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Abstract

Background: Resveratrol, a phenolic compound, has various medicinal properties, including anticancer, anti-
diabetic, antioxidant, anti-inflammatory, etc. Diabetes is a killing disease, especially for people who cannot maintain

a healthy lifestyle. People with diabetes need additional information about a supplement that can prevent and treat
diabetes. The present study aims to investigate the interaction of insulin with resveratrol using fluorescence spectros-
copy, UV-Vis spectroscopy, CD spectropolarimeter, and molecular docking methods. As an outcome of this study, we
expect to understand the contribution of resveratrol in insulin resistance.

Result: The fluorescence spectroscopy results showed that the peak intensity of insulin emission decreased with
resveratrol. The interaction of insulin with resveratrol involved a combination of static and dynamic quenching effects.
Temperature changes caused the binding constant (K) and the binding site (n) unstable. The interaction occurred
through hydrogen bonding, van der Waal, and was hydrophobic. The results of UV-Vis spectroscopy showed that

the addition of resveratrol caused a peak in a blueshift, and the absorbance was hyperchromic. Also, there was a
reduction in electron transition and the extinction coefficient. The CD spectropolarimeter results showed that the
addition of resveratrol affected the secondary structure of insulin. The amount of a-helix and 3-sheet slightly change
and increase in the secondary structure’s length. The molecular docking study showed that resveratrol interacts via
hydrogen bonding with glycine and asparagine. van der Waal interactions occurred in asparagine, phenylalanine, and
cysteine. The interaction of electrons occurred through the 77 orbitals of resveratrol with tyrosine A and B. The binding
energy of molecules interaction happened spontaneously on a hydrophobic surface.

Conclusion: Profiling the interaction of insulin and resveratrol shows that resveratrol can stabilize insulin structure
and prevent insulin resistance in diabetes.
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1 Background the decay of teeth supporting tissues [3]. The benefits
Resveratrol has various medicinal properties such as neu-  of resveratrol have been correlated with the molecular
roprotective, chemopreventive, cardioprotective, anti- structure that can bind to other molecules. Resveratrol
cancer, anti-diabetic, antioxidant, and anti-inflammatory ~ has two aromatic rings linked by a styrene double bond
[1, 2]. Resveratrol, as an anti-inflammatory agent, inhibits ~ [2]. The number of hydroxyl groups distinguishes the
aromatic ring. The cis-resveratrol and trans-resveratrol
depend on the molecule’s position attached to the sty-
rene double bond. Trans-resveratrol has two derivatives,
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is due to three hydroxyl groups on RSV2 [5]. Even in
minor quantities, resveratrol could inhibit certain infec-
tions [2]. Resveratrol is a secondary metabolite found
in certain plants, such as Veratrum grandiflorum [6],
grapes for red wine production [2, 7], peanut oil, soy-
bean oil, corn oil, and colza oil [8-10], cashew nut [11].
Identification of resveratrol has been carried out in our
unpublished research. Resveratrol is found in candlenut
oil, peanut oil, sesame oil, sunflower oil, sacha inchi press
residue oil, and black beans oil. Among these, sesame oil
has the highest levels of resveratrol [].

Resveratrol, an anti-obesity supplement, facilitates glu-
cose transport in human fat cells and reduces adipose
tissue mass [12, 13]. Glucose transport is also associ-
ated with diabetes caused by increased blood sugar lev-
els, impaired insulin secretion, and resistance action of
insulin. To cure type 2 diabetes (T2D), resveratrol doses
exceeding 100 mg/d were found to be optimal for dia-
betic patients [14]. Resveratrol has been reported to
reduce insulin resistance and glycosylated hemoglobin
significantly [1]. Hereditary diseases triggered by insu-
lin resistance are obesity-T2D, non-alcoholic fatty liver
disease, polycystic ovary syndrome, and atherosclerotic
cardiovascular disease [15]. Obesity and diabetes scourge
women aged 20-39 years [16]. The total number of peo-
ple with diabetes in the USA is 37.3 million (11.3% of
the total US population) [17]. Given the high number of
diabetic patients and the ability of resveratrol to act as
an anti-diabetic agent, profiling the interaction of these
two molecules would be an important study. Several
researchers have reported the interaction of resveratrol

with protein molecules. These proteins are in the form of
DNA sequences [18], trypsin [19], bovine serum albumin
[20], human serum albumin [21], insulin [4, 22].
Resveratrol interacts spontaneously with DNA
sequences, bovine serum albumin (BSA), human serum
albumin (HSA), trypsin, and insulin. These proteins are
connected through hydrogen bonds, electrostatic, and
hydrophobic. Resveratrol binds with DNA and changes
the DNA conformation moderately. Resveratrol has the
potential for DNA sensing probes [18]. The interaction of
BSA and HSA with resveratrol illustrates the distribution
of the drug-protein complex in the blood. Serum albumin
plays a vital role in transporting nutrients and drugs. BSA
is serum albumin from cattle, and its physicochemical
properties are similar to HAS [23]. Meanwhile, resvera-
trol interaction with trypsin is recommended for the food
industry because it can inhibit protease activity [19].
Resveratrol has been reported to affect insulin dysregu-
lation in the blood of Goto-Kakizaki (GK) rats with con-
genital type 2 diabetes. Insulin binding occurs in skeletal
muscle and liver. A significant effect was also observed in
reducing protein expression related to the blood glucose
amount [22]. The interaction of resveratrol with bovine
insulin is spontaneous and exothermic. The appearance
of hydrogen bonds was observed through fluorescence
spectroscopy by the peak shift from 283 to 286 nm. The
reduction of insulin emission indicates that insulin emis-
sion has been quenched. Fluorescence is more sensitive
than absorption. The tyrosine residue of insulin has an
important role in polarity. The presence of resveratrol
has reduced the a-helix structure of the insulin structure,
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breaking the dimeric insulin structure into monomers
[4]. Bovine insulin has also interacted with paclitaxel
[24], DPPC (dipalmitoylphosphatidylcholine), or POCP
(1-palmitoyl-2-oleoylphosphatidylcholine) [25]. At the
same time, human insulin has interacted with vanillin
[26], vitamin E, and vitamin D3 [27].

The researchers used human and bovine insulin from
the various insulin interaction analyses. Insulin in the
pancreas has a hexameric structure, each hexamer has
three dimers, and the dimer is formed by combining two
monomers. Compared with hexamers and dimers, insu-
lin is active in the form of monomers. The terminal C
fragment of insulin B has the same function as insulin in
the monomer form [28]. In this study, profiling was car-
ried out using insulin chain B to interact with resveratrol
at a pH suitable for insulin in the pancreas (pH 7.4), and
completed with 3D interaction using molecular docking.

The regulation of fat and carbohydrate metabolism
is controlled by peptide hormones such as insulin [29].
The insulin molecule consists of 51 amino acids divided
into chains A and B. These chains are linked together by
sulfide bridges. Chain B has a helix structure [30]. The
insulin complex is formed through monomers bind-
ing, forming dimers and hexamers [31]. Insulin in the
monomer form has a heterogeneous and irregular con-
formation. This affects the biological activity and life-
time of pharmaceutical formulations [32]. The process of
insulin fibrillation can occur in diabetic patients. Small
molecules, peptides, and surfactants can inhibit insu-
lin fibrillation [24]. Studies on the interaction of insulin
with various small molecules have been carried out, such
as vanillin [26], phloretin [33], resveratrol [4], vitamin
E, and vitamin D3 [27], paclitaxel [24], DPPC (dipalmi-
toylphosphatidylcholine) or POCP (1-palmitoyl-2-ole-
oylphosphatidylcholine) [25].

Thermodynamic and kinetic observations of the inter-
action of insulin with ligands have been carried out using
various combinations of spectroscopy such as fluores-
cence spectroscopy and UV-Vis spectroscopy. Verdian
et al. applied fluorescence and UV-Vis spectroscopy to
observe the behavior of insulin with its aptamer [29]. The
interaction between insulin and phloretin and resvera-
trol has been carried out using a combination of UV-Vis
spectroscopy, fluorescence spectroscopy, and CD spec-
tropolarimeter [4, 33]. A combination of CD spectropola-
rimeter and atomic force microscopy (AFM) was applied
to determine the paclitaxel effect on insulin fibrillation
[24]. Insulin and resveratrol have been reported to inter-
act through hydrogen bonds and van der Waals [4] spon-
taneously. The bonds formed between protein and ligands
are seen in three dimensions (3D) using molecular dock-
ing studies. The interaction of insulin with phloretin in
3D shows connections by hydrogen bonds. The binding
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site was at the Tyr14 (tyrosine) and Glul7 (glutamic acid)
[33]. Given this background, the present study aims to
investigate the interaction of insulin with resveratrol
using fluorescence spectroscopy, UV—-Vis spectroscopy,
CD spectropolarimeter, and molecular docking methods.
Also, we aim to profile the effect of resveratrol on insu-
lin interaction and determine the position of the binding
site, binding residue, and binding energy. As an outcome
of this study, we expect to understand the contribution of
resveratrol to insulin resistance.

2 Methods

Insulin Chain B Oxidized From Bovine Pancreas CAS
30003726, 3495.89 g/mol (Sigma Aldrich), Resveratrol
CAS 501360, 228.24 g/mol (Sigma Aldrich), phosphate
buffer (pH 7.4), methanol 99.5% (Merck) were used in
the study. The instruments utilized were analytical bal-
ance (AND GR-200), UV-Vis spectrometer (PerkinElmer
Lambda 265), fluorescence spectrometer (Jasco FP-750
with Xenon), stabilizer temperature water tank (FIRSTEK
Model-B403H), fluorescent holder (Jasco STR-312), CD
spectropolarimeter (Jasco J-815 with a 150 W Xenon),
and a 1-ml quartz cuvette. Data were processed using
Origin and Microsoft Excel software.

2.1 Fluorescence spectroscopy procedure

Resveratrol and insulin were diluted using phosphate
buffer pH 7.4 and methanol. Standard stock solu-
tion for resveratrol was prepared in 11.412 mg/100 ml
methanol and insulin in 1.748 mg/10 ml buffer. The
insulin concentration was fixed at 5.0 x 107> M, and
initial resveratrol concentration was increased from
50 x 1077 t0 5.0 x 107* M. The INS-RSV solutions
were prepared with different molar ratios of resveratrol
(1:10; 1:5; 1:2.5; 1:1.25; 1:1; 1:0.5; 1:0.25; 1:0.125; 1:0.1;
1:0.05; 1:0.025; 1:0.0125; 1:0.01).

2.2 UV-Vis spectroscopy procedure

The INS-RSV solutions have various molar ratios of res-
veratrol with an initial concentration increased from
5.0 x 1077 t0 5.0 x 10~* M. Record UV-Vis spectrom-
eter using 1-ml quartz cuvette.

2.3 Circular dichroism spectropolarimeter procedure

The insulin concentration was constant at 5.0 x 107> M,
and initial resveratrol concentration was increased from
50x 1077 t0 50 x 107* M. The INS-RSV solutions
were taken into a 1-ml quartz cuvette and inserted into
CD Spectropolarimeter. Secondary structure analysis was
conducted online through the DichroWeb website. The
software used was SELCON 3 by Sreerama and Woody.



Yanti et al. Beni-Suef Univ J Basic Appl Sci (2022) 11:90

2.4 Molecular docking analysis

The molecular docking was performed using AutoDock
MGL Tools, AutoDock Vina, and Discovery studio soft-
ware. Simulations were done on human insulin code
pdbla7f obtained from the protein databank and resvera-
trol code CID 445,154 from PubChem. Overall, the flow-
chart of methods is shown in Fig. 2.

3 Results

Fluorescence spectroscopy has a high sensitivity. It can
analyze samples at a minimum concentration of 1072 M,
and up to 1072 M [34]. In this study, the analyte concen-
tration range used was 10~/ — 10~* M. Figure 3 shows
the different spectra between insulin, resveratrol, and
INS-RSV solution.

The relationship of fluorescence intensity of INS-RSV
with resveratrol is shown in Fig. 4a, while Fig. 4b, c is
used to determine thermodynamic and kinetic param-
eters and the result is shown in Table 1.

UV-Vis spectroscopy analysis aims to determine the
maximum absorbance wavelength in INS-RSV solution.
It also aims to determine the value of the extinction coef-
ficient involved in the interaction. Analysis using UV-Vis
spectroscopy was carried out by keeping the polypeptide
in a constant concentration [29]. The results of UV—-Vis
spectroscopy are presented in Fig. 5 and Table 2.

Observation of the interaction of insulin and resvera-
trol using a CD spectropolarimeter aims to determine the
effect of resveratrol on the secondary structure of insulin.
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The secondary structures of insulin are a-helix, -turn
and other, and random coil [33, 35]. Insulin monomer
has an o-helix structure in chains A and B and is con-
nected by disulfide bridges [32]. The 3D image of insulin
is shown in Fig. 7. The change in secondary structure is
shown in Fig. 6 and Table 3. The visualization of bind-
ing residue and binding site in insulin and resveratrol
interaction is shown in Fig. 7. Also, the binding energy is
shown in Table 4.

4 Discussion

4.1 Fluorescence spectroscopy

The analysis of the interaction of insulin and resvera-
trol is closely related to the sensitivity of the molecule to
radiation exposure and supramolecular concepts. Radia-
tion exposure causes absorption, and electrons transi-
tion from the ground to the excited state. The average
lifetime of the electron transition in the excited state is
107°-10.7% 5. An excited state is unstable. After that,
the electrons will return to the ground state through the
luminescence process. Luminescence occurs by releas-
ing energy (relaxation) while emitting light, detected
at wavelengths greater than absorption and excitation.
Luminescence is also known as fluorescence. The fluo-
rescence spectra are always broad because there are
many vibrational states. Not all chemical compounds
have luminescence properties; treating them to make
them luminescent is necessary. Compounds that have
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Table 1 Thermodynamic and kinetic parameters of insulin and resveratrol interaction
Parameter Unit 283.15K 288.15K 293.15K 298.15K 303.15K 308.15K
Dynamic quenching effect
Kp 104 M~! 1.5 5.68 3.03 452 6.83 3.76
kqp 1013 M1 5! 226 1.11 0.595 0.886 1.34 0.737
AG kj mol™! 12.955 12.836 12717 12.597 12478 12359
AH Kj mol™’ 19.698
AS Jmol~ K= 23814
Static quenching effect
Ks 105 M~! —10.1 —531 —107 —108 —4.74 —128
kqs 10 M1 s —198 —1.04 —209 —212 —0929 —250
n 0816 0499 0718 0.794 0557 0.831
AG kj mol ™! —38.680 —39.304 —39.929 —40.553 —41.177 —41.801
AH kj mol ™! —3.34]
AS Jmol™ 'K 124810
1.50 1.2 -
absorbance INS-RSV solution
R?=0.993
1.25 1 -—resveratrol 1.0
E) 4
= 1.00 AO'S
> 3
8 s
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Fig. 5 a UV-Vis spectra and b linear fit of INS-RSV solution absorbance in the different resveratrol concentration ratio

fluorescence can emit light in the visible region (380—
780 nm) [36]

Adding a quencher causes a decrease in fluorescence
intensity, known as quenching [37]. In the interaction
of insulin and resveratrol, resveratrol is a quencher.
Quenchers are ligands, or guests, while insulin is called
a fluorophore or host. The host is an organic molecule,
having a hollow structure where the guest is bound. The
bond that occurs between host and guest is weak and
non-covalent. The process of forming the host—guest
complex and the self-assembly are supramolecular con-
cepts [38]. The emission spectra in Fig. 3 show that chain
B insulin and resveratrol both have emission peaks.

However, at the same concentration, the fluorescence
intensity of resveratrol was higher than insulin. This indi-
cates that resveratrol is more sensitive to visible light. The
insulin emission disappears with the highest resveratrol
concentration in the INS-RSV solution. Resveratrol has
been reported having a sensitivity to UV light at 6 watts,
temperature 295 K at a wavelength of 305 nm [39]. Fluo-
rescence spectroscopy can identify electron transitions in
aromatic functional groups.

Insulin has the aromatic amino acids tyrosine and
phenylalanine, and tyrosine has a more remarkable fluo-
rescence ability [33]. Aromatic functional groups have
transitions 7—* (phi or single bond) which are lower
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Table 2 Molar absorptivity and maximum absorbance of INS-

(2022) 11:90

RSV solution
Solution Concentration Absorbance &M~ 'cm™") Amax(nm)
(107> M)
Insulin 5.00 0.035 698.145 296
1:0.01 0.00250 0.114 457,373.333 332
1:0.0125 0.00313 0.054 173411556 326
1:0.05 0.125 0.065 51,859429 330
1:0.1 0.250 0.109 43,745600 320
1:0.125 0313 0.116 37,204267 318
1:0.25 0.625 0217 34,677440 319
1:05 1.25 0413 33,067.867 319
11 250 0.889 35,548457 319
1:1.25 313 1.084 34,693.333 319
Resvera-  5.00 1.330 26,593.920 309
trol

g, Extinction coefficient, A, Wavelength

in energy than o—o* (sigma or double bonds). So the phi
transition is more dominant than the sigma transition. In
the emission state, there is a transition 7*—#n or 7*—7. The
choice is based on the lowest energy. Substitution of the
benzene ring causes a shift in the maximum absorption
wavelength, which impacts changes in fluorescence emis-
sion [40].

Observation of insulin using fluorescence shows that
insulin at low concentrations had an emission peak of
362 nm; the other small peaks were 438 nm and 466 nm.
At higher insulin concentrations, the emission peaks
shifted to the lowest wavelengths, ie., from 362 nm,
356 nm, 349 nm, 341 nm, 310 nm to 309 nm. This indi-
cates that the buffer causes the insulin emission process
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to a blueshift. Insulin has been observed to have a maxi-
mum excitation peak at 280 nm [33]. This peak develops
from the electron excitation of the aromatic amino acid
functional group in the insulin structure. Insulin is com-
posed of 4 amino acids as tyrosine residue and 3 as phe-
nylalanine residue. Compared to phenylalanine, tyrosine
has a dominant peak; therefore, tyrosine can be used as a
reference for insulin fluorescence spectra [33]. The ben-
zene (C¢Hg) functional group has fluorescence spectra
at 270 -310 nm, while benzoic acid has a broad peak at
310-390 nm [40]. This study set up the excitation wave-
length at 280 nm as per the previous studies. The maxi-
mum wavelength excitation for the insulin fluorescence
study was 280 nm [33]. Insulin has an emission peak in
the range of 309-362 nm.

Resveratrol consists of only two emission peaks, as
shown in Fig. 3b. At low concentrations, it has emission
peaks at 305 nm, 316 nm, and 377 nm. At a higher res-
veratrol concentration in the solution, the peak at 377 nm
shifted to 387 nm, while peaks at 305 and 316 nm dis-
appeared. Methanol causes the emission peak to become
redshift. The phenol functional group (C;H;0H) is pre-
sent in the resveratrol molecule. Phenol has a wavelength
of 285-365 nm and a phenolate ion at 310-400 nm [40].
Peaks identical to resveratrol were found at 305, 315, and
404 nm [4].

The INS-RSV solution has an emission pattern similar
to resveratrol, with two peaks at 306-308 nm and 392—
394 nm (Fig. 3c). At a low resveratrol ratio, a new peak
was found at 345-349 nm. The peak disappears as the
resveratrol ratio increases. Other peaks detected in the
INS-RSV solution were at 436 nm and 462 nm belong-
ing to insulin emission. Another change at a higher molar
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Fig. 6 a Circular dichroism spectra and b polynomial fit of circular dichroism millidegrees in INS-RSV solution, set in a bandwidth of 1 nm, standard
sensitivity mode, data pitch of 0.5 nm, scanning 50 nm/min, continuous scan mode, range 190-260 nm
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Table 3 The amount and length of secondary structure in INS-
RSV solution

INS-RSV a-Helix B-Sheet and others
(Per 100 Length (A) (Per 100 Length (A)
residues) residues)

1:10 1.497 6.954 3.851 5369

1:5 1.039 6.84 4317 5264

1:2.5 1.297 6.71 4.152 5.185

1:1.25 1.612 7.049 3349 5.267

1:1 147 6.691 3.184 5367

1:0.5 1411 6.855 3.07 5.262

1:0.25 1.664 7117 4.195 544

1:0.125 1481 6.805 3.339 5325

1:0.1 1.226 6.635 3358 5.115

1:0.05 1615 6.881 3.683 5.267

1:0.025 1.197 6.706 3.641 4,969

1.0.0125 1.261 6.604 3.694 5.191

1:0.01 1.582 7.018 3.825 5441

1:0 2.379 4465 548 4819

ratio of resveratrol noted was that the 394 nm shifted to
392 nm, and 308 nm shifted to 306 nm. It indicates that
the addition of the resveratrol ratio causes the main peak
in insulin emission to decrease or disappear, or a red-
shift peak shift in emission. The protein binding process
with the ligand causes quenching and is characterized by
peak shifts and decreased fluorescence intensity [27]. The
decrease in fluorescence intensity can be seen in Fig. 4a.
In the temperature range of 283.15 K, 288.15 K, 293.15 K,
298.15 K, 303.15 K, and 308.15 K, the fluorescence
intensity of the INS-RSV solution decreased exponen-
tially as the resveratrol concentration increased, with an
R*>=0.881-0.980. This shows that the presence of resver-
atrol has succeeded in changing the microenvironment
of insulin residues and quenching the insulin emission.
This phenomenon is called quenching effect. Insulin has
a drastic quenching effect when interacting with indole
butyric acid (IBA). The tyrosine residue (A14, A19, B16,
B12) is suspected in the involvement of changing this
emission peak [29].

Three possible quenching effects occur in the interac-
tion of the protein with ligands, namely static quenching,
dynamic quenching, and a combination of both. Deter-
mination of quenching constant for dynamic quenching
Kp can be performed using Stern—Volmer equation (Eq. 1
and Eq. 2). The linear regression of Fy/F and [RSV] pro-
duces a slope. The slope is quenching constant dynamic
or I(D.

Fo/F = (Fo/F)ps X 1 =14 kq - 7o - [RSV] (1)
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Kp = qu - T (2)

Kp values were observed at the different temperatures,
as shown in Fig. 4b and Table 1. The dynamic quenching
of insulin and resveratrol has a pattern that the higher
the temperature, the Kp and the constant rate (qu) also
decreased. The interaction was endothermic (AH > 0)
and not spontaneous (AG > 0). Without the quencher,
the tyrosine residue has a lifetime of 5.1 ns [4, 41]. In
the quenching effect, the electron density in the aro-
matic ring of tyrosine was more influential than —- CONH
and — COOH. The electron density increased due to the
addition of phenolic compounds [41].

The static quenching effect on the interaction of phlo-
retin with insulin has the following characteristics: The
two molecules are close together with weak interaction
stability [33]. Table 1 shows the static quenching effect in
the interaction of insulin and resveratrol, which is spon-
taneous, exothermic, and a decrease in the rate constant
(kqs ), and decrease in the K at a higher temperature. The
Ks is called the quenching constant of the static quench-
ing effect and the binding constant. The Kg value is
obtained from the intercept of the linear regression equa-
tion g [(Fo — F)/F] with lg [RSV] (Fig. 4 and Eq. 3). The
number of binding sites (n) is derived from the slope, its
approximately one (Table 1)

lg[(Fo — F)/F] =1gKs + n - 1g [RSV] (3)
Kg = qu - To (4)
AG=AH —T - AS. (5)

Thermodynamic parameters such as enthalpy AH and
entropy (AS) are obtained from the van’t Hoff equation
[42].In K and 1000/ T linear regression produce the slope
value as AH /R and intercept as AS/R. Determination of
Gibbs energy (AG) using Eq. 5. Compared with the maxi-
mum dynamic quenching rate 2.0 x 1010 M1 g1 (4, 43,
44], the quenching constant rate of INS-RSV interaction
is greater than the maximum dynamic quenching rate.
A higher quenching rate indicates that the quenching of
the two molecules takes place rapidly, but it decreases
with increasing temperature (Table 1). Therefore, the
quenching effect in INS-RSV interaction was a combined
quenching effect. The interaction begins spontaneously,
at a fast rate in the static quenching stage, followed by
a non-spontaneous reaction in dynamic quenching at a
slower rate as the temperature increases.

Based on the enthalpy (AH) and entropy (AS) values,
interaction is classified into several types: hydrophobic
if AH >0, AS > 0. If AH <0, AS < 0 were hydrogen
bonds and dispersion forces. If AH = 0, AS < 0, then it
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Table 4 The binding energy of insulin and resveratrol using
AutoDock Vina

Mode Affinity (kcal/mol)  Distance from best mode (A)
rmsd L.b rmsd u.b

1 —63 0 0

2 —6.2 0.037 2014

3 —59 2113 2.891

4 —58 1.255 7.527

5 —-56 1.671 7497

6 —-56 1.705 7271

7 —55 3.843 6.878

8 —55 3.291 3939

9 —54 1.939 2.799

rmsd, Root-mean-square deviation; l.b, Lower bound; and u.b, Upper bound

is electrostatic interaction. If AH (0, AS)O0, it is catego-
rized as an electrostatic interaction [42]. The energy
transfer from a cold to a hot temperature can change
the entropy value. The standard entropy of a gas is posi-
tive. A negative value appears if the gas is converted to
a liquid [45]. The standard entropy of water in the solid
state is 45 ] mol ™' K™, In the liquid state, water has an
entropy value of 70 ] mol~! K~![46]. Based on the data
in Table 1, the entropy value of the INS-RSV is 23.814—
124.810 ] mol~! KL This indicates the condition of
INS-RSV has a liquid phase, but the molecular den-
sity is less than water molecules in general. The inter-
action of insulin is hydrophobic, electrostatic, and has
hydrogen bonds, and also, there are dispersion forces
between insulin and resveratrol molecules.
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4.2 UV-Vis spectroscopy

At lower concentrations, insulin has absorbance peaks at
257 nm and 291 nm. At a higher insulin concentration,
the absorbance peak shifts from 291 to 274 nm, and the
high-intensity peak appears at 220 nm. Insulin has maxi-
mum peaks at 276 nm, and 283 nm belongs to tyrosine
and phenylalanine [4]. The 220 nm peak signals the pro-
tein chromophore group [47]. The absorption of insulin
in various solvents was detected at 250—-300 nm. In con-
trast to protamine, insulin has a positive charge at pH 7
[48]. The endocrine pancreas has the physiological condi-
tion for native insulin at pH 7.4 [49]. The peak of insu-
lin absorption in the INS-RSV solution was the smallest.
Resveratrol at the lowest concentration 5.0 x 10~/ M had
small peaks at 256 nm, 294 nm, and 329 nm. The peak at
5.0 x 107% M concentration was detected at 301 nm. The
concentrations of 5.0 x 107> M to 1.25 x 10~* M peaked
at 308 nm (Fig. 5).

It has been reported earlier that when interacting
with insulin, resveratrol’s proprietary peaks appeared at
305 nm and 315 nm [4]. In our study, the 1:001 resvera-
trol ratio peaked at 254 nm, 304 nm, and 332 nm, while
the 1:1 ratio peaks at 305 nm and 320 nm. The ratio 1:0.5,
1:1, 1:1.25 peaks at 305 nm and 319 nm. The results on
the effects of resveratrol on insulin are given in Table 2
and Fig. 5. A higher resveratrol ratio has led to the fol-
lowing conditions: the disappearance of the insulin peak,
higher absorbance of INS-RSV, and a low extinction
coefficient, and the maximum peak of INS-RSV shifts
to a lower wavelength. The shift of the peak to a lower
wavelength position is called the blueshift. The blueshift
is also referred to as hypochromic [40]. Verdian and Hou-
saindokht reported that a higher insulin concentration
in INS-IBS causes hypochromic events [29]. At a higher
resveratrol concentration, the absorbance of the INS-
RVS solution is hypochromic (shift from 332 to 319 nm).
Absorbance intensity and concentration ratio of resvera-
trol have a positive correlation, and mean increase in res-
veratrol has effect high of absorbance intensity (Fig. 5b).

Insulin is composed of a chromophore group (C=C)
packed in an aromatic amino acids structure. The
chromophore functional group is a covalent unsatu-
rated group (7 orbital) responsible for the absorption
of insulin molecules. Chromophore groups are usu-
ally found in complex molecules [40]. Resveratrol has
an auxochrome (— OH) group packed into a phenolic
structure. Conjugation of an auxochrome group with
a chromophore can change the absorbance intensity
and the position of the maximum wavelength. The
extinction coefficient of insulin is lower than resvera-
trol, indicating that the number of transition electrons
(7 — m*) in the insulin molecule is less than resveratrol.
This causes the pattern of INS-RSV solution spectra to
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be similar to resveratrol spectra. The addition of res-
veratrol causes the number of electron transitions in
the insulin molecule to decrease, suggesting that the
insulin molecule interacts with resveratrol. The elec-
tron transition in aromatic hydrocarbons occurs in the
7 — m* orbitals [40].

4.3 Circular dichroism spectropolarimeter

The characteristic CD spectra depend on secondary
structure confirmation. One of the factors that cause
conformational changes is binding interaction with
ligands [35, 50]. The secondary structure of insulin
can change with the appearance of ligands such as sur-
factants [35].

Figure 6a shows that insulin has a negative signal
at 209 nm, 217 nm, and 227 nm. In earlier reports, the
a-helix had a positive peak at 193 nm, negative at 208 nm,
and 222 nm [27, 33]. Small peaks belonging to -sheet
and others have a positive peak at 195 nm and negative
at 218 nm [24, 50, 51]. A negative peak at 209 nm is still
visible at a lower resveratrol concentration ratio. The
addition of the resveratrol ratio causes the peak shift to
211 nm. The peak at 217 nm shifts to 219 nm. The higher
resveratrol ratio causes the INS-RSV peak at 222 nm to
be broad range spectra. Resveratrol has a wide negative
peak at 222 nm. Figure 6b shows at a lower concentra-
tion of resveratrol have a linear correlation with elliptic-
ity, which is reported as millidegrees (mdeg). Meanwhile,
higher resveratrol concentrations have a polynomial cor-
relation with ellipticity. The highest resveratrol concen-
tration reduces the ellipticity of the INS-RSV solution.
This means interaction of the secondary structure of
insulin can be optimum at a lower concentration ratio of
resveratrol.

The interaction of insulin with resveratrol has changed
the conformation of insulin through changes in the sec-
ondary structure stability. Ligands in tocopherol com-
pounds can stabilize the insulin structure [27]. Paclitaxel
can change the insulin monomer structure to become
fibrillated. This was observed by shifting the CD spectra
[24]. The online determination method has been used
to determine the second amount of insulin per 100 resi-
dues and the length of the structure (Table 2). Based on
these data, the addition of resveratrol has changed the
secondary structure of insulin, which is slightly increased
the amount of a-helix and slightly reduces p-sheet and
other structures. There was an increase in the length of
the secondary structure. This means that the secondary
structure in insulin becomes longer by adding resvera-
trol. Changes in peptide length play an important role in
the stability of molecular and geometric structures. The
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helix-to-sheet transition depends on how fast the helix is
affected by the bioinspired material [52].

4.4 Molecular docking

Profiling of the binding site position and binding resi-
due in 3D, a molecular docking study was conducted.
The insulin interaction with resveratrol involves hydro-
gen bonding of glycine (GLY24) chain B and asparagine
(ASN21) chain B. The electron density in the aromatic
ring tyrosine (TRY19) chain A and tyrosine (TRY26)
chain B is affected by resveratrol’s benzene ring. The
electrons interact through the m— 7 orbitals between
TRY and resveratrol. The ASN18 residues, phenylalanine
(PHE25), and cysteine (CYS20) interact with resveratrol
via van der Waals interaction (Fig. 7a).

The position of the binding site is between the two
helix chains A and B (Fig. 7bc), causing the helix struc-
ture to change. The CD spectra increase the length of
the insulin secondary structure (Fig. 6, Table 2). The
binding site has a region in the range of hydrophobicity
-3.00 to 3.00. Hydrophobicity and energy binding have
important roles in drug efficacy. The interaction flexibil-
ity is influenced by water molecules [53]. Hydrophobicity
can affect the value of AS [46]. INS-RSV solution has a
value of AS>0, indicating that the molecules are at lig-
uid—gas phase condition. Figure 7a, ¢ shows the solvent
effect in the high hydrophobicity surface area, specifi-
cally at the phenolic and tyrosine interaction regions. It is
marked with a gray to bluish-gray color. Hydrogen bond-
ing occurs in the low hydrophobicity region because the
presence of water molecules can inhibit the formation of
resveratrol bonds with insulin.

The affinity energy involved in the INS-RSV interaction
is about -6.3 to -5.4 kcal/mol. Affinity is also called the
binding energy between insulin and resveratrol. A nega-
tive affinity value indicates that the interaction occurs
spontaneously, supported by the AG value in Table 1.
The binding energy increases with the longer distance
between resveratrol and insulin. The best resveratrol
conformation for binding is the first mode conformation,
because the closest the distance , the lowest the energy
affinity. The lowest of root-mean-square deviation (rmsd)
means great stability [54]. Resveratrol has nine possi-
ble conformational forms when interacting with insulin
(Table 4).

5 Conclusions

Profiling of insulin and resveratrol interactions was car-
ried out using multi-spectroscopy and molecular docking
methods. Spectroscopy methods used were fluorescence
spectroscopy, ultraviolet-visible (UV-Vis) spectros-
copy, and circular dichroism (CD) spectropolarimeter.
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Investigation of binding sites and binding residues was
done by molecular docking. The addition of resveratrol
affects insulin emission. The fluorescence spectroscopy
results showed that the peak of insulin emission was
reduced. Resveratrol causes insulin emission to become
quenching. The increase in temperature causes the bind-
ing constant and the binding site to be unstable. The
interaction of insulin and resveratrol involves hydrogen
bonds, van der Waal, and is hydrophobic. The results of
UV-Vis spectroscopy showed a high resveratrol ratio
caused the peak to become a blueshift, the absorbance
to become hyperchromic, and a decrease in the extinc-
tion coefficient. The results of the CD spectropolarim-
eter showed that resveratrol affected the amount and the
length of the secondary structure of insulin. Molecular
docking investigated resveratrol interaction via hydro-
gen bonds, van der Waal bonds, and phi orbital interac-
tions. The binding residues consist of glycine, asparagine,
phenylalanine, cysteine, and tyrosine as insulin residues.
The interaction of the two molecules occurs spontane-
ously in the hydrophobic area. Profiling of the interaction
of insulin and resveratrol shows that resveratrol can sta-
bilize insulin structure and prevent insulin resistance in
diabetes.
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