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1 Introduction

A comparative binding mechanism between human
serum albumin and a-1-acid glycoprotein with
corilagin: biophysical and computational
approacht

Daniel Pushparaju Yeggoni,? Aparna Rachamallu® and Rajagopal Subramanyam*@

The binding of corilagin with plasma serum proteins like human serum albumin (HSA) and «-1-acid
glycoprotein (AGP) was investigated under physiological conditions. To understand the pharmacological
importance of the corilagin molecule, anti-inflammatory activity on mouse macrophages (RAW 264.7)
cell lines was studied. This study reveals that corilagin caused an increase in inhibition growth of
inflamed macrophages in concentration-dependent manner with an ICsq value of 66 puM. Further,
intrinsic fluorescence of HSA and AGP was quenched upon titration of corilagin, and the binding
constants obtained from fluorescence emission was found to be Kcgrilagin 4.2 & 0.02 x 10° M~ which
corresponds to the free energy of —7.6 kcal M~! at 25 °C for a HSA—corilagin complex. Interestingly,
corilagin showed binding with AGP, an acute phase protein, and the binding constant was found to be
Keoritagin = 1.5 £ 0.01 x 10* M7t and its free energy was —5.6 kcal M=t at 25 °C. Further, the average
binding distance, r, between the donor (HSA) and acceptor (corilagin) was calculated and found to be
1.32 nm according to Forster's theory of non-radiation energy transfer. Later, circular dichroism studies
emphasized that there are marginal changes in secondary structural conformation of HSA in the
presence of corilagin. Corilagin is specifically bound to site | of HSA which was proved by site specific
marker, phenylbutazone. Furthermore, the binding details between corilagin and HSA revealed that
corilagin was bound to subdomain IIA through multiple interactions like hydrogen bonding and
hydrophobic effects. Molecular dynamic studies (MD) also suggest that binding is very precise to site |
(IIA domain) on HSA. Also, MD studies showed that HSA—corilagin complex reaches equilibration state at
around 4 ns, which proves that the HSA—corilagin complex is stable in nature, hence the experimental
and computational results are in agreement. Thus, examining the interaction mechanism of corilagin
with plasma proteins may play a critical role in developing corilagin inspired drugs.

antiatherogenic,” antioxidant,® hepatoprotective,* and antitumor.®
Furthermore, corilagin was also able to inhibit the release of

Corilagin (beta-1-O-galloyl-3,6-(R)-hexahydroxydiphenoyl-o-glucose),
a gallotannin identified in several plants, is a novel member of
the phenolic tannin family with its molecular formula of
C,7H,,0,5 having molecular mass of 634.45 Da. It has been
shown to exhibit versatile medicinal activities. There has been
little research on the effect of corilagin on cancer; instead, most
research has been focused on its use as an anti-viral, hypolipi-
demic, hypotensive, and anticoagulant agent.' Some pharmaco-
logical activities of corilagin have already been described, such as
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cytokines such as TNF-a, IL-1f and IL-6 as well as the production
of nitric oxide, both of which are mediators of inflammation and
pain. Corilagin has been reported as a TNF-o-releasing inhibitor in
inflammatory scenarios.® It's proven that corilagin has the
potential to reduce HSV-1 induced inflammatory insult to the
brain and anti-inflammatory activity in a cellular model.” Thus, it's
confirmed that corilagin is an inhibitor of TNF-o. and can restrain
radiation-induced microglia activation via suppression of the NF-
kB pathway.® Corilagin is protective against Gal/LPS-induced liver
injury through suppression of oxidative stress and apoptosis.
Several reports suggest that Phyllanthus amarus containing
tannins including corilagin and geraniin exhibit a high degree of
antiviral activity against HIV infection.? In spite of the broad use of
corilagin as mentioned, their binding with plasma protein is
unclear. In this work we have described the detailed investigation
on the binding mechanism of corilagin with plasma proteins.
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Binding of various drugs to plasma proteins has a pivotal
role for drug distribution and its action. Most drugs reversibly
bind to plasma proteins and are transported in the blood
circulatory system in a free state and a dissolved state in the
plasma and may form a complex with plasma.® So, among all
the plasma proteins, drugs mostly bind with human serum
albumin (HSA), which is the most predominant protein,
a negative acute-phase protein, and to some extent with o-1-
acid-glycoprotein (AGP) which is a positive acute phase
protein.'®'* Absorption, distribution, metabolism, excretion,
stability, and toxicity primarily depend on the binding of
endogenous and exogenous molecules to HSA.**** Studies on
the binding of drugs with HSA may provide information of
structural features that determine the therapeutic effectiveness
of drugs, and this has been studied for many years. HSA is
a major circulatory protein and the most abundant protein in
blood plasma and it is comprised of 585 amino acid residues.
HSA is a non-glycosylated single chained polypeptide having 67
kDa mass, which organizes to form a heart-shaped protein with
approximately 67% o-helical content.®* HSA binds mainly to
acidic, neutral, and basic drugs, whereas basic drugs bind
exclusively to AGP. HSA is a helical protein with turns and
extended loops, and resembles a heart shape monomer, with
approximate dimensions of 80 x 80 x 30 A. It consists of three
domains: I (residues 1-195), IT (196-383), and III (384-585), plus
seven water molecules and the overall structure is stabilized by
17 disulfide bridges.'*° There are two primary binding sites on
the protein, known as Sudlow's sites I and II. Aromatic and
heterocyclic ligands have been found to bind within two
hydrophobic pockets in sub-domains IIA and IIIA. Further,
seven binding sites for fatty acids are localized in sub-domains
IB, IIIA, and IIIB, and on the sub-domain interfaces. HSA also
has a high-affinity metal binding site at the N-terminus.*
Usually, drugs bind to one or very few high-affinity sites with
typical association constants in the range of 10° to 10° M~".*3
We have extensively studied the binding of natural and
synthesized compounds with HSA, including trimethoxy-
flavone, coumarintyramine, B-sitosterol, coumarin derivatives,
7-hydroxy coumarin derivative, chito-oligomers, asiatic acid and
lupeol. These results showed a strong binding towards HSA,
which lead to the complexion of protein and ligand, and hence
resulted in conformational changes of HSA.>*"*®

AGP, another plasma protein also known as Orosomucoid, is
an acute phase plasma protein and is the principal extracellular
lipocalin present in blood. AGP consists of 183 amino acid
residues and five N-linked oligosaccharides, with a molecular
weight of 44 kDa. The five carbohydrate chains account for
about 40% of the total mass and render AGP very soluble and
confer acidic (pI ~ 2.8-3.8) properties with a net negative charge
at physiological pH.”* AGP is mainly synthesized in the liver and
is secreted into the blood circulatory system.* It is reported that
AGP is also synthesized and secreted by other organs which
include the heart, lungs, and stomach.* The major biological
role of AGP is not well understood, though numerous in vitro
and in vivo activities have been reported such as drug transport,
inhibition of platelet aggregation, and modulation of lympho-
cyte proliferation.**** Similar to plasma proteins, the binding
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and distribution of wide range of exogenous and endogenous
ligands is one among the major aspects of AGP.® AGP-drug
interactions are a focus of great importance in the pharma-
ceutical sciences as this interaction is a major factor in drug
transport to tissue receptors, storage sites, and clearing organs®
in some chronic diseases. In most cases, ligand interactions at
the protein binding level will significantly affect the efficacy,
free concentration, distribution, rate of delivery, and elimina-
tion rate of drugs; thus, such studies will provide information
on those structural features that determine the therapeutic
affectivity of drugs, and have been an interesting research field
for many years in life sciences, chemistry, industrial, biological
and clinical medicine.*® Hence, it's important to understand the
binding nature of protein with corilagin, a natural compound,
and also pharmacokinetics of corilagin to understand the
impact of ligand delivery and transport during acute (AGP) and
normal phase (HSA) conditions. The present study emphasizes
the molecular interactions of corilagin with plasma proteins
and the role of cytotoxicity activities. Consequently, this helps
in understanding the binding mechanism with plasma protein
and drug delivery clues.

2 Results and discussion
2.1 Cell response assay

Biological and pharmacological importance, and its effect of
corilagin on cell response of mouse macrophages (RAW 264.7),
was examined by using the MTT assay. In order to induce the
inflammation in mouse macrophages cell line lipopolysaccharide
(LPS) (1 pg mL ") was used. Earlier reports show that corilagin
has anti-inflammatory and antioxidant properties.>”*” In a dose
dependent manner corilagin has shown anti-inflammatory
properties with an ICs, of 66 uM (Fig. SI 1t). The results ob-
tained reveal that corilagin showed an increased inhibition in the
growth of inflamed macrophages in a dose dependent manner.
We have also tested corilagin with other cell lines including HT-29
(human colon adenocarcinoma cell line), HepG2 (hepatic carci-
noma), and Mcf7 (breast cancer cell lines); however, corilagin is
specific to macrophages, which indicates that it can act explicitly
against inflammatory conditions. Thus, we can confidently
project that corilagin is a potential therapeutic agent.

2.2 Analysis of fluorescence emission spectra data

The binding affinity of protein-drug interaction was done by
using fluorescence emission spectroscopy. The main emission
spectra of HSA and AGP is due to presence of aromatic amino
acid tryptophan, phenyl alanine, and tyrosine. Among all the
amino acids tryptophan has a high quantum yield so the major
fluorescence of HSA and AGP is dominated by tryptophan
residue. The fluorescence emission spectrum of HSA is due to
the presence of single residue Trp-214 which is located in
subdomain IIA, one of the major binding sites. The process of
fluorescence quenching is observed due to numerous molecular
interactions such as energy transfer, reaction at excited state,
static and dynamic quenching, and molecular rearrangements.
Thus, intrinsic fluorescence protein quenching has been used

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Fluorescence emission spectra of HSA-corilagin in 0.1 M
phosphate buffer with pH 7.2, Aex = 285 nm, and temperature =25 + 1
°C. (A) Free HSA (0.001 mM) and free HSA with different concentra-
tions corilagin of 0.001-0.009 mM. (B) Plot of log(dF/F) against log[Q].
Aex = 285 nm and Aemy, = 360 nm.

to reveal the interaction mechanism with a ligand. When small
molecules bind to HSA, it changes intrinsic fluorescence
intensity due to the tryptophan residue.®® Fig. 1A shows the
fluorescence emission spectra of HSA with various amounts of
corilagin following an excitation at 285 nm. HSA exhibits
a strong fluorescence emission band at 360 nm. Increasing
concentrations of corilagin (0.001-0.009 mM) to HSA caused
a quenching of fluorescence emission without any peak shift,
hence this indicates that HSA-corilagin forms a complex. The
fluorescence quenching is due to a decrease in the quantum
yield of Trp-214 by variety of induced molecular interactions
with corilagin. There are numerous reports that have showed
the quenching of intrinsic fluorescence of HSA upon interacting
with various drug molecule.?>?%34

Similarly, the same concentration of corilagin was titrated
against AGP which lead to a decrease in fluorescence emission
maximum of AGP, indicating that corilagin was binding to AGP
(Fig. 2). Thus, the plasma proteins HSA and AGP both bind to
corilagin, as these two proteins are major carrier molecules for
different endogenous and exogenous drugs in the blood circu-
latory system. Since HSA is a negative acute-phase protein and
AGP is a positive acute-phase protein, binding studies with both
HSA and AGP play a major role in deciding the pharmacokinetic
role of corilagin in various biological conditions, especially
during diseased and inflammatory conditions. Thus, to under-
stand the pharmacokinetic behavior, the interaction of cor-
ilagin with AGP and HSA is of utmost importance in both
normal and pathological conditions.

The quenching system is classified as static or dynamic
quenching. These quenchings are well known by differences in
the fluorescence temperature, life time, and viscosity.*® Dynamic
quenching is a process in which the fluorophore and the
quencher (drug) come into contact during the transient existence
of an excited state. Static quenching is a process in which fluo-
rophore (HSA)-quencher (corilagin) complex formation takes
place. To verify whether it is static or dynamic quenching in HSA-

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Fluorescence emission spectra were measured for AGP along
with corilagin in 0.1 M phosphate buffer with pH 7.2, 2ex = 285 nm, and
temperature = 25 + 1 °C. Free AGP (0.001 mM) and free AGP with
different concentrations of corilagin, 0.001-0.009 mM. Insert: plot of
log(dFf/F) against log[Q]. Aex = 285 nm and ey = 340 nm.

corilagin complex, we plotted F/F against Q. The resulting plot is
linear for HSA-corilagin complexes indicating that the quench-
ing is mainly static in these protein-drug complexes.*! The K, was
estimated according to the Stern-Volmer equation:

Fo/lF =1+ Kq10[Q] = 1 + Kp[Q] (1)

where F and F, are the fluorescence intensities in presence and
absence of quencher, [Q] is the quencher concentration, and Ky, is
the Stern-Volmer quenching constant (K;), which can be written
as Kp = Kqto; where K is the bimolecular quenching rate constant
and t, is the lifetime of the fluorophore in the absence of
quencher; lifetime of the fluorophore for HSA is 5.6 ns.*** The
quenching constant (K,) for corilagin is calculated (Fig. SI 2t) to be
6.2 x 10° M~ s7'. As this value is much greater than the
maximum collisional quenching constant 2.0 x 10 M™*
s~ 1,224147% hence, the static quenching mechanism is prevalent in
these HSA-corilagin complexes.

The decrease in fluorescence indicates that corilagin is
binding to HSA, causing microenvironment changes in HSA due
to formation of HSA-corilagin complexes.

log[(Fy — F)/F] = log K; + n x log[Q] (2)

where Q, n, and K; are the quencher concentration, number of
binding sites, and binding constant, respectively. From this
equation the plotted results indicated a good linear relationship.
The number of corilagin molecules binding to HSA was calculated
to be 1.2, suggesting that HSA interacts with corilagin in a close
relationship of one-to-one ratio (Fig. 1B). From the slope of the
plot, binding constants of corilagin were calculated from the
intercept as 4.2 & 0.02 x 10°> M~ " which indicates strong binding
of corilagin to HSA. There is a good correlation and near to the
computational calculated binding constant of 1.5 x 10* M~ " ob-
tained as lowest free energy. The binding constants and free
energy of the best docking conformer are close and consistent
with the binding constants and free energy determined by
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fluorescence studies. Thus, these results are corroborated with the
experimental data. Interestingly, we have reported that natural
compounds binding to HSA showed similar results on betulinic
acid, feruloyl maslinic acid, trimethoxyflavone, and coumaroyl
tyramine; and their binding constants were Kgy = 1.685 £ 0.01 x
10° MY, Kenia = 1.42 £ 0.01 x 108 M, Kpye = 1.0 £ 0.01 X 10°
M, and Kor = 4.5 + 0.01 x 10° M~ 124255152

Interestingly, the binding of corilagin with AGP also was
stronger and the binding constant was found to be 1.5 £+ 0.01 X
10" M~ which is in the range of Food and Drug Administration
(FDA) data. Further, the computational calculated binding
constant as 1.0 x 10°> M~" was obtained as lowest free energy.
However, corilagin has good interactions with HSA and AGP; in
fact, binding constants with AGP fell in the range of known FDA
approved drugs like furosemide, imipramine, and benzyl peni-
cillin which have binding constants of 2.6 x 10* 2.5 x 10 and
1.2 x 10> M, respectively with HSA® and which are known to
have significant pharmaceutical importance. These derivatives
possess binding constants in the range of 10° to 10" thus sug-
gesting that corilagin binds strongly with HSA and AGP, which
has importance in the disposition of these molecules. It is known
that in most of the normal cases HSA acts a carrier for various
drug molecules; however, in pathological conditions, the AGP
also plays a major role in transporting drug molecules. Recently,
we also reported that chitosan oligomers were strongly bound to
AGP, whereas other molecules like 7-hydroxycoumarin deriva-
tives showed weak binding to AGP.” Thus, corilagin is a potent
phytochemical and can bind to both HSA and AGP which are
pharmacologically important proteins.

Free energy calculations. The standard free energy is calcu-
lated according to the following equation:

AG° = —RTIn K 3)

where AG is a free energy, K is a binding constant at the cor-
responding temperature, which can be obtained from fluores-
cence data, and R is the gas constant. The calculated free energy
change is —7.6 kcal M~ " at 25 °C. The calculated computational
free energy value is —5.71 kecal M~ " and the results are in
agreement with the experimental data. Here the lower free
energy value is mainly due to a hydrophobic interaction of
corilagin binding to HSA. In the case of AGP, the free energy
calculated from experimental and computational means was
—5.6 and —3.83 kcal M, respectively. The difference in free
energy and binding constants from experimental and compu-
tational, may be due to differences in arrangement solution and
crystal structural. Hence, it is validation of both the experi-
mental and computationally calculated free energies. In addi-
tion, similar types of interactions, such as hydrophobic and
hydrogen bonding, were observed with our recent studies on
natural as well as synthesized compounds trimethoxyflavone,
coumaroyl tyramine, asiatic acid, chitosan oligomers and 7-
hydroxy coumarin derivatives with HSA.?>?4274¢

2.3 Energy transfer from HSA to corilagin

HSA has a single tryptophan residue (Trp-214). The distance
between the Trp-214 in HSA and the bound corilagin could be
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Fig. 3 The overlap of fluorescence spectrum of HSA (A) and absor-
bance spectrum of corilagin (B) [Aex = 285 NM, Aem = 360 Nnm c(HSA)/
c(corilagin) = 1:1].

determined using fluorescence resonance energy transfer
(FRET). FRET has been widely used to determine the molecular
distance between acceptor and donor molecules. Generally,
FRET occurs whenever the emission spectrum of a fluorophore
(donor) overlaps with the absorption spectrum of another
molecule (acceptor). The overlap of the UV absorption spectrum
of corilagin with the fluorescence emission spectra of HSA are
shown in Fig. 3. The distance between the donor and acceptor
and extent of spectral overlaps determines the extent of energy
transfer. The distance between the donor and acceptor can be
calculated according to Fosters theory.> The efficiency of energy
transfer, E, can be calculated as

E=1— FIFy= RIR® + r® (4)

where F and F, are the fluorescence intensities of HSA in the
presence and absence of corilagin, r the distance between
acceptor and donor, and R, is the critical distance when the
transfer efficiency is 50%. R, can be determined as

RP=88x10PxK2x N*x¢pxJ (5)

where K is the spatial orientation factor of the dipole, N the
refractive index of the medium, ¢ the fluorescence quantum
yield of the donor, and J is the overlap integral of the fluores-
cence emission spectrum of the donor and the absorption
spectrum of the acceptor. J can be calculated as

J = SSF)e(DX AN ()AL (6)

where F(2) is the fluorescence intensity of the fluorescent donor
of wavelength, 1 and ¢(1) is the molar absorption coefficient of
the acceptor at wavelength, 1. In the present case, K> = 2/3, N =
1.336 and ¢ = 0.118 for HSA.** From the above mentioned
equations we are able to calculate J = 9.41 x 10~ "> ¢cm® L mol ",
Ry, = 2.57 nm, E = 0.49, and r = 1.32 nm for HSA. The donor-
acceptor distance, r < 8 nm (ref. 55 and 56) indicates that energy
transfer from HSA to corilagin occurs with high possibility, thus
the existence of static quenching due to complex formation
between HSA (Trp-214) and corilagin.

This journal is © The Royal Society of Chemistry 2016
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2.4 Displacement experiment using site specific marker for
human serum albumin with corilagin

A majority of ligands bind to HSA at primary sites known as
sudlow site I and II, which are located deep inside the sub-
domain ITA and IIIA, respectively. Site-specific competitive
experiments were conducted at room temperature in which
lidocaine (subdomain IB marker), phenylbutazone (site I
marker), and ibuprofen (site II marker) were used as marker
drug molecules that exclusively bind HSA. In the site-specific
displacement experiments, a solution of corilagin was gradu-
ally titrated with HSA and the concentration of HSA and site
marker is 1 : 1. Then, the fluorescence intensities are measured
and analyzed; Fig. 4 shows that the addition of phenylbutazone
(site I marker) slightly changes the fluorescence spectra of HSA
which indicates that it has bound to HSA. Later on, corilagin
was titrated continuously with various concentrations where
HSA and site markers are kept at constant concentration. Cor-
ilagin has to compete with lidocaine (subdomain IB marker),
phenylbutazone (site I marker), and ibuprofen (site Il marker) to
get the chance to bind to HSA if they bind to HSA in the same
site. This was proved by the gradual decrease in fluorescence
intensity, but the intensity was much lower in the absence of
site-specific markers. The binding constant of the corilagin—-
HSA system is ~3.9 & 0.02 x 10* (lidocaine), 1.6 4 0.01 x 10°
(phenylbutazone), and 3.7 + 0.02 x 10* M~ ' (ibuprofen),
respectively. The original binding constant of HSA-corilagin is
4.2 4 0.02 x 10° M. The binding constants in the presence of
phenylbutazone, and in its absence, are close to each other
whereas binding constants in the presence of other site-specific
markers like lidocaine and ibuprofen are less which indicates
that corilagin competed and displaced phenylbutazone from
the binding site. Thus, the displacement measurement
confirms that corilagin is bound to Sudlow's site I of HSA
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Fig. 4 Displacement of phenylbutazone from HSA-phenylbutazone
complex by corilagin. Fluorescence emission spectra were recorded
on Perkin-Elmer LS55 fluorescence spectrometer for corilagin with
HSA in presence of site probe markers. Phenylbutazone is referred as
site-] probe. The concentrations of HSA and phenylbutazone were
maintained constant at a concentration of 1 uM whereas the corilagin
was varied from 0 to 9 uM. Inserts: modified Stern—Volmer plot. Plot of
log(dF/F) against log[Q] Aex = 285 NM, Aem = 360 Nm.
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(Fig. 4). Similar kinds of competitive displacement studies were
reported in our pervious papers.****

2.5 Atomic force microscopy (AFM)

To investigate topography changes in HSA upon addition of
corilagin, the un-liganded HSA and HSA-corilagin complexes
were clearly visualized by using AFM in triplicate. Fig. 5A and B
shows the results obtained from AFM for the un-liganded HSA
and its HSA-corilagin complexes. The data shows that HSA was
adsorbed evenly on the mica glass surface. The mean height of
the different HSA molecules was 137.3 £ 2.47 nm. These
dimensions are nearer to a previous report of HSA.>” After addi-
tion of corilagin, the HSA molecule became swollen, and the
mean height of HSA reached to 337.5 £ 3.05 nm which indicates
the aggregation or HSA-corilagin complexation. Thus, the
microenvironment surrounding HSA became more hydrophobic
after interacting with corilagin. Therefore, minimizing some
factors unfavorably affecting the formation of a stable complex
structure, the HSA molecule reduced its surface area of contact
with water by molecular aggregation. Mostly proteins are aggre-
gated under certain conditions like a special composition ion,
appropriate pH value, and concentration of a protein solution.
Moreover, protein-protein hydrophobic interaction is an impor-
tant factor to cause proteins aggregation.*® The different shapes
and size distributions point towards distinctly different forms of
morphology of free HSA and HSA-corilagin complex. These
results again support the formation of a protein ligand complex
and, as a result, the morphology is different from the free protein
(Fig. 5C and D). Hence, the results exhibit that a hydrophobic
interaction between HSA and corilagin may exist.

2.6 Circular dichroism (CD) spectroscopy

CD is the most vigorous analytical spectroscopy technique
which helps in understanding the changes in the secondary and
tertiary structure of proteins in the far-UV region. The possible
effect on the overall structure of HSA upon binding with cor-
ilagin was monitored by CD spectroscopy (Fig. 6). The secondary
structure of HSA can be determined by CD spectroscopy in the
“far-UV” spectral region (190-250 nm). HSA has two absorption
peaks at 208 and 222 nm and these peaks originate from a-helix
in the protein. Addition of corilagin (0.001-0.009 mM) to HSA
(0.001 mM) resulted in a decrease in absorbance intensity at 208
nm and a significant change at 222 nm, which indicated
a decrease in the o-helix with an increase in the B-sheets and
random coils induced by a specific interaction between cor-
ilagin and HSA. Also, it indicates conformational changes
induced by corilagin on the overall structure of HSA and
resultant formation of HSA-corilagin complexes. Free HSA has
58% da-helix, 23% B-sheets, and 19% random coils, which is in
agreement with the previous reports.”>*>* The original crystal
structure, however, was reported to be 67% of the a-helical
content;™ in our study it was 58%. The differences in a-helical
contents could originate from different structural arrangements
of the protein in a solid state (X-ray structure) and in aqueous
solution (CD measurements). However, there was no change in
tertiary structure of HSA when corilagin binds to it. The

RSC Adv., 2016, 6, 40225-40237 | 40229
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Fig. 6 (A) Circular dichroism spectra of free HSA and its corilagin
complexes in aqueous solution with a protein concentration of 0.001
mM and corilagin concentrations were 0.001, 0.005, and 0.009 mM.
Spectra were recorded with a JASCO J-810 CD spectropolarimeter. A
quartz cell with a path length of 0.02 cm was used. (B) The secondary
structural changes of HSA and HSA-corilagin; the plot represents the
concentration-dependent secondary structural changes of free HSA
and HSA-corilagin.

percentages of the secondary structural elements of HSA and
the corilagin-HSA complex are shown in Table 1. A slight
decrease in the a-helical content from 58 & 2.5 t0 52.6 + 1.8 and
an increase in the B-turns from 23 + 0.73 to 25 + 0.1, and
random coils from 19 + 1.0 to 22.4 £ 0.8 indicates that the
addition of corilagin induced a partial unfolding of the
secondary structure of HSA. The partial unfolding may be due to
microenvironment changes within the proximity of tryptophan

40230 | RSC Adv., 2016, 6, 40225-40237

residue while binding to corilagin, which was also revealed by
a decrease in fluorescence emission quenching and AFM data.
The slight decrease of a-helical content with an increase in the
B-strand and random coils may be due to the formation of HSA-
corilagin complex with hydrogen and hydrophobic interactions.
Our results are in agreement with previous studies that advo-
cate partial loss and conformational changes in overall struc-
ture of HSA upon complexion with ligand binding.?*>1560-63

2.7 Thermal stability of HSA and HSA-corilagin complexes

In order to determine the stability of HSA-corilagin complexes,
temperature-dependent CD was carried out for HSA and HSA
with 0.009 mM of corilagin, from 25-85 °C. The secondary
structural conformation of protein is not significantly changed
up to 60 °C in HSA-corilagin complexes (Fig. SI 31). Above 65 °C
the a-helical content decreased dramatically due to thermal
denaturation, while the B-sheets and random coil content
increased in both HSA-corilagin complexes. An earlier report
showed that the T,,, of HSA alone was around 65 °C, which shows
that the unfolding of protein occurs only after this point.** In the
secondary structural conformation it was noticed in corilagin
plus HSA complexation (0.009 mM) that the o-helical contents
were 52.6 + 1.8% and 33.7 & 2.0%, B-sheets 25 & 0.73% and 38.2
+ 1.0%, and random coils 22.4 + 0.8% and 28.1 + 2.0%,
respectively, which indicates that there is no release of corilagin
from its complexation. Thus, this result indicated that even at 60
°C the HSA-corilagin complex is stable, thus the protein complex
is thermodynamically and conformationally stable.

2.8 Molecular docking studies

The site marker competitive experiments indicated that cor-
ilagin binding site on HSA was site I (subdomain ITA). To further
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Table 1 Secondary structural analysis of HSA and HSA plus different concentrations (0.003, 0.005 and 0.009 mM) of corilagin. On the basis of

Fig. 6, the data was analyzed by web-based software CDNN 2.2

Corilagin HSA HSA + 0.001 mM HSA + 0.005 mM HSA + 0.009 mM
a-Helix% 58 £2.5 56.2 £ 2.03 54.8 £2.04 52.6 £1.8
B-Sheet% 23 £0.73 23.4 £ 0.6 24 +£0.8 25+ 0.1
Random coils% 19 £1.0 20.4 £0.6 21.2 £ 0.4 22.4+£0.8

describe the binding site and residues involved in the interac-
tion of corilagin with HSA, molecular docking was done using
Autodock (4.2.3) software to generate possible conformations
upon binding of corilagin with HSA and AGP. The crystal
structure of HSA and AGP was taken from the Protein Data Bank
(entry PDB code 1A06 and 3kQ0). The crystal structure of three
homologous domains in HSA can be further divided into six-
helix and four-helix subdomains (A and B).** Due to presence
of multiple binding sites, HSA has an extraordinary ability to
bind various small molecules.” Based on the site-specific
markers used in our experiment, we determined that corilagin

binds specifically to the site I (subdomain ITA). Further, we have
defined the binding site using a molecule docking technique to
determine the primary binding site of corilagin on HSA. By
using Auto Dock software 4.2.3 about 30 conformers were
generated from docking simulation and we chose the
conformer on the basis of least free energy of binding and score
ranking, which also matches the free energy obtained from
fluorescence emission.®” The corilagin complex is stabilized by 8
hydrogen bonds between corilagin to LYS274, GLU294, ASN295,
GLU297, MET298, PRO299, LEU302, and PRO339 of the protein
with lengths of 2.65, 2.56, 2.86, 2.89, 2.98, 2.81, 2.86, and 2.98 A.

Lys274

Fig. 7 Schematic representation of least binding energy docked conformation obtained from docking simulation. (A) Pymol stereo view of
corilagin binding site to HSA IIA domain in which corilagin is rendered as capped sticks and surrounding residues as lines (LYS274, GLU294,
ASN295, GLU297, MET298, PRO299, LEU302, and PRO339). (B) A graphical representation of Ligplot data to show the hydrophobic interactions
of HSA with corilagin. (C) Corilagin bound to IIA domain on HSA (protein and ligand colored blue, red, yellow, and green, respectively). (D) The
hydrophobic and hydrophilic amino acid residues surrounding corilagin.
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The minimum binding energy conformer was observed as
—5.71 kcal M~ ", We even validated the docking results by using
X-score of Auto-doc conformer, wherein we obtained a reason-
ably good binding energy value of —8.73 kcal mol ' and binding
affinity of docked corilagin with HSA was 6.40 pM. That fact
gives a moderate correlation with the experimentally deter-
mined values —7.6 kcal M~ " having an inhibition constant of
65.16 pM, and the binding constant was 1.5 x 10* M~ (Fig. 7A).
Docking results determined that corilagin was binding to HSA
at subdomain IIA which is Sudlow's site I with the most stable
docking conformer (Fig. 7B and C). It was also observed that the
corilagin binding site in HSA was fully covered by hydrophobic
interactions (Fig. 7D). Thus, corilagin is surrounded by hydro-
phobic and hydrophilic amino acids such as ALA300, GLY328,
ASP340, and ALA443. Therefore, corilagin binds with HSA
mainly by hydrophobic interactions with above mentioned

View Article Online
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amino acids involved in the interactions, along with few
hydrophilic interactions that are shown in Fig. 7C. These results
are in accordance with the free energy calculations obtained
from the binding constant which was derived from fluorescence
quenching data.

Interestingly, docking studies revealed that corilagin inter-
acts with AGP with binding constants of 1.0 x 10° M~ ' and free
energy was found to be —3.83 kcal M~ " which is nearer to the
experimental 1.5 + 0.01 x 10* M~ " and —5.6 kcal M " values
(Fig. 8). The corilagin-AGP complex is stabilized by hydro-
phobic amino acids and with 7 hydrogen bond between the
compound and GLY93, GLU96, VAL116, HIS97 and GLN95 with
bond length of 2.74, 2.91, 2.71, 2.14, 2.65, 2.84 and 3.20 A.
Overall the interactions of corilagin are varied between HSA and
AGP, but the binding constants and free energy of experimental
and computational are comparatively less than has, suggesting

Valllé

Fig. 8 Docking conformation of AGP—corilagin complex obtained from Auto dock v 4.2.3. (A) Pymol Stereo view of corilagin bound to AGP in
which corilagin is rendered as capped sticks and surrounding residues as lines (GLY93, GLU96, VAL116, HIS97, and GLN95). (B) Ligplot analysis of
AGP with corilagin to show the hydrophobic interactions and the binding pocket showing hydrophobic and hydrophilic amino acid residues
surrounding the probe corilagin. (C) Corilagin bound to IIA domain on AGP (protein and ligand colored blue, red, yellow, and green, respectively).
(D) The hydrophobic and hydrophilic amino acid residues surrounding the corilagin.
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that HSA-corilagin complex is more stable than AGP-corilagin
complex. The results of docking studies indicate that the
interactions between corilagin and HSA, AGP are dominated by
hydrogen and hydrophobic interactions, which is in excellent
agreement with free energies that are obtained from fluores-
cence data. However, the pharmacological behavior could
change differently in diseased conditions and thus, corilagin
binding to plasma protein of AGP would certainly be an
important process. Particularly, AGP is an acute phase protein;
hence, differential interactions were observed for the corilagin
molecule with HSA and AGP.

2.9 Molecular dynamics simulations

The least binding energy conformer complex was chosen on the
basis of the docking results and its stability properties were ob-
tained by calculating the root mean square deviation (RMSD),
root mean square fluctuation (RMSF) and radius of gyration (R,)
during MD. The stability of the HSA-corilagin complex gives
credibility of the docked results. The mentioned parameters i.e.
RMSD, R;, and RMSF values of atoms in un-liganded HSA and
liganded HSA-corilagin with respect to the initial structures were
calculated along 10 000 ps trajectories (Fig. 9A and B). Free HSA
and HSA-corilagin complex RMSD values steadily increased until
1000 ps followed by a slow increase up to 4000 ps. After this, there
was no further increment of RMSD values and it reached
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equilibrium. After reaching equilibrium, the RMSD values of the
C-Ca-N backbone for both the HSA and HSA-corilagin complex
were calculated for the 1-10 000 ps time scale (Fig. 9A). For HSA,
the data point fluctuations are 0.45 + 0.053 nm whereas for the
complex they are 0.40 &= 0.036 nm. The decrease in RMSD value of
the complex from that of the free HSA indicates that the ligand,
upon binding with protein, showed slight structural change,
increased rigidity, and stability. Thus, the MD simulations
studies showed that these complexes remain in a stable binding
position with slight RMSD fluctuations, confirming the integrity
of docked conformer forecast by AutoDock 4.2.3. Remarkably,
our data is in agreement with the earlier reports from our
group.?*?**% The protein reliability is analyzed by plotting R,
values against the function of time. R, was used to assess the
stability of the back bone atoms of HSA and HSA-corilagin
complex (Fig. 9B). With the free HSA alone and HSA-corilagin,
the R, value is stabilized at about 2000 ps, which implies that the
MD achieved equilibrium at 4000 ps. First, the R, value of both
free HSA and HSA-corilagin complex was 2.64 nm. The free HSA
and HSA-corilagin complex was stabilized at 2.57 + 0.03 nm
(Fig. 9B). The R, value of HSA, which is shown experimentally by
neutron scattering in aqueous solution, was 2.74 £+ 0.35 nm
which showed that it synchronized with the experimental data.
Previous studies showed that the R, of HSA determined experi-
mentally from neutron scattering in aqueous solution was 2.74 +

T N T ! T
- HSA
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L 1 1 L 1 1 1 " L
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(A) Root mean square deviation (hnm) of un-ligand HSA and ligand HSA (HSA-corilagin). (B) Time dependence of the radius of gyration (Ry)

for the backbone atoms of un-ligand HSA and ligand HSA (HSA-corilagin). (C) RMSF values against residue humbers. The RMSF values of un-
ligand HSA and HSA-corilagin complex were plotted against residue numbers. (D) The profile of atomic fluctuations. Atomic fluctuations of un-
liganded HSA and HSA-corilagin complex to the active site amino acid residues present in the 1B subdomain of HSA which is site I.
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0.035 nm, which indicates that the simulations performed are
identical to the experimental values.®” Also, the present result is
closely related with our previous studies where [-sitosterol,
asiatic acid, and piperidine stabilized from 2.59 £+ 0.03 nm to
2.40 + 0.031 nm; 2.42 £ 0.03 nm to 2.45 4+ 0.01 nm; and 2.64 +
0.021 nm to 2.57 + 0.03 nm for free HSA and HSA-with
complexes, respectively.****** MD simulations provided insights
of stability of the complexes of docked conformers. Coming to
the RMSD figure, it gives the overall stability of the docked
conformer specifically, based on fluctuation of the Ca-backbone
relative to native HSA alone. Also, MD data showed that HSA plus
corilagin reaches equilibration state at around 4000 ps, which
indicated a stable HSA and corilagin complex. We further studied
the RMSD and time evolution of the radius of gyration in the
course of 20 ns of MD simulations of free HSA and the HSA-
corilagin complex results are shown in Fig. SI 4; T as seen, the
initial RMSD and R, values are stabilized as mentioned above.
Thus, based on the RMSD and R, values that are obtained in this
work, it can be concluded that HSA exhibits a slight conforma-
tional change when it combines with corilagin. RMSD provided
the evaluation of the structural drift values of Co. atoms from the
initial structure as a function of time. From 0-20 ns trajectory
data the RMSD value for free HSA is 0.45 + 0.04 nm, while the
HSA-corilagin complex fluctuated initially and stabilized at
around 4 ns simulation time with data point 0.43 £ 0.03 nm. The
HSA-corilagin complex showed less fluctuation which indicates
that only a few atomic fluctuations are in the magnitude of both
RMSD and R, where the protein-ligand complex reaches an
equilibrium state. Thus, both experimental and computational
results suggest a slight conformational change probably around
the binding pocket of the HSA. So, during simulation the change
of R, value from HSA to HSA-corilagin over simulation time
indicates stabilization and slight conformational changes in the
secondary structure of HSA when bound to the corilagin. This
observation again supports a partial change of CD spectral results
as shown and discussed earlier. The local protein mobility was
analyzed by calculating the RMSF values of HSA alone and from
the HSA-corilagin complex. The RMSF values were plotted
against residue numbers based on the 10 000 ps trajectory
(Fig. 9C). The profile atomic fluctuations were found to be very
similar to those of HSA and HSA-corilagin complex. Here, the
results show that, except subdomain IIA, all other domains IA, IB,
IIB, and IITA of HSA showed high fluctuation which indicated
that corilagin is more rigid at site I, particularly IIA domain
(Fig. 9C). This rigidity was located in individual residues of
LYS351, GLU354, ALA213, VAL216, and ASP324 of HSA-corilagin
(Fig. 9D). The specific binding was also confirmed from the site
specific probes which showed that corilagin binds to IIA domain
(Fig. 4). Thus, in site I the fluctuations are less when compared
with the other drug binding sites IB and site II. Therefore, this
study provides evidence that HSA binds to sites I (IIA subdomain)
and interacts specifically with corilagin through conformational
adjustments of the protein structure, in aggregation with ligand
conformational variation at these sites. Based on the RMSD, Ry,
and RMSF values obtained in this work, it can be concluded that
the HSA molecule exhibits a slight conformational change when
it combines with corilagin.
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3 Materials and methods

3.1 Preparation of stock solutions

Fat free HSA was purchased from Sigma-Aldrich (USA), and dis-
solved in physiological aqueous solution of 0.1 M phosphate
buffer at pH 7.2, at a concentration of 1.5 mM. Corilagin was
purchased from Natural remedies Pvt., Ltd, (Bengaluru, India).
Stock solutions were prepared by dissolving (1.5 mM) in 20 : 80%
ethanol/water mixture. It is known that 20% ethanol does not
affect the absorption of HSA and AGP and their structures. HSA
and AGP solutions were prepared on basis of their molecular
weights, respectively. All other materials were of analytical grade
and double distilled water was used to prepare solutions. The
chemicals used were purchased from Sigma-Aldrich.

We also optimized the incubation time of corilagin binding
to HSA and AGP by fluorescence emission and found 5 min was
the maximum binding time. Thus, we fixed the incubation of
corilagin with HSA and AGP at 5 min and followed the same
time for further experiments. Upon titration of corilagin with
HSA and AGP, there was no precipitation which confirms that
the mixture is clear.

3.2 Cell response assay (MTT assay)

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide)tetrazolium reduction assay was the first homogeneous
cell viability assay developed for a 96-well format that was suitable
for high throughput screening (HTS).®® Cell response was carried
out by the MTT assay, the cell lines taken are the mouse macro-
phages (RAW 264.7) which were sub cultured and were seeded in
96 well plates at a density of 5 x 10* cells. To induce inflamma-
tion, cells were pretreated with lipopolysaccharide (LPS) at 1 pg
mL " for 4 h. After a while the cells were treated with corilagin in
increasing concentrations of 10, 20, 40, 60, 80, and 100 uM for 48
h in a volume of 100 uL. The cells were grown in same media
without corilagin as a control. At the end, 20 puL of MTT (5 mg
mL " in PBS) was added and cells were incubated for 4 h. About
100 pL of DMSO was added to each well and mixed with repeated
pipetting to dissolve the MTT crystals. Finally, cell response was
measured at absorbance of 570 nm by using a micro plate reader
(1 Quant Biotek Instrument, Inc.). Experiments were carried out
in triplicates. Taking the control as 100%, reference cell response
was calculated. The mean =+ SE was calculated and reported as the
cell response (%) vs. concentration (uM).

3.3 Fluorescence spectroscopy

A LS-55 spectrofluorometer (PerkinElmer Co., USA) equipped
with 1.0 cm quartz cells was used to carry out the fluorescence
emission spectra. Fluorescence emission spectra were recorded
at room temperature with wavelength range from 300-500 nm,
excitation wavelength of 285 nm, and band width of 5 nm for
both excitation and emission. The experimental sample
(protein and drug) was maintained at room temperature. HSA
and AGP concentrations were 1 uM, and the different concen-
trations of corilagin were 1 to 9 uM in 0.1 M phosphate buffer at
pH 7.2. Three independent experiments were performed and for
each time three independent identical spectra were obtained.
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Increasing concentration of corilagin with HSA and AGP and
increasing absorbance of excitation or emission radiation
introduces an inner filter effect that may decrease the fluores-
cence intensity and result in a nonlinear relationship between
the observed fluorescence intensity and the concentration [Q] of
the corilagin. Such an effect can be corrected using the
following equation:

Feor = obslo(Aexc + Acmi)/2 (7)

where F, is the observed fluorescence and F,, is the corrected
fluorescence intensity, Aex. and Aen; represent the absorbance at
the fluorescence excitation (285 nm) and emission wavelengths
for HSA (360 nm) and AGP (340 nm), respectively.

3.4 Effect of site marker on corilagin binding with HSA

To identify the binding site of corilagin in HSA structure, an
equilibrium dialysis was carried out. In the experiment lido-
caine (IB specific marker), phenylbutazone (site I specific
marker) and ibuprofen (site II specific marker) were employed
as site-specific markers. The concentration of HSA and the site
specific probe was maintained at constant concentration of
0.001 mM, whereas corilagin was titrated with increased
concentrations from 0.001 to 0.009 mM. The excitation wave-
length for site-specific markers lidocaine, phenylbutazone, and
ibuprofen with HSA was 285 nm. The modified Stern-Volmer
equation was used to measure the fluorescence quenching data.

3.5 Atomic force microscopy (AFM)

To observe the morphological changes of free HSA and HSA-
corilagin, an AFM experiment was carried out by NT-MDT solver
scanning probe microscopy (Germany) equipment. The canti-
lever (0.3 mm) have an Au high reflectivity coating, tip height
14-16 um, force constant (5, 5 N m~ ") and the typical imaging
resonance frequency was 140 kHz. The samples were imaged by
AFM in noncontact mode. All of the samples were prepared as
follows: (1) before washing with water, free HSA with 30 pL of
1.5 pmol L™ HSA was added to a glass slide and incubated for
15 min at 288 K; (2) HSA-corilagin complexes with free HSA
samples were prepared as defined in step (1) before adding 20
uL of a 15 mol L™" corilagin solution, incubated for 15 min,
washed with water, dried under N, for 5 min, and then later the
samples were dried overnight for taking an AFM image in air.

3.6 Circular dichroism spectroscopy

CD measurements were carried out with a Jasco J-810 spec-
tropolarimeter using a quartz cell with a path length of 0.2 cm.
Far UV-CD (190-300 nm) spectra were collected at room
temperature. The concentration of HSA was 0.001 mM and the
concentrations of corilagin were 0.001, 0.005, and 0.009 mM.
Three scans were accumulated at a speed of 100 nm min* and
data was collected. The CD data were used to determine the
relative amounts of changes in the secondary structural
elements of protein. CDNN 2.1 software was used to calculate
the secondary structural elements of protein.*"*
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3.7 Molecular docking

Molecular docking is an important computational procedure
performed to find out the exact binding site on a protein which
fits geometrically and energetically by using Auto Dock 4.2.3
software; this has been used widely because it shows acceptable
fee energy values relative to experimentally observed docking
data.® The HSA (PDB Id: 1A06) and AGP (PDB Id: 3KQO) crystal
structures were obtained from the Brookhaven Protein Data
Bank. A three-dimensional structure of corilagin was built from
a 2D structure and geometry was optimized by using Discovery
Studio 3.5 software. Molecular docking was performed using
the AutoDock (4.2.3) program. The PDB structures were opti-
mized and used as input for AutoDock Tools. To find the
binding site and types of interactions involved in the formation
of HSA-corilagin complexes, docking was performed using the
Lamarckian genetic algorithm implemented in AutoDock 4.2.3.
We found that this is the best performing docking method in
terms of its ability to find the lowest energy and its structure
prediction accuracy; it also incorporates ligand flexibility.
AutoDock 4.2.3 takes water as solvent by default, and polar
hydrogens were added using the MGL tools interface.””* For
each docking simulation 30 different conformers were obtained
from AutoDock, the conformer with the least binding free
energy must match with experimental data for further analysis
as reported earlier.?»****% For post docking analysis to compare
and validate our docking results we used X-score v1.2.1,
a consensus scoring function wherein it calculates the negative
logarithm of the dissociation constant of the ligand to protein,
and predicts the binding energy (kcal mol ') and binding
affinity of the ligand. X-score was reported to have an accuracy
of 2.2 kcal mol " relative to the actual binding energy.”.

3.8 Molecular dynamics simulation

Molecular dynamics simulation is an important parameter to
find out the stability of protein-drug complex. A 10 000 ps MD
simulation of the complex was carried out with a Gromacs
v4.6.3 package with force field GROMOS96 43al, and was used
for un-liganded HSA and HSA-corilagin complexes.”®”* The
initial conformation was chosen as the least binding energy
docking conformation. The topology parameters of HSA were
created by using the Gromacs program. The topology parame-
ters of HSA-corilagin were built by the Dundee PRODRG2.5
server.”” Then the complex was immersed in a cubic box (7.335
X 6.135 x 8.119 nm?) of extended simple point charge (SPC)
water molecules, 15Na* counter ions, and 43 623 solvent atoms
were added to each simulation box to maintain electro-
neutrality and to release conflicting contacts. Simulations
were performed in the NPT (i.e., constant number of molecules,
constant pressure, and constant temperature) ensemble, at
a temperature of 300 K and 1 bar, respectively maintained using
a Berendsen thermostat’® with a coupling constant of 1.0 ps.
Protein and water/ions were coupled independently. Pressure
coupling used the Berendsen barostat with a coupling constant
of 1.0 ps. Long-range electrostatic interactions were calculated
using the particle mesh Ewald method”” with a 10 A cut-off. The
LINCS algorithm,” was used to restrain bond lengths. Each
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system was energy minimized followed by a short 200 ps
simulation during which the protein (and if present, ligand)
non-hydrogen atoms were harmonically restrained with a force
constant of 1000 kJ mol™* A2 For further information see

previous articles.?*?>%18:6.79

4 Conclusions

In this work, the interaction between corilagin and serum
proteins was studied in vitro and in silico by biophysical and
molecular dynamics techniques which, in turn, provide valu-
able information. Corilagin showed a clear decrease in the
percentage growth with increase in inhibition of inflamed
mouse macrophages (RAW 264.7 cell line). Hence, it indicates
that corilagin is a potent anti-inflammatory agent. Later, fluo-
rescence studies showed that corilagin quenched the intrinsic
fluorescence of HSA and AGP through the static quenching
mode and hydrogen and hydrophobic interactions played
amajor role in the interaction. Further, CD studies revealed that
the secondary structural content of protein was found to
decrease upon binding of corilagin. These changes in the
secondary structure of protein are well supported by the frac-
tional fluctuation in the RMSD and R, values of MD studies.
Displacement experiments showed that corilagin binds specif-
ically to sub-domain IIA, and molecular docking offered
a molecular level understanding with ability to find the partic-
ipation of particular chemical groups. The study provided
accurate and quantifiable data on the binding mechanism of
corilagin with drug carrier proteins of HSA and AGP and also
helped in understanding its effect on serum protein function
during distribution in blood.
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