S-TVN
(D) showing the amino acid residues interacting with the
substrates through hydrogen bonding and hydrophobic
interactions. The green dashed lines correspond to the
hydrogen bonds. Spoked arcs represent hydrophobic contacts.

Glide (Table 2), are shown in Figure 5 where hydrophobic
contacts and hydrogen bonds for and deoxy-Hb,
respectively, are highlighted.

To confirm the docking results and to validate the stability of
predicted complexes, the major docking solutions (Table 2),
as well as the unbound oxy- and deoxy-Hb structures, were
chosen for MD simulation in the presence of explicit solvent.
To check the stability of the simulations, the protein Ca-RMSD,
the radius of gyration and the ligand Solvent Accessible
Surface Area (SASA total) were calculated over the course of
simulations and are presented in Table 3. In addition,
interactions formed by Hb and trans-6-viniferin were probed
by computing the number of hydrogen bonds (HBs) and
atomic contacts along the MD simulations. The hydrogen
bonding between the predicted ligand—protein structures as a
function of simulation time has been presented

oxy-
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Table 3. Time averaged structural properties during MD
simulations calculated for the predicted complexes and the

unbound proteins (standard deviations are given in
parentheses)
Ca-RMSD Radiu.s of Ligand
System gyration SASA
(nm) 2
(nm) (nm?)
Oxy-Hb 0.21(0.01) 2.37(0.01) -
RR-TVN/oxy-Hb
R1 0.24(0.01) 2.37(0.01) 3.30(0.35)
R2 0.19(0.03) 2.38(0.01) 2.92(0.49)
S,S-TVN/oxy-Hb
R1 0.21(0.02) 2.35(0.02) 2.95(0.33)
R3 0.21(0.02) 2.36(0.01) 1.76(0.29)
R4 0.22(0.02) 2.37(0.01) 2.48(0.37)
R2 0.22(0.03) 2.36(0.01) 3.97(0.45)
Deoxy-Hb 0.26(0.03)  2.39(0.01)
R,R-TVN/deoxy-Hb
R1’ 0.27(0.04) 2.42(0.01) 2.95(0.33)
R2’ 0.23(0.04) 2.41(0.01) 2.92(0.49)
R 0.24(0.04) 2.39(0.02) 1.76(0.29)
R3’ 0.21(0.01) 2.40(0.01) 2.06(0.47)
S,5-TVN/deoxy-Hb
R2’ 0.29(0.04) 2.37(0.01) 3.97(0.45)
R1' 0.35(0.02) 2.39(0.01) 2.41(0.50)

in Fig. 6. In the potential complexes all the original hydrogen
bonds were maintained during the simulation process (Fig. 6).
Analysis of the total number of contacts as a function of
simulation time (Fig. 7) suggests that, in the predicted
complexes, interactions of R,R-TVN and S,S-TVN with oxy- and
deoxy-Hb have generally equilibrated within 100 ps. Once
bound, the ligand remained attached to the protein even if
the simulation was extended to 10 ns (Fig. 7). Results of MD
simulation verified the stability of the docked complex and
further corroborate the hypothesis that multiple binding sites
may exist for both enantiomers of trans-6-viniferin in Hb.

Inhibition of nitrite-induced methemoglobin formation

Nitrite causes a rapid oxidation of hemoglobin to
methemoglobin (metHb).Gg“59 and superoxide has been
implicated in the autocatalytic stage of the oxidation.”® We
evaluated the efficiency of trans-d-viniferin as scavenger of
superoxide ascertaining its ability to inhibit nitrite-induced
oxidation of hemoglobin to metHb. In the presence of the
racemic TVN, R,R-TVN and S,S-TVN, the oxidation process was
strongly inhibited. The time required to convert 50% of the
available hemoglobin to metHb was 9 min in the absence of
the tested compounds, whereas in the presence of the
racemic TVN, R,R-TVN and S,S-TVN the formation of metHb
was inhibited to a great extent (92.3%+2.0, 71.5%*3.2 and
84.4%+3.1, respectively). Figure 8 shows the effect of TVN on
the time course of oxidation of hemoglobin and highlights that
the racemic TVN as well as its enantiomers R,R-TVN, S,S-TVN
exert a protective function.
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Effects of R,R-TVN and S,5-TVN on the erythrocyte
membrane
ATP release and anion exchange through erythrocyte

membrane are strictly related to Hb saturation with oxygen
and to oxidative stress and are often selected as parameters
indicative of RBC function and integrity.31'71‘72 It is known that
RBCs release ATP when they are deformed or under hypoxic
conditions.”*”*

Examination of the erythrocytes incubated with the racemic
TVN, R,R-TVN, S,S-TVN, respectively, and, for comparison, with
Mastoparan 7 (Mas 7), a direct activator of the heterotrimeric
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Figure 6. Intermolecular hydrogen bonds (H-bonds). Analysis
of total number of intermolecular H-bonds formed between
oxy-Hb (A) and deoxy-Hb (B) in the predicted docking
complexes as a function of time along the MD simulations.
Note the stable number of H-bonds in the generated models.

G protein, indicated that both R,R-TVN and S,S-TVN decreased
the release of ATP from RBCs (Figure 9A). In particular, R,R-
TVN was able to inhibit the ATP release by 55%, S,S-TVN by
35% and the racemic mixture by 40% (Figure 9A). Different
ATP values suggest a different modulation exerted by each
enantiomer on cystic fibrosis transmembrane conductance
regulator (CFTR). The reduced ATP release might partially
offset the increase of the glycolytic pathway (at the expense of

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Time course of methemoglobin formation in the
absence (circles) and presence of the racemic mixture
(triangles), R,R-TVN (crosses) and S,S-TVN (rhombus) at a
concentration of 50 M. Hemolysate containing haemoglobin
(3.12 mM) was treated with NaNO, 0.3 mM. Control
experiments, without trans-6-viniferin and under stripped
conditions are also reported (squares).
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Figure 9. Effect of the racemic TVN, R,R-TVN and S,S-TVN
concentrations on the ATP release (A), sulphate transport (B)
and caspase activation (C) in RBCs. (A) ATP concentrations
were measured at the end of the incubation time of the
erythrocytes without (a) and with 4 uM Mas 7 (b), 50 uM
racemic TVN (c), 50 uM R,R-TVN (d), 50 uM S,S-TVN (e). (B)
Rates of sulphate transport measured in RBCs without (a) and
with 50 puM of racemic TVN (b), R,R-TVN (c), S,S-TVN (d),
respectively. (C) Experiments were conducted in the absence
(a) or in the presence of 25 (shaded bars) and 50 (grey bars)
UM of the racemic TVN (b, c), R,R-TVN (d, e), S,S-TVN (f, g),
100 pM of t-BHT (h). Results are from at least three
independent experiments and expressed as mean +* standard
deviation (SD).

The ATP molecule, negatively modulating the
phosphofructokinase 1, key enzyme of glycolysis, would
channel the glucose towards the pentose phosphate pathway
with subsequent production of NADPH.

The exchange of anions (primarily HCO3™ for CI) across the
erythrocyte membrane is facilitated by the human anion
exchanger 1 (AE1, also called Band3).75 We investigated the
effect of the racemic TVN, R,R-TVN and S,S-TVN on Band
3-mediated anion transport in human erythrocytes to assess
whether their intra-membrane localization could somehow
affect trade between inside and outside of the lipid bilayer. A
time course of sulphate uptake (as a measure for the level of
anion transport) in human erythrocytes indicate that the
sulphate influx was increased by 60% in the erythrocytes
treated with racemic TVN, R,R-TVN and S,S-TVN (rate
constants of 0.037 + 0.0085 min'l) when compared to controls
(rate constants of 0.012 + 0.0027 min'l). The increased
efficiency of anion transport is shown in Figure 9B and may be
related to structural changes in band 3 and to the involvement
of caspase-3.76 In support to this hypothesis a remarkable
activation of caspase-3 was observed in the presence of R,R-
TVN, S,S-TVN and of the racemic TVN already at a
concentration of 25 pM. In the experiments tert-butyl-
hydroperoxide (t-BHT), a short-chain analogue of lipid
hydroperoxides, has been used as a control (Fig. 9C). It has
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been already described that oxidative stress promoted by
different drugs, through a direct interaction with Hb, may lead
to the activation of caspase 3, which, in turn, influences anion
flux via Band 3, as well as glucose metabolism.””

Conclusions

We have here described the biological activity of the
resveratrol derivative trans-8-viniferin (TVN) and investigated
the molecular basis of its interactions with hemoglobin (Hb) by
means of molecular docking and dynamics calculations.

In agreement with previous studies, we have shown that,
similarly to other resveratrol dimers and trimers, TVN could
function as a hydroxyl radical scavenger.lz'“'52

Notably, in the present paper we have also reported the first
evaluation of the biological activities of the individual
enantiomers of a resveratrol-related dimer. Using a number of
assays, we have found that both enantiomers exhibit a similar
but moderate biological activity. In particular, we have
demonstrated that both R,R-TVN and S,S-TVN cross the
erythrocyte membrane and increase the ion exchange across
the membrane of the RBC, an event that is certainly positive
for the physiology of the RBC as already observed for
resveratrol.>

Here we have highlighted the binding preference of TVN for
deoxy-Hb. In particular we observed higher affinity of S,S-TVN
towards Hb (in comparison to R,R-TVN) which correlates with
a stronger protective action exerted against oxidation caused
by nitrites (Table 4). Molecular modeling studies have been
further employed to provide detailed insights at atomistic
level regarding the recognition of TVN by HbA. Specifically,
several probable binding modes for S,S-TVN and R,R-TVN were
found to exist in oxy- and deoxy-Hb, in which both H-bonding
and hydrophobic contacts are important binding interactions.
These findings suggest the structure-based development of
novel dimers which may have a specific binding region on Hb.
It should be pointed out that the approach reported here
opens new possibilities for the screening and the design of
resveratrol derivatives with higher antioxidant activity than
the parent trans-resveratrol.
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