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Abstract

Drug—plasma protein interactions have a significant impact on both pharmacokinetics and pharmacodynamics (pharmacological effects). It is thus highly

interesting to evaluate this binding during the drug development process. The interaction between human serum albumin (HSA) and Nano-berberin in both
the presence and absence of holo-transferrin was evaluated. Nano-berberin and holo-transferrin effectively quenched the intrinsic fluorescence of HSA via
static quenching in binary and ternary systems. Synchronous fluorescence spectroscopy and three-dimensional fluorescence spectra showed that the structure
of the micro-environment around the flourophore experienced a blue shift and thus a decrease in polarity. The characteristics of resonance Rayleigh scattering
(RRS) spectra, the effective factor and optimum conditions of interaction were studied. It was found that the enhanced intensity of RRS was proportional to the
concentration of Nano-berberin and holo-transferrin. Circular dichroism (CD) measurements indicated that Nano-berberin and holo-transferrin changed the
secondary structure of HSA and that the presence of holo-transferrin led to an even more significant alteration of the secondary structure of HSA. According
to Fdrster’s theory of resonance energy transfer, the binding distance (r) between Trp 214 and Nano-berberin in the absence and presence of holo-transferrin
was predicted to be 2.25 nm and 2.03 nm, respectively, so the affinity of Nano-berberin to HSA increased in presence of holo-transferrin. Red-edge excitation
shift (REES) analysis was initially applied to monitor the motion around the Trp residue in protein studies. With an increasing solute concentration, the Trp residue
faced more restrictions from its surroundings. The relationship between electric charges at the protein surface was investigated by zeta potential measurements.
This study indicated the influence of Nano-berberin and HSA on the surface chemistry and surface electric charge properties upon protein interaction. To
acquire more information about the interaction of Nano-berberin and holo-transferrin with HSA, interaction models were generated using molecular modeling.
Molecular modeling confirmed that the affinity of Nano-berberin to HSA was increased in the presence of holo-transferrin.

INTRODUCTION

Proteins are important chemical substances in our life and
major targets of many types of medicines in the body. So far,
there have been numerous examples of investigations of the
molecular interactions of different kinds of drugs with various
cellular proteins [1]. In this context, drug-plasma protein binding
is a critical feature because of its significant impact on both the
pharmacokinetics and pharmacodynamics of a drug. It is widely
accepted that only the free drug fraction can cross membrane

barriers and be distributed to tissue. It is also accepted that the
(pharmacological or toxicological) effect of a drug is related to the
exposure of a patient to the free drug in the plasma rather than
to the total drug concentration. Data on plasma protein binding
is extensively used as a parameter in pharmacokinetic modeling
to predict absorption, distribution, metabolism, and excretion
(ADME) of drugs in humans. The binding of a drug to plasma
proteins, by regulating the free drug fraction, is thus considered
an important parameter to be determined in processes of
research and development [2].
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Scheme 1 The chemical structures of Nano-berberin.

In humans, albumin is the most abundent plasma protein,
accounting for 55%-60% of measured proteins. It consists of a
single polypeptide chain and 585 amino acids with a molecular
weight of 65000 Da. The chain is characterized as having no
carbohydrate moiety, one Trp residue, 18 Tyr residues and an
abundance of charge residues, such as lysine, arginine, glutamic
acid and aspartic acid. The mature, circulating molecule is
arranged in a series of a-helices, folded and held by 17 disulphide
bridges. The folding creates subdomains of three contiguous
a-helices in parallel [3]. A pair of subdomains face each other to
form domains. These can be seen as cylindrical structures with
polar outer walls and a hydrophobic central core.

The tertiary structure of HSA crystals has been isolated by X-
ray crystallography. It is seen as a heart-shaped molecule with
dimensions of 80x30A. In solution, the shape is quite different.
The three domains appear to be arranged in an ellipsoidal
pattern, giving the molecule low viscosity. The molecule is
very flexible and changes its shape readily with variations in
environmental conditions and with binding of ligands. Despite
this, albumin has a resilient structure and will easily regain its
shape, especially in physicological conditions. After the rupture
of the disulfide bridges, the molecule can re-establish them and
regain its structure. Denaturation occurs only with dramatic and
non-physiological changes in temperature, pH and the ionic or
chemical environment. The binding of drugs to serum proteins is
particularly important as it affects both the activity of drugs and
their disposition [4-8].

In erythroid cells, Nano-berberin serves as a positive
feedback regulator for Nano-berberin synthesis and inhibits its
degradation [9]. Nano-berberin is also important for controlling
the expression of numerous proteins, such as globin, Nano-
berberin biosynthetic enzymes, cytochromes, myeloperoxidase,
Nano-berberin oxygenase-1, and the transferrin receptor
[10]. Moreover, Nano-berberin regulates differentiation and
proliferation of various cell types [11]. Nano-berberin is released
in plasma upon rupture of red blood cells in numerous events,
including hemolysis, trauma and ischemia reperfusion [12-16].
However, there are several reports on the release of free Nano-
berberin from hemoproteins during various pathological states,
and on its toxic effects that cause undesirable side effects. Some
mechanisms of Nano-berberin toxicity are discussed below.

Iron-derived reactive oxygen species (ROS) are implicated
in the pathogenesis of numerous vascular disorders including
atherosclerosis, microangiopathic hemolytic anemia, vasculitis
and reperfusion injury. One abundant source of redox-active

iron is Nano-berberin released from intracellular Nano-berberin
proteins. Free Nano-berberin damages lipids, proteins, and DNA
through the generation of ROS [17,18].

Nano-berberin exerts a dual role, in small amounts; it acts
by itself or as the functional group of Nano-berberin proteins
providing diverse and indispensable cellular functions, whereas
in excessive amounts, free Nano-berberin can cause severe cell
or tissue damage [19]. Nano-berberin is quite hydrophobic in
nature and readily enters cell membranes and greatly increases
the cellular susceptibility to oxidant-mediated killing [20].

Inflammation is a defense mechanism employed by
organisms to protect them from pathogenic invaders. Nano-
berberin-mediated oxidative insults and inflammation are likely
important in a wide variety of pathophysiological processes [21],
such as renal failure, arteriosclerosis, and complications after
artificial blood transfusion, peritoneal endometriosis, and heart
transplant failure [22-24].

Plasma protein albumin can bind Nano-berberin and is
thought to protect against the potentially toxic effects of Nano-
berberin on blood components and vascular endothelium.
This hypothesis is supported by the observation that human
serum albumin can extract Nano-berberin from red blood cell
membrane, thus preventing or repairing the deleterious effects
of Nano-berberin-catalyzed oxidation [25].

HTF (holo-transferrin) is one of the synthetic antibacterial
fluoroquinolone agents of the third generation (its chemical
structure is shown in ScNano-berberin 1). It exhibits a high
activity against a broad spectrum of Gram-negative and Gram-
positive bacteria through inhibition of their DNA gyrase. It is used
to treat bacterial infections including bronchitis and urinary tract
infections, and is also used to prevent urinary tract infections
prior to surgery. The outstanding pharmacokinetic features of
HTF are its high degree of tissue distribution, lack of significant
metabolism (and, therefore, lack of competitive drug interactions
with other metabolized drugs showing a common metabolic
pathway), and good oral absorption [27].

Consequently, it is of great importance to determine its
content in pharmaceutical preparations and in various biological
samples such as blood, urine and tissues. In the present study,
the focus was placed on the effect of holo-transferrin on the
interaction between HSA and Nano-berberin. Critical literature
surveys have revealed that attempts have yet to be made to
investigate the mechanism of interaction of Nano-berberin
with HSA in the presence of holo-transferrin. This is the first
attempt to explore the interaction of HSA with Nano-berberin
and holo-transferrin. Among techniques commonly used to
detect interactions between drugs and HSA can be mentioned
fluorescence  spectroscopy, synchoronized fluorescence,
resonance Rayleigh scattering (RRS), circular dichroism (CD),
fluorescence resonance energy transfer, red-edge excitation shift,
three-dimensional fluorescence spectroscopy and zeta potential
measurements.

Fluorescence spectroscopy is a powerful method that has
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been widely used since it does not disturb the binding equilibrium
upon separation [28].Itis considered to be outstanding for its high
sensitivity, selectivity, convenience and the fact that it provides
much information. The spectral change observed upon binding
of a fluorophore to a protein is a powerful tool for investigating
the topology of binding sites and the conformational changes and
characterization of bound substrate.

The investigation of Nano-berberin binding to HSA by
drugs and metabolites is relevant in pharmacological therapy
management. Indeed, the increase of the Nano-berberin plasma
level under pathological conditions, such as severe hemolytic
anemia, crash syndrome, and post-ischemic reperfusion, could
induce the release of HSA-bound endogenous and exogenous
ligands (metabolites and drugs) increasing their bio-availability
with the concomitant intoxication of the patient. As expected,
the toxic plasma Nano-berberin concentration could increase
in patients after drug administration. Accounting for both the
affinity constants of drug binding to HSA and HSA-Nano-berberin,
and the plasma levels of drugs that bind to HSA, the molar fraction
of the drug-bound HSA could decrease from 50-90% to 10-50%
in the presence of specific ligands [12-16].

This study has thus been designed to analyze the simultaneous
interactions of Nano-berberin and HOLO holo-transferrin to
HSA. The effects of holo-transferrin on the interaction between
HSA and Nano-berberin have been estimated and the binding
constant, the number of binding sites and protein conformational
changes of Nano-berberin-HSA complexes in the absence and
presence of holo-transferrin have been determined. The results
indicate that HSA complexes with Nano-berberin can prevent
the toxic effect of the latter, that holo-transferrin promotes the
interaction between HSA and Nano-berberin and that it reduces
the toxicity effect of Nano-berberin.

MATERIALS AND METHODS

Materials

HOLO-TRANSFERRIN, HSA, potassium phosphate buffer and
protoporphyrin IX were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Dimethyl formamide (DMF) was obtained from Merck
Chemical Co. (Germany). All materials were used without further
purification. Double-distilled water was employed throughout
the experiments.

Sample preparation:All protein solutions were freshly
prepared in potassium phosphate buffer (50 mM, pH 7.4). An
holo-transferrin (0.05 mM) stock solution was prepared by
dissolution in the same buffer and was stored in a refrigerator at
4°C in the dark. A digital pH-meter (Metrohm, Berlin, Germany)
was used for pH adjustment.

Methods

Fluorescence quenching measurements: Fluorescence
spectra were recorded on a F-2500 spectrofluorometer (Hitachi,
Tokyo, Japan) linked to a personal computer and equipped
with a 150-W Xenon arc lamp, gating excitation and emission
monochromators, and a Hitachi recorder. Slit widths for both
monochromators were set at 10 nm. A 3-cm quartz cell was

used. A 2.0-ml solution containing an appropriate concentration
of plasmaproteins (separately or mixed) was titrated manually
by successive addition of a 0.05-mM stock solution of holo-
transferrin, and a 0.05-mM stock solution of Nano-berberin
(final concentration, 6.52x10 mM). The intensity of the Trp
fluorescence was recorded. The excitation wavelength for Trp
and Tyr was 280 nm and the emission wavelength was 300-600
nm. To decrease the inner filter effect, the fluorescence intensities
used in the present study were corrected for absorption of the
excitation light and re-absorption of emitted light using the
formula:

F =F e(Aex +Aem)/2
cor obs

where F__and F  are the corrected fluorescence intensity
and observed fluorescence intensity, respectively, and A_ and
A_, are the absorption of the system at the excitation wavelength
and at the emission wavelength, respectively [29]. In all titration

experiments, the dilution factor of ligand titration was corrected.

Resonance Rayleigh scattering (RRS): Resonance Rayleigh
scattering (RRS) spectra were recorded by scanning both
the excitation and emission monochromators of a common
spectrofluorometer with AA= 0 nm. RRS can be developed, and
has proven to be able to investigate the aggregation of small
moleculesaswell asthelong-range assembly of drugs on biological
templates. All RRS spectra were obtained by simultaneously
scanning the excitation and emission monochromators (namely
A= 0 nm) from 220 nm to 600 nm with slit widths of 10 nm for
excitation and emission.

Synchronous fluorescence spectroscopy: Synchronous
fluorescence spectroscopy was carried out by simultaneously
scanning the excitation and emission monochromators. The
spectra only showed the Tyr and Trp residues of HSA when the
wavelength interval (AA) was 15 nm and 60 nm, respectively.

Circular dichroism spectroscopy: Far-UV CD experiments
were performed on a Jasco-815 spectropolarimeter equipped
with a Jasco 2-syringe titrator. Spectra were recorded on samples
(with protein concentrations of 1.5x10¢ M) in a quartz cuvette
with a 1-mm path length. A bandwidth of 1 nm and a response of
2 s were used, with a scanning rate of 50 nm min* to obtain final
spectra as averages of five scans. The instruments were calibrated
with ammonium d-10-camphorsulfonic acid. The induced
ellipticity was obtained by subtracting the ellipticity of the drug
from that of the drug-HSA mixture at the same wavelength. The
acquired value is given in degrees. The results are expressed as
the mean residue ellipticity [e], which is defined as [e] = 100xe
et/ (LC), where e , . is the observed ellipticity in degrees, C is
the concentration in residue mol cm?, and L is the length of the
light path in cm.

Three-dimensional fluorescence spectroscopy: Three-
dimensional fluorescence spectra were performed on an FP-
6200 fluorescence spectrophotometer (Jasco, Japan) under
emission and excitation wavelengths set between 220 and 500
nm with increments of 5 nm. The other scanning parameters
were identical to those of the fluorescence quenching spectra.
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Zeta potential: The zeta potential is generated when a liquid
is forced to flow, under pressure, directly through a small gap
formed by two sample surfaces. The charge carrier bound in the
double layer is then removed. The zeta-potential measurements
were performed on a Zeta sizer, Nano series -ZS (Malvern
Instruments Ltd, UK).

Molecular modeling: The docking calculations for holo-
transferrin association with HSA and Nano-berberin were
undertaken using the Autodock4 program (http://www.scripps.
edu/pub/olson-web/doc/autodock/). The crystal structure
of HSA was retrieved from the RCSB Protein Data Bank (PDB
entry: 1A06). Moreover, to model the effect of holo-transferrin
on the interaction mode between HSA and Nano-berberin, the
complexes of HSA-HOLO-TRANSFERRIN and Nano-berberin-
HOLO-TRANSFERRIN (obtained from the best docking results)
were submitted to energy minimization with the MM* force
field (http://www.hyper.com). The same energy minimizations
were carried out on HSA and Nano-berberin docking in the
absence of holo-transferrin. Finally, the best docking results
were submitted to web Lab-ViewrLite® (http://sunfire.vbi.
vt.edu/gcg/seqwebguides/ WebLab Viewer.html),
Molecular

Molegro
Viewer® (http://www.molegro.com/mmv-product.
php) and Swisspdb-Viewer4® (http://www.expasy.org/spdbv)
for further analyses.

Holo-transferrin and HSA were dissolved in a phosphate
buffer, giving concentrations of holo-transferrin and HSA of
45x10°% M and 5.0x10* M, respectively. Experiments were
therefore conducted at near-physiological conditions (with a
phosphate buffer at pH 7.4). In aqueous solution, difficulties were
encountered when studying the HSA-Nano-berberin interaction,
mainly due to the fact that Nano-berberin exsisted as aggregates.
To prevent this, dimethyl formamide (DMF) was use as a solvent
for Nano-berberin.

Aliquots of holo-transferrin and Nano-berberin were injected
into the HSA solution at 3-min intervals to allow for equilibration.
The HSA solution was added toa 1.0-cm quartz cell to make up 2 ml
and the range of the drug solution was gradually titrated manually
into the cell using a micro-injector. The HSA concentration was
4.5x10° M, and the HSA volume in the cell was 2 ml. 10 pl of
the 5x10* M stock solution of holo-transferrin was added to
HSA in each injection. The solution was mixed thoroughly and
equilibrated for 3 min at room temperature. The fluorescence
intensity of the HSA-drug after each injection was corrected by
a dilution factor. The fluorescence spectra were then measured
(excitation at 280 nm and 295 nm and emission wavelengths of
300-600 nm) at room temperature. Both the entrance and exit
slit widths were 10 nm and the scanning speed was 240 nm/min.
Fluorescence quenching spectra and synchronous fluorescence
spectra were obtained.

RESULTS AND DISCUSSION
Fluorescence quenching measurements

Fluorescence measurements can give information on the
binding mechanism of small molecular substances to proteins,

including the binding mode, binding constants, binding sites and
intermolecular distances [30]. The aromatic amino acids Trp, Tyr
and Phe are capable of contributing to the intrinsic fluorescence of
proteins and all three residues are present in HSA. Pure emission
from Trp can be obtained only by photoselective excitation at the
wavelength 295 nm whereas at A_ = 280 nm both the Trp and
Tyr residues in HSA become excited [31]. Although Tyr and Phe
are natural fluorophores in HSA, Trp is the most extensively used
amino acid for fluorescence analysis of proteins.

In a protein containing all three fluorescent amino acids, the
observation of Tyr and Phe fluorescence is often complicated
due to the interference of Tyr by resonance energy transfer
[32,33]. The application of Tyr and Phe fluorescence is therefore
mostly limited to Trp-free fluorescence. The well-documented
sensitivity of Trp fluorescence to environmental factors such as
polarity makes it a valuable tool in studies of protein structure
and dynamics since it provides specific and sensitive information
of protein structure and its interactions [32,33]. The presence
of Trp residues as intrinsic fluorophores in most peptides and
proteins therefore renders Trp fluorescence an obvious choice
for fluorescence spectroscopic analysis.

The fluorescence spectrum of HSA in the presence of different
amounts of Nano-berberin was recorded in the range of 250-500
nm upon excitation at 280 nm. As can be seen in (Figure 14),
Nano-berberin is a fluorescence quencher via energy transfer
due to the extensive overlap of its absorption bond with the
fluorescence spectra of the aromatic amino acids of HSA. When a
fixed concentration of HSA was titrated with varying amounts of
Nano-berberin, a remarkable fluorescence decrease of HSA was
observed. Such a decrease in intensity is known as quenching
and this quenching was concentration-dependent. The HSA
quenching of Trp fluorescence was very strong and the maximum
wavelength of HSA demonstrated a blue shift after the addition
of Nano-berberin. Under the same condition, the fluorescence
spectrum of HSA after excitation at 295 nm was recorded. It was
found that the fluorescence intensity of HSA gradually decreased
upon increasing the concentration of Nano-berberin (while Nano-
berberin had no intrinsic fluorescence intensity), indicating the
binding of Nano-berberin to HSA. The maximum wavelength
of HSA blue shifted as can be seen in Figure 1B. Therefore, at
both excited wavelengths, the observed spectral shift due to the
polarities of the protein environments was less than the polarity
of the bulk aqueous phase since a similar blue shift was observed
in less polar solvents.

Fluorescence spectra of HSA-Nano-berberin in the presence
of HOLO-TRANSFERRIN were measured with an excitation
wavelength of 280 nm and 295 nm. The gradual addition of
Nano-berberin to HSA-HOLO-TRANSFERRIN solution resulted in
a considerable quenching of the HSA fluorescence intensity along
with a blue shift of the maximum emission wavelength (Figure
1A), (inset). This may be due to the gain of the compact structure
of a hydrophobic sub-domain where Trp and/or Tyr were placed
[32]. A Forster-type fluorescence resonance energy transfer
mechanism was clearly involved in the quenching of HSA- holo-
transferrin by Nano-berberin [34]. The emission wavelength of
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Figure 1 (A) Fluorescence emission spectra of the HSA-Nano-berberin system (inset). Fluorescence emission spectra of the HSA-Nano-berberin
mixture in the presence of HTF. A =280nm; (B) A_=295nm. The concentration of HSA was 4.5%x10mM, the concentration of HTF was 2.8x10*mM
and that of Nano-berberin increased from 0 to 6.52x10*mM. T=298K; pH = 7.4; phosphate buffer (50 mM).

450 nm was related to the HOLO-TRANSFERRIN intensity. The
fluorescence intensity of HSA- holo-transferrin upon interaction
with Nano-berberin in comparison with the fluorescence
intensity of HSA-Nano-berberin Moreover, the conformational
changes induced by the interaction led to a further binding of the
Trp/Tyr residue to the hydrophobic cavity.

Quenching mechanism

Fluorescence quenching is the decrease of the quantum
yield of fluorescence from a fluorophore induced by a variety
of molecular interactions with a quencher molecule, including
excited-state reactions, molecular re-arrangements, energy
transfer, ground-state complex formation and collisional
quenching processes. After absorption of a photon, and before
emission of radiation, a fluorescent molecule remains in its
excited state for a short period of time, usually referred to as the
excited state lifetime, which is typically nanoseconds. If there
is an interaction of a fluorophore in the excited state with a
quencher, the excited fluorophore may be deactivated before the
emission of light can take place.

The magnitude of quenching depends on the competition
between the fluorescence process, the quenching process and
other processes that lead to the deactivation of the excited state
and is determined by their relative rates. The magnitude of
quenching also depends on the concentration of the quencher,

which is related to the number of quencher molecules in close
proximity to the fluorophore. Depending on the degree of
inter-molecular motion during the lifetime of the excited state,
one of two major quenching mechanisms can occur: static and
dynamic quenching [36]. Static quenching occurs when the
distance between the fluorophore and quencher does not change
during the life-time of the excited state of the fluorophore. This
is the case for quenching in viscous solution, or in a bound
‘dark’ ground-state complex of fluorophore and quencher. In
non-viscous solutions, on the other hand, quenching is largely
dynamic since the fluorophore-quencher distances change
rapidly, i.e., there is relative motion in the nanosecond time scale.
In such cases, quenching interactions occur during periods where
the fluorophore and quencher are close to each other.

Dynamic quenching refers to a process where the
fluorophore and the quencher come into contact during the
transient existence of the excited state. Static quenching refers to
fluorophore-quencher complex formation. In general, dynamic
and static quenching can be distinguished by their different
dependence on temperature and viscosity, or by the difference
of their fluorescence lifetime [36]. Dynamic quenching depends
upon diffusion. Since higher temperatures result in larger
diffusion coefficients, the biomolecular quenching constants are
expected to increase with increasing temperature. In contrast, an
increased temperature is likely to result in a decreased stability
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Figure 2 Comparison of the Stern-Volmer curves of the fluorescence of quenching of HSA excited at 280 nm and 295 nm treated with differenced
concentrations of Nano-berberin (inset). Comparison of the Stern-Volmer curves of the fluorescence of quenching of HSA-Nano-berberin in the
presence of HTF excited at 280 nm and 295 nm. The concentration of HSA was 4.5x10* mM, the concentration of HTF was 2.8x10* mM and that of
Nano-berberin increased from 0 to 6.52x10°mM. A_=280 (), A =295(4#).

of complexes, and thus lower values of the static quenching
constants [37]. Fluorescence quenching spectra and quenching
types can be described by the well known Stern-Volmer equation,
Eq. (1), and the modified Stern-Volmer equation, Eq. (2) [38], to
confirm the mechanism.

F,/F=1+k 1, [Q]=1+K_[Q] (1)
F,/AF=F /F -F=1/f +1/f K_[Q] (2)

Here, F; and F are the fluorescence intensities before and after
the addition of the quencher, respectively. Kq, K., Ty fa K, and [Q]
are the quenching rate constant of the biomolecule, the Stern-
Volmer dynamic quenching constant, the average lifetime of the
biomolecule without quencher (t,=10®s [39]), the fraction of
accessible fluorescence, the effected quenching constant for the

accessible fluorophores, and the concentration of the quencher,
respectively. Within a certain concentration range, the curve of
F,/F versus [Q] (Stern-Volmer curve) is linear if the quenching
type is single static or dynamic quenching [40]. Similarly, the
curve of F /(F -F) versus 1/[Q] (modified Stern-Volmer curve) is
linear for static quenching [41]. If the quenching type is combined
quenching (both static and dynamic), the Stern-Volmer plot is an
upward curve [42].

(Figure 2) (AB) displays the Stern-Volmer plots of the
quenching of the fluorescence of the Trp/Try residues in HSA-
Nano-berberin. In the absence and presence of holo-transferrin,
the plot shows that within the investigated concentrations,
the results agree with Eq. (1). The quenching type should be
single static or dynamic quenching. The maximum scatter
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6/20



Sharifi-Rad A, et al. (2021)

@SciMedCentral
Table 1: Stern-Volmer quenching and binding constants for the interaction between Nano-berberin and HSA in the presence and absence of
different holo-transferrin concentrations at pH=7.4.
holo-transferrin /mM x10° K. x10° M* K, x10° M k x 10" M k x 107
A, =280nm A, =295nm A, =280nm A, =295nm R
0 0.89 0.81 0.89 0.89 0.99
1.4 1.9 1.3 1.2 1.2 0.99
2.8 1.6 1.4 1.6 1.4 0.99
4.7 2.2 1.6 2.2 1.6 0.99
5.7 2.4 2.1 2.4 2.1 0.99

collision quenching constant, kq’r, of various quenchers with the
biopolymer has been found to be 2x10% L moL's! [43,44]. Ifk >
kq,r, the fluorescence quenching of the biopolymer surely did not
come from dynamic quenching.

TheK_andkqvaluesfromthisstudyatdifferentconcentrations
of holo-transferrin are listed in (Table 1). The results indicated
that the K_ values increased with an increasing holo-transferrin
concentration. On the other hand, protein quenching initiated
by Nano-berberin and in the presence of holo-transferrin was
greater than kq of the biopolymer. Obviously, this was evidence
that the quenching was not initiated by dynamic collision but by
the formation of a compound. For static quenching, the Stern-
Volmer quenching constant can be interpreted as an association
constant or binding constant (K) because static quenching arises
from the formation of the complex between fluorophore and
quencher. Hence, the binding constant (K) was calculated by the
method given in the following section.

Analysis of binding equilibria

When small molecules bind independently to a set of
equivalent sites on a macromolecule, the binding constant (K)
and the numbers of binding sites (n) can be determined by the
following equation [45]:

Log(F-F/F)=logK, +nlog[Q] 3)

where F and F are the fluorescence intensities before and
after the addition of the quencher, and [Q] is the quenching
concentration. The calculated results are presented in (Table 2).
As can be seen, the binding constants K, increased in the presence
of holo-transferrin, which is in accordance with K and K
Moreover, with an increasing concentration of holo-transferrin,
the binding constant increased. Obviously, K increased with the
rising holo-transferrin concentration, indicating a greater affinity
between HSA-Nano-berberin in the presence of holo-transferrin.
The experimental values of n were approximately equal to 1,
which suggests that Nano-berberin and holo-transferrin bound
to HSA with a high affinity and that there was approximately one
site on the protein.

Conformation investigation

Synchronous fluorescence spectroscopy introduced by Lloyd
and Evett [46] has been used to characterize complex mixtures
as it can provide fingerprints of complex samples [47]. It gives
information about the molecular environment in the vicinity of
the chromosphere molecules and has several advantages, such as
its sensitivity, spectral simplification and the possibility to avoid
different perturbing effects [48]. Yuan et al. [49] suggested a
useful method to study the environment of amino acid residues by
measuring the possible shift in wavelength emission maximum,
since this corresponds to the changes of the polarity around
the chromospheres molecule. According to the theory of Miller,
when the AA between the excitation and emission wavelengths is
stabilized at 15 nm or 60 nm, a spectrum that is characteristic of
the protein Try and Trp residues is observed.

According to (Figure 3) (AB), the emission maxima of Trp
were blue-shifted for both HSA and HSA-Nano-berberin, while
the emission maxima of Tyr demonstrated only a weak blue shift
(about 1 nm) with increasing concentrations of Nano-berberin
and holo-transferrin. It is well known that if the peak position is
blue-shifted, the degree of exposure of the residue is decreased
and thus, the micro-environment of the residues has changed
from hydrophilic to hydrophobic. It can also be seen in (Figure
3) (A,B) that the addition of Nano-berberin resulted in a strong
fluorescence quenching of the Trp residue of HSA.

To explore the structural change of HSA induced by the
addition of Nano-berberin in the presence of holo-transferrin,
measurements were made of F/FO as a function of [Q] (Figure
3(C)) for the binary and ternary systems with various amounts
of Nano-berberin (at A=60 and A=15 nm). The results indicated
that the conformation of HSA and the polarity around the Trp
residues had been altered. It can also be seen in Figure 3C that the
slope was higher when AA was 60 nm, indicating that there was
a significant contribution of the Trp residue in the fluorescence
of HSA, and consequently, Nano-berberin was closer to the
Trp residue as compared to Tyr in both the binary and ternary
systems [51]. (Figure 3D) displays a higher slope of (HSA-Nano-

Table 2: The binding constant, number of binding sites and fraction of accessible protein in the interaction between Nano-berberin and HSA in the
presence and absence of different holo-transferrin concentrations at pH=7.4.

holo-transferrin

x10°*mM Kbx107° (M™) Kbx107¢(M™) n f f

Aex =280nm Aex=295nm R Aex =280nm  Aex=295nm
0 0.64 0.63 0.99 1.06 0.99 0.99
14 0.67 0.69 0.90 0.98 0.96 0.99
2.8 0.74 0.72 0.88 0.95 0.96 0.99
4.7 1.25 0.87 0.85 1.01 0.97 0.99
5.7 191 1.18 0.86 0.95 0.99 0.99

J Clin Pharm 5(1): 1017 (2021)

7/20




Sharifi-Rad A, et al. (2021)

@SciMedCentral
10000
0mm 2000
2 8000 0mM
g £ 1600
5 6000 ‘d—'z 1200
g 4000 6.19x10° mM E 800
2 o § 200 6.19 % 107 mM
= ]
0 220 270 320 370
220 270 320 a7 Wavelength / nm
Wavelength / nm
12000 2000
) ®)
10000 0 mM 1600 0mM
> 5
8 E 1200
= 6000 g
S 2 800
;é 4000 652210 mM é - 652 % 10°mM
2000
o 0
220 270 320 370 220 270 320 370
Wavelength / nm Wavelength / nm
1.2
. 1.2
os [ ] (©)
= \.. %000,
04 08 |, ©%000
000,
02 £ o0 .0. ©90% 6600000
0 0.002 0.004 0.006 0.008 ] ..
[Heme] / mM 0.4 .’o..
e
0.2 ..“00“00““0.
0 i
0 0.002 0.004 0.006 0.008
1.2 [Heme] / mM
©)
14000,
Ooo
0.8 1 o foo 00
_ - <><><><><><><> o
£ 06 0. 0000
=9 *
.0
0.4 LN
0. .
0.2 000000000000y &
H
0 < 5
0 0.002 0.004 0.006 0.008 §
g
[Heme] / mM 3
Figure 3 Synchronous fluorescence spectra of the HSA-Nano-berberin system (inset) and HSA-Nano-berberin in the presence of HTF (A) AA=60nm;
(B) AA=15nm; (C) The quenching of the synchronous fluorescence of HSA by Nano-berberin (inset) in the presence of HTF AA=60nm (#); AA=15nm
(<) (D) Comparison of the quenching of the synchronous fluorescence of HSA in HSA-Nano-berberin (A) and (HSA-Nano-berberin)- HTF (#);
AA=60nm. (Inset) Comparison of quenching the synchronous fluorescence of HSA in HSA-Nano-berberin (A) and (HSA-Nano-berberin) HTF (<);
AA=15nm.
The concentration of HSA was 4.5x10 mM, the concentration of HTF was 2.8x10° mM and that of Nano-berberin increased from 0 to 6.52x10
mM. T=298K; pH = 7.4; phosphate buffer (50 mM).

berberin) holo-transferrin when A=60 nm, which indicated that
Nano-berberin was closer to Trp at a concentration above 3x10
SmM, in comparison with HSA-Nano-berberin. Furthermore,
it was also shown in (Figure 3(D) that the slope of the (HSA-
Nano-berberin) holo-transferrin curve was higher when A= 15
nm, suggesting a significant contribution of the Tyr residues to
the fluorescence of HSA. Nano-berberin was closer to the Tyr

residues, in the concentration range (2x103-4x10*mM), in the
ternary system as compared to in the binary system [50].

Three-dimensional fluorescence spectroscopy

Three-dimensional fluorescence spectroscopy is a
newly developed fluorescence analytical technique that can
comprehensively exhibit the fluorescence information of
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the sample, rendering the investigation of the characteristic
conformational change of a protein more scientific and credible.
In the previous drug-protein investigations, this method was
rarely used and the interpretation of the fluorescence information
was incomprehensive. In the present work, we thus performed a
detailed and insightful analysis of the fluorescence information
exhibited by this spectrum [52]. In this method, the excitation
wavelength, the emission wavelength, and the fluorescence
intensity are the three parameters used to investigate the
synthetic information of the samples. In addition, the contour
spectra can also provide a lot of important information [53]. If one

observes a shift at the excitation wavelength or at the emission
wavelength around the fluorescent peak; the appearance of a new
peak; the disappearance of existing peak(s) and so on, it could be
an important hint suggesting conformational changes to HSA.

The three-dimensional fluorescence spectra of the HSA-Nano-
berberin and (HSA- holo-transferrin) Nano-berberin complexes
are shown in Figure 4(A,B), and the corresponding characteristic
parameters are listed in Table 3. As portrayed in Figure (4), peak
a is the Rayleigh scattering peak (A, = A, ) and peak b is the
second-order scattering peak (A, =2A_). When the incident light
at the shorter wavelength manages to cross the solution, second-

500

ex

A Jom

300

220

220 300

Fluorescence Intensity

400

A_fnm

xem', nm

Figure 4 Three-dimensional fluorescence spectra of the HSA-Nano-berberin complex (A) Contour diagram of the HSA-Nano-berberin complex (A”).
Three-dimensional fluorescence spectra of the HSA-Nano-berberin complex in the presence of HTF (B), contour diagram of the HSA-Nano-berberin
complex in the presence of HTF (B’). The concentration of HSA was 4.5x10*mM, the concentration of HTF was 2.8x10° mM and that of Nano-

berberin was 1.9x10° mM.

Table 3: Three-dimensional fluorescence data of the interaction between Nano-berberin and HSA in the presence of holo-transferrin at pH=7.4.
System PeakA (A, /2,) AA(nm) Peak B (A, /2, AA(nm)

HSA-Nano-berberin 280/340 60 230/335 105

(HSA- holo-transferrin,2.8x10-*mM) Nano-berberin 280/337 63 230/330 100
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order scattering can be observed [54,55]. The fluorescence
intensity of peak a and peak b increased with the addition of
Nano-berberin in the binary system and with addition of HOLO
holo-transferrin in the ternary complex. Possible reasons include
that Nano-berberin-HSA and (HSA- holo-transferrin) Nano-
berberin complexes came into being after the addition of holo-
transferrin, increasing the diameter of the macromolecule, which
in turn resulted in an enhanced scattering effect.

Peak 1 mainly reveals the spectral behavior of Trp and Tyr
residues. The reason for this is that when HSA is excited at 280
nm, it primarily portrays the intrinsic fluorescence of Trp and
Tyr residues. Next to peak 1, there is another fluorescence peak 2
(A, =230 nm, A =340 nm) that mainly reflects the fluorescence
spectral behavior of the polypeptide backbone structure of HSA
[56]. The fluorescence intensity of peak 2 decreased after the
addition of Nano-berberin, which means that the peptide strand
structure of HSA had been changed. Analyzing the fluorescence
intensity changes of peak 1 and peak 2, it was found that they
decreased, but to a different degree in the absence vs. presence
of holo-transferrin. The decrease in fluorescence intensity of the
two peaks in combination with synchronous fluorescence and
CD results indicated that the interaction of Nano-berberin and
holo-transferrin with HSA induced changes in the secondary
structure of HSA. The above phenomenon and analysis of peak
1 and peak 2 thus revealed that the binding of Nano-berberin
and holo-transferrin to HSA induced modifications of the
microenvironment and conformation of the protein.

Fluorescence resonance energy transfer (FRET)

Fluorescence resonance energy transfer (FRET) has become
widely used in all applications of fluorescence, including

medical diagnostics. This widespread use of FRET is due to
the favorable distance for energy transfer occurring between
a donor (D) molecule in the excited state and an acceptor (A)
molecule in the ground state. Resonance energy transfer is also
used to study macromolecular systems when there is more than
a single acceptor molecule near a donor molecule [57]. This
situation often occurs for larger assemblies of macromolecules,
or macromolecules binding with several ligands. The distance at
which FRET is 50% efficient is called the Forster distance, which
is typically in the range of 20 to 60 A. The rate of energy transfer
from a donor to an acceptor kT(r) is given by

(4)

where 1D is the decay time of the donor in the absence of
an acceptor, Ry is the Forster distance, and r is the donor-to-
acceptor distance. Hence, the rate of transfer is equal to the decay
rate of the donor (1/tD) when the D-to-A distance (r) is equal to
the Forster distance (Ro), and the transfer efficiency is 50%. At
this distance (r=Ry), the donor emission would be decreased to
half its intensity in the absence of the acceptor. The rate of FRET
depends strongly on the distance, and is proportional to r®.

kT(r) =1/tD (R /r)®

A Forster distance ranging from 20-90 A is convenient
for studies of biological macromolecules. These distances are
comparable to the sizes of biomolecules and/or the distances
between sites. Any condition that affects the D-A distance will
affect the transfer rate, allowing a change in distance to be
quantified. In this type of application, one uses the extent of
energy transfer between a fixed donor and acceptor to calculate
the D-A distance, and thus obtains structural information about
the macromolecule. Such distance measurements have resulted
in the description of FRET as a “spectroscopic ruler”. For
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Figure 5 Spectral overlap of the fluorescence spectra of HSA (a), with the absorption spectra of Nano-berberin (b), (A). Spectral overlap of the
fluorescence spectra of HSA-Nano-berberin (a), with the absorption spectra of HTF (b), (B) [HSA] = [Nano-berberin]=[ HTF]= 4.5x10*mM.
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Table 4: Fluorescence resonance energy transfer of the interaction
between Nano-berberin and HSA in the presence and absence of holo-
transferrin at pH=7.4.

System

HSA-Nano-berberin 2.26
(HSA- holo-transferrin, 2.8x10-*mM) Nano-berberin

r/nm

2.03

instance, energy transfer can be used to measure the distance
from a Trp residue to a ligand binding site when the ligand serves
as the acceptor. Energy transfer can be reliably assumed to occur
whenever the donor and acceptor are within the characteristic
Forster distance, and whenever suitable spectral overlap occurs.

In the present case, the donor and acceptor were respectively
HSA and Nano-berberin, holo-transferrin. The absorption
spectrum of Nano-berberin alone and Nano-berberin in the
presence of holo-transferrin was recorded in the range of 300-
600 nm at pH 7.4 in phosphate buffer. The emission spectrum of
HSA was also recorded under the same conditions. There was a
spectral overlap between the fluorescence emission spectrum of
HSA and UV-vis absorption spectrum of Nano-berberin and holo-
transferrin, cf. (Figure 5) (A,B) and (Table 4). The energy transfer
from HSA to Nano-berberin occurred with high probability. The
distance was 2.26 nm upon interaction of Nano-berberin with
HSA, and in the presence of holo-transferrin it decreased to 2.03
nm. Both these distances are shorter than 9 nm upon interaction
of Nano-berberin with HSA in the absence and presence of holo-
transferrin, which is well within the conditions required for
applying Forster’s non-radiative energy transfer theory, again
supporting the static quenching interaction between Nano-
berberin and HSA and the Stern-Volmer constant of ternary
systems that increased in the presence of holo-transferrin [58].

Red edge excitation shift (REES)

In the preceding discussion, we assumed that the emission
spectra were independent of the excitation wavelength. This is a
good assumption for fluorophores in fluid solvents; however, it is
no longer true in viscous and moderately viscous solutions. For
polar fluorophores under conditions where the solvent relaxation
is incomplete, the emission spectra shift to longer wavelengths at
the edge of the absorption spectrum. This effect is known as a
red edge excitation shift, which has been observed in a number of
laboratories for a variety of fluorophores.

Red edge excitation has been applied to biochemically
relevant fluorophores. This suggests that excitation red shifts
can be used to estimate biopolymer dynamics. Excitation red
shifts can only be observed when the relaxation is incomplete
[45]. Also, the magnitude of the red shifts depends on the rate
of spectral relaxation. In HSA, the REES is due to the electronic
coupling between Trp indole rings and neighboring dipoles and
occurs when there are slow relaxations of solvent media. Thus,
REES is particularly useful in monitoring motions around the Trp
residues in protein studies [59].

The Trp emission in HSA-Nano-berberin in the presence/
absence of holo-transferrin was further investigated by REES
experiments. Here, we chose to excite the Trp at both 295 and

305 nm to investigate the REES effect. The value of A, “is
defined as the difference of the emission maximum between
that excited at 295 nm and at 305 nm. The HSA-Nano-berberin
complex showed a 1.0-nm REES, indicating that the Trp residues
in the HSA were in an environment that was slightly restricted
when it came to movement. In the presence of holo-transferrin,
the values of REES increased. The enhancement of A, meant
that the increasing holo-transferrin concentration had an obvious
impact on the mobility of the Trp micro-environment and that
Trp residues faced more restrictions from their surroundings in
the (HSA- holo-transferrin) Nano-berberin complex as opposed

to in the HSA-Nano-berberin system [60-61].
Resonance Rayleigh scattering (RRS)

There are many methods used for the study of protein
aggregation. Rayleigh scattering is an elastic scattering
method, with the scattering wavelength equal to the incident
wavelength and the scattering particle much smaller than the
incident wavelength (1). The Rayleigh scattering technique has
been applied to the study of macromolecular and biological
macromolecular solutions. It has become an important method
that has been used to determine molecular weight, the radius
of gyration, shape and size, as well as to research the dynamic
behavior in the process of reaction [62,63]. However, the method
is not effective in terms of sensitivity and selectivity. Yet, when
the wavelength of Rayleigh scattering is located at or close to its
molecular absorption band, the scattered intensity will deviate
from the law of Rayleigh and become greatly enhanced at certain
wavelengths. This phenomenon is known as Resonance Rayleigh
Scattering (RRS) or Resonance Enhanced Rayleigh Scattering
(RERS) [64].

In 1995, Pasternack and Collings [65,66] firstly studied the
aggregation of organic dye porphyrines at the macromolecular
level with the RRS technique. Later on, the method was
extensively used for investigating the aggregation of organic dye,
as well as for determining biological macromolecules and trace
amounts of drugs [67]. The RRS technique is available to provide
some insight into the process responsible for the formation
of the complex. This is shown in (Figure 6A). The RRS spectra
of the HSA-Nano-berberin and (HSA- holo-transferrin) Nano-
berberin systems were recorded using synchronous scanning
from 220 to 600 nm with AA= 0 nm. However, the enhanced RRS
intensity clearly presented a maximum peak located at 310 nm
when a trace amount of Nano-berberin was added. Enhanced
RRS shoulder peaks at 270 and 450 nm can also be observed,
and moreover, the enhanced RRS intensity increased with an
increasing Nano-berberin concentration. Consequently, it can be
concluded that HSA reacted with Nano-berberin and produced
a complex for which the RRS intensity was higher than that of
HSA when it existed separately in the binary system. It also can
be seen from (Figure 6A) that the intensity of RRS was enhanced
in the (HSA- holo-transferrin) Nano-berberin system, with a
maximum peak located at 320 nm and three shoulder peaks at
260, 360, 460 nm. This suggested the formation of a (HSA- holo-
transferrin) Nano-berberin ternary complex in the system.
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Figure 6 RRS spectra of HSA at varying concentrations of Nano-berberin (A). RRS spectra of HSA-Nano-berberin in the presence of HTF (inset). (B)
The effect of the HTF concentration on the I intensity of HSA at various concentrations of Nano-berberin. [HSA] = 4.5x10"* mM, the concentration
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The RRS intensity can be calculated according to the following
formula [68],

[p=32mV?n*N/ 310" [(5,)>+(6)°] (5)

where n is the refractive index of the medium, N is the
molarity of the solution, A is the wavelength of the incident and
scattered light, V* is the square of molecular volume, § and §,
are the fluctuations in the real and imaginary components of the
refractive index of the particle, respectively. When other factors
are constant, I .. is related to the size of the formed particle
and directly proportional to the square of molecular volume
(V?). Apparently, with the increase of molecular volume, Ligs 1S
enhanced.

Figure (6B) displays the curves of Al . versus different
concentrations of Nano-berberin in the presence of holo-

transferrin as AIRRS=I, 10, (where IRRS and IORRS are the

RRS

RRS intensities of the systems with and without ligands). It can
be seen that the enhancement of the RRS intensity differed for
the various concentrations of holo-transferrin. When holo-
transferrin was added to HSA-Nano-berberin, the RRS intensity
became increased. It was determined that an interaction had
occurred between HSA-Nano-berberin with holo-transferrin and
that it resulted in an increase of the RRS signal. The enhanced
RRS intensity was proportional to the molecular weight of the
proteins. The RRS intensity of the HSA-Nano-berberin in the
presence of holo-transferrin increased when raising the holo-
transferrin concentration. When the Nano-berberin concentration
was too low, the RRS intensity of the (HSA-Nano-berberin) holo-
transferrin system hardly changed. However, with increasing
Nano-berberin concentrations, the RRS intensity of the system
gradually increased, and we could even observe that precipitation
occurred in the solutions that contained high concentrations of
Nano-berberin. The relationship between the RRS intensity and
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the Nano-berberin concentration was nonlinear. In the graphs,
the points where the curves crossed each other corresponded to
the critical induced-aggregation concentration of Nano-berberin-
induced protein aggregation (C,. values), as illustrated by
(Figure 6B). Under identical experimental conditions, a smaller
C.,. value signified a smaller concentration of Nano-berberin-

CIAC
induced protein aggregation [69].

The addition of holo-transferrin to HSA-Nano-berberin also
induced hydrophobic groups. The hydrophobic groups of the
two-component complexes could interact with each other and
aggregate together, which was the main reason for the enhanced
RRS intensity of HSA. In addition, as shown in Figure (6B), when
the Nano-berberin concentration reached about 2 x10 mM, the
Nano-berberin aggregated on the HSA, and this concentration
value corresponded to the critical induced aggregation
concentration (C,,.) of Nano-berberin [70,71].

CD spectroscopy

Since the late 1980s, there has been an explosive growth
in structural biology with the number of high-resolution
structures of proteins added to the protein data bank (PDB)
currently expanding with more than 2000 per year. However,
there is a growing realization of the need to perform structural
studies under the conditions in which proteins actually operate
(generally in solution), as well as under other conditions and to
provide measures of the rates of structural changes of proteins,
which are often essential to their biological function.

Circular dichroism (CD) has become increasingly recognized
as a valuable structural technique for addressing these issues.
CD spectra are immensely useful for studying three-dimensional
structures of biopolymers such as proteins and nucleic acids.
Each of the three basic secondary structures of a polypeptide
chain (a-helix, B-sheet, and coil) shows a characteristic CD
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Figure 7 Far-UV CD spectra of HSA in the absence and presence of Nano-berberin and HTF at pH 7.4 and T = 298 K, [HSA] = 4.5x 10-*mM. The Nano-
berberin concentrations for the HSA-Nano-berberin system (from a to g), went from 0 to 6.52x10*mM and the HTF concentration increased from 0
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spectrum. For proteins, the aim is to analyze the CD spectra to
obtain information of secondary structural features such as the
percentage of a-helix or $-sheet or random coil regions. The CD
signal is strong for a- helices and weak for -sheets. It is very
reliable for monitoring changes in the conformation of proteins
under various conditions and for different drug binding types. In
the unfolded state, CD is nearly zero in the region 210-220 nm,
which corresponds to the absorption band of peptide bonds.
Hence, protein folding/unfolding can be conveniently monitored
by CD spectroscopy [72].

To obtain full comprehension of how the structure of HSA
was affected by Nano-berberin in the absence and presence of
holo-transferrin, CD measurements were performed on HSA,
HSA-Nano-berberin, and (HSA- holo-transferrin) Nano-berberin
complexes. Figure (7) shows the CD spectra of HSA and HSA-
Nano-berberin with and without holo-transferrin. The CD spectra
of HSA display two distinct negative minima in the ultraviolet
region: one at 208 nm and the other at 222 nm, which are
characteristic of an a-helical structure in a protein. A reasonable
explanation is that the negative peaks at 208 and 222 nm both
received contributions from n—> m* transfer for the peptide bond
ofthe a-helix [73]. As can be seen from (Figure (7), the addition of
Nano-berberin to HSA led to a decrease in the ellipticity without
a significant shift of the peaks. It is true that in the HSA-Nano-
berberin and (HSA- holo-transferrin) Nano-berberin complexes,
the secondary structure of the protein changed. In the presence
of holo-transferrin, the content of a-helix was reduced more
than in the absence of holo-transferrin. However, the CD spectra
of HSA in the presence and absence of Nano-berberin and holo-
transferrin were similar in shape, indicating that the structure
of HSA remained predominated by a-helices after the binding
of Nano-berberin and holo-transferrin [74]. This suggested
considerable changes in the secondary structure of HSA.

The a-helical content was calculated from Eq.(2) and the
results revealed a decrease of a-helical structure from 53.97%
to 42.28 % and 39.47% in the presence of Nano-berberin and
holo-transferrin, respectively. In the presence of Nano-berberin,
the a-helical content of HSA decreased, which indicated that
hydrophobic interactions were predominant in the environment.
In the presence of holo-transferrin, the a-helical content was
reduced even further than in the absence of holo-transferrin.
This means that holo-transferrin induced hydrophobic forces
in the interaction between HSA and Nano-berberin. According
to other reported studies [75], such a decrease in «-helical
structure suggests a partial protein unfolding. Consequently, the
increase in a-helical structure after Nano-berberin interaction in
the binary system and holo-transferrin interaction in the ternary
system should be a sign of decreased stability.

Zeta potential

Colloidal particles accumulate charges at their surfaces which
can be expressed as a surface potential. This surface potential is
an important factor for determining the magnitude of charged-
based colloidal interactions of a particle, most likely electrostatic
repulsion of other like charged particles. The surface charge

on a particle perturbs the ionic distribution in the medium
surrounding it. First, a layer of tightly bound counter-ions (i.e.,
of opposite charge) accumulates at the particle surface, the
so-called Stern layer. Beyond this, a region of decaying excess
concentration, the diffuse layer, extends a considerable distance
into the surrounding aqueous media [76].

The measurement of the colloidal charge typically involves
applying an electrical voltage to the particle and measuring the
speed of movement induced. In practice, one or more layers
of hydrated ions move with the particle and the potential
determined is thus not that at the surface but rather at a short,
undefined distance into the diffuse layer. It is called the zeta
potential. The surface charge in protein particles is due to the
partial ionization of various amino acid residues. The effective
charge on a protein particle is affected by pH, ionic strength and
the accumulation of ligands or surfactants at the interface [77].

The zeta -potential is calculated from the streaming potential
using the Smoluchowski relationship [78]

Z =AE/AP=nmA/gg, (6)

where Z, 1, A, and gg are respectively the zeta potential, the
solution’s viscosity, the solution’s conductivity and the dielectric
permittivity of water. AE/AP is the streaming potential, namely
the slope of the curve of the difference in potential versus the
difference in pressure.

The surface chemistry of biomaterials can have a significant
impact on their performance in biological applications. Protein
molecules adopt their native conformation in solution and
within the cell only under specific environmental conditions. In
order to confirm the existence of drug binding, zeta potential
measurements were made at physiological pH. In this regard,
the binding of the two ligands to HSA at pH 7.4 was expected
to produce a change in the net charge on the protein-drug
complexes provided that both the protein and the two ligands
differed in their net electric charge at this pH (the isoelectric
point of HSA is 4.9 [79]).

The influence of the varying concentrations of Nano-berberin
holo-transferrin on the content of free amino groups on the
capsule surface of HSA was analyzed. This is illustrated in (Figure
8), which shows a plot of the zeta potential of the protein-drug
complexes as a function of the drug concentration. As the drug
concentration increased, the initially negative charge of the
protein was reduced, which suggests the formation of protein-
drug complexes. This trend is also indicative of the existence
of electrostatic interactions between the protein and the drug
molecules [80-81]. At a determined and very high Nano-berberin
concentration, there was a reversal in the sign of the zeta
potential: it became positive until a zero region was reached. This
point occurred approximately at a concentration of 2x10*mM of
Nano-berberin, from which we can deduce that the formation of
drug clusters or aggregates onto the protein had taken place.

From Figure 8, it can be seen that interactions occured
between HSA and Nano-berberin or HOLO- holo-transferrin in the
binary (1) and ternary ((1,7,,A) systems. This was also proven
by the zeta potential of these systems at different concentrations
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Figure 8 The dependence of the zeta-potential of HSA-Nano-berberin on the HTF concentration. (A), HSA-Nano-berberin(O); 1.4 x10°*mM (@);
2.8x10°*mM ([); 4.7 x 10*mM (H); 5.7x10*mM (A), [HSA] = 4.5x103mM and Nano-berberin increased from 0 to 6.52x10*mM. T=298K; PH = 7.4;

phosphate buffer (50 mM).

of Nano-berberin and holo-transferrin. The zeta-potential values
of HSA upon interaction with Nano-berberin and holo-transferrin
in the ternary systems increased with raised concentrations of
holo-transferrin and then decreased continuously. The inflection
points of the zeta potential curves were similar to the C,.
values in Figure (6B). This means that when the Nano-berberin
concentration was higher than C_, . the hydrophobic interaction
was predominant with a decrease in zeta potential. Therefore, the
Ciac values illustrated the different behavior of Nano-berberin
upon interaction with HSA, as confirmed by the zeta potential
values.

Polydispersity index (PDI)

The ratio Mw/Mn is called the polydispersity or heterogeneity
index [82]. The literature has shown that the amounts of protein
and drug play a significant role when it comes to determining
particle size, polydispersity and sample quality [83,84].
Polydispersity indicates the degree of nonuniformity of the
particle size: it varies between 0 and 1. A low polydispersity (close
to 0) indicates a greater uniformity in size distribution whereas
a higher value (close to 1) indicates more nonuniformity. In
addition to polydispersity, the quality of a sample is also related
to its turbidity.

We tried to determine how the protein and the drugs were
affected by these parameters. The dimensions, drug content, and
polydispersity of various samples are shown in (Figure 9). For the
samples with an increasing holo-transferrin concentration, the
polydispersity index was close to 1 whereas HSA-Nano-berberin
had a low polydispersity index near 0. This indicated that the
degree of non uniformity of the particle size was increased when
increasing the holo-transferrin concentration [85].

Molecular modeling

Although laboratory experiments may more closely

represent physiological conditions, it is difficult to determine the
location of the binding sites. An investigation of the 3D structure
of crystalline albumin has shown that HSA contains three
homologous domains (I-III): I (residues 1-195), II (196-383),
and III (384-585); each domain has two subdomains (A and B).
(Figure 10). The Autodock program was employed to examine
the binding mode of Nano-berberin at the active site of HSA in
the absence and presence of holo-transferrin.

Inthe docking process, only polarhydrogens wereadded to the
protein and all water molecules were removed from the protein
file in the AutoDock Tools software. The Lamarckian genetic
algorithm (LGA) was utilized to calculate the conformational
possibilities between the ligands and HSA. The docking parameter
files for all docking procedures were generated by adopting the
Lamarckian genetic algorithm method while the number of GA
runs was set to 200 for each set. The population size was set to
150. The grid map was calculated using Autogrid and finally the
best docking energy results were assumed as possible candidates
for ligand protein interaction.

The best docking results of the interaction between Nano-
berberin and HSA in the absence and presence of holo-transferrin,
based on the lowest level of energy, are shown in (Table 6), which
also lists the results of the drugs’ interaction with HSA. The data
was ranked by energy, and as shown in the table, holo-transferrin
showed less affinity to the protein than Nano-berberin. When
Nano-berberin and holo-transferrin docked solely onto
the protein, they occupied the same pocket surrounded by
hydrophobic residues in sub-domain IB (Leu115,Val116, Tyr161,
Ala158) where it is possible to create hydrophobic interactions.
However, the interactions between Nano-berberin and holo-
transferrin to HSA were not exclusively hydrophobic in nature
- there were also several ionic ones (Arg114, Arg186, Glu188) in
the proximity of the bound ligand (within 54 ).
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Figure 9 The dependence of the polydispersion of HSA-Nano-
berberin on the HTF concentration. (A), HSA-Nano-berberin(O);1.4
x10° mM (@); 2.8x10° mM (O); 4.7x10°* mM (H); 5.7x10* mM (4),
[HSA] = 4.5x10% and Nano-berberin increased from 0 to 6.52x103
mM. T=298K; pH = 7.4; phosphate buffer (50 mM).
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Figure 10 The native structure of HSA and the locations of its
subdomains.
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Figure 11 Docking interaction of (A), (HSA-Nano-berberin) HTF;
(B), (HSA- HTF) Nano-berberin as ternary systems. The drugs are
shown in ball-and-stick mode and the surface of the protein is colored
according to the different subdomains.

Inthe nextstep, after the generation of binary systems for HSA-
holo-transferrin and HSA-Nano-berberin, the ternary docking
was performed following the energy minimization of the binary
systems using a molecular mechanics method in the Hyperchem
software, (Figure 11A,B). As shown in (Table 6), the inhibitory
constant was decreased after addition of holo-transferrin to the
HSA-Nano-berberin complex and it could therefore be concluded
that the the initial binding of holo-transferrin enhanced the
affinity of Nano-berberin to the protein. Moreover, we could

see a further increase in affinity of Nano-berberin in the ternary
system.

Several amino acids were involved in the hydrogen binding of
holo-transferrin and Nano-berberin to the HSA. Examples include
LEU283, Lys286, for holo-transferrin and Argl14, for Nano-
berberin, which are the most important residues in this regard. In
the ternary system, (HSA- holo-transferrin) Nano-berberin, holo-
transferrin was able to form a hydrogen bond with Arg 114 and
in (HSA-Nano-berberin) holo-transferrin, Nano-berberin could
form hydrogen bonds with Arg 222 and Glu 153.

HSA contains a single Trp residue at position 214 in sub-
domain IIA. The mentioned Trp was considered as the target to
study the effect of the addition of drugs to HSA. As the efficient
energy transfer from Trp214 to ligands was 2 - 8 nm, the distance
of Trp 214 from the docked ligands was also measured. This was
applicable with the high efficient fluorescence quenching of HSA
emission in the presence of the second drug. As seen in (Table
7), the distance between Nano-berberin and holo-transferrin
with Trp214 was about 2.2 and 2.3 nm, respectively, while in the
ternary system of (HSA- holo-transferrin) Nano-berberin and
(HSA-Nano-berberin) holo-transferrin, the corresponding values
were 2.3 and 2.4 nm based on (Figure 12).

CONCLUSIONS

This paper presents spectroscopic studies on the interaction
of Nano-berberin and holo-transferrin with HSA by multi-
spectroscopic techniques, molecular modeling and zeta
potential measurements. It was shown that the fluorescence of
HSA was quenched upon interaction with Nano-berberin and
holo-transferrin as a consequence of complex formation. The
quenching belonged to the type static fluorescence quenching,
with non-radiation energy transfer occurring within a single
molecule.

The results revealed the presence of one type of binding site
in the surroundings of the Trp and Tyr residues at the interface
of HSA. The results of synchronous fluorescence spectroscopy
and three-dimensional fluorescence spectra indicated that the
environmental structure of the Trp residue was altered and
that the physiological functions of HSA were affected by Nano-
berberin and holo-transferrin. The aggregation of drug/protein
complexes was determined through RRS and zeta-potential
results. REES pointed at an obvious impact on the mobility of
Trp. The binding of Nano-berberin and holo-transferrin to HSA
changed the secondary structure of HSA, and it was shown that
holo-transferrin-induced conformational changes could promote
the interaction between HSA and Nano-berberin.

The binding properties of Nano-berberin and holo-
transferrin to HSA were also mapped by molecular modeling.
Docking calculations demonstrated that Nano-berberin and holo-
transferrin were located in subdomain IB. The model showed that
the attachment of holo-transferrin increased the affinity of Nano-
berberin to HSA. A modulation of the Nano-berberin binding to
HSA by drugs and metabolites was relevant in pharmacological
therapy management. Indeed, the increase of the Nano-
berberin plasma level under pathological conditions, such as
severe hemolytic anemia, crash syndrome, and post-ischemic
reperfusion, could induce the release of HSA-bound endogenous

J Clin Pharm 5(1): 1017 (2021)

16/20



Sharifi-Rad A, et al. (2021)

@SCiMCdCcntra]

Table 5: Fraction of secondary structure of HSA, and HSA-Nano-berberin in the presence and absence of different HOLO-TRANSFERRIN

concentrations at pH=7.4.

System £, fB
HSA 53.97 18.31
HSA-Nano-berberin 42.28 11.04
(HSA-HTF, 1.4x10*mM)Nano-berberin 41.71 10.29
(HSA-HTF, 2.8x10*mM)Nano-berberin 39.47 9.14
(HSA-HTF, 4.7x10*mM)Nano-berberin 36.64 7.23
(HSA-HTF, 5.7x10*mM)Nano-berberin 31.55 5.32

{i;

14.25
38.43
39.97

44.46

49.98

57.39

Table 6: Best ranked results of the parameters for the interaction of HSA with Nano-berberin and AML in the binary and ternary systems at pH=7.4

by the Autodock procedure.

Sytem Ki Binding Energy Intermolecular
Hydrogen

(Kcal/mol) Energy (Kcal/mol) Energy (Kcal/mol)

HSA-Nano-berberin 61.51 -5.74 -8.25
uM
(HSA-HTF) Nano-berberin 58.25  -5.78 -8.13
uM
HSA-HTF 92.19 -5.51 -6.32 -1.29
uM
(HSA-Nano-berberin)HTF ~ 88/86 -5.53 -6.29
uM

Electrostatic

Argll4

Argll4

Leu283

Arg 222

bonds with

Table 7: The distance of Trp 214 with Nano-berberin and HTF and also between Nano-berberin and HTF in binary and ternary systems.

Distance in systems Nano-berberin and Trp214 HTF and Trp214
HSA-Nano-berberin 2.2nm

(HSA- HTF)Nano-berberin 0.7 nm 2.3 nm

HSA- HTF 2.4 nm
(HSA-Nano-berberin) HTF 2.3 nm 0.5 nm

Nano-berberin and HTF

0.5 nm

0.7 nm

Figure 12 (A) The computational model of the docking; (A). The hydrogen bonds between the residues of HSA with Nano-berberin, (B): The
hydrogen bonds between the residues of HSA with HTF are represented by green dashed lines, (C) The distances between the Trp 214 of HSA in

(HSA-Nano-berberin) HTF; (D), and (HSA- HTF) Nano-berberin systems.
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and exogenous ligands (e.g., metabolites and drugs) increasing
their bio-availability with the concomitant intoxication of the
patient.

Lastly, data available for HSA-Nano-berberin described a
curious situation where the binding of Nano-berberin to a non-
classical Nano-berberin-protein (HSA) conferred (although
transiently) ligand binding and (pseudo-) enzymatic properties.
One should note that the effects arising from Nano-berberin
binding to HSA might have a role in the regulation of biological
functions. Since these actions are dependent on the transient
interaction of a ligand (Nano-berberin) with a carrier (HSA), they
have been called “chronosteric” effects.
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