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Abstract

Background and Objectives Human serum albumin
(HSA) is the most frequent protein in blood plasma.
Albumin transports various compounds, preserves osmotic
pressure, and buffers pH. A unique feature of albumin is its
ability to bind drugs and other bioactive molecules. How-
ever, it is important to consider binary and ternary systems
of two pharmaceuticals to estimate the effect of the first
drug on the second one and physicochemical properties.
Methods Different techniques including time-resolved,
second-derivative and anisotropy fluorescence spec-
troscopy, resonance light scattering (RLS), critical induced
aggregation concentration (Ccjac), particle size, zeta
potential and stability analysis were employed in this
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assessment to elucidate the binding behavior of Amlodip-
ine and Aspirin to HSA. Moreover, isothermal titration
calorimetric techniques were performed and the QSAR
properties were applied to analyze the hydration energy
and log P. Multiple sequence alignments were also used to
predict the structure and biological characteristics of the
HSA binding site.

Result Time-resolved fluorescence spectroscopy showed
interaction of both drugs to HSA based on a static
quenching mechanism. Subsequently, second-derivative
fluorescence spectroscopy presented different values of
parameter H in binary and ternary systems, which were
suggested that tryptophan was in a more polar environment
in the ternary system than in a binary system. Moreover,
the polydispersity index and results from mean number
measurements revealed that the presence of the second
drug caused a decrease in the stability of systems and
increased the heterogeneity of complex. It is also, observed
that the gradual addition of HSA has led to a marked
increase in fluorescence anisotropy (r) of Amlodipine and
Aspirin which can be suggested that the drugs were located
in a restricted environment of the protein as confirmed by
Red Edge Excitation Shift (REES) studies. The isothermal
titration calorimetric technique demonstrated that the
interaction of the drugs with HSA was an enthalpically-
driven process.

Conclusions The present experiment showed that the
binding of Amlodipine and Aspirin to HSA induced a
conformational change of HSA. It was also identified that
the protein binding of the first drug could be affected by the
second drug. Such results can be of great use for under-
standing the pharmacokinetic and pharmacodynamic
mechanisms of drugs.
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Key points

The interaction of Amlodipine and Aspirin with HSA
was investigated by different techniques.

A comparison of the results of fluorescence and other
spectral analyses was also performed in order to
assess the localization of the drug in the model
system.

The present experiment showed that the binding of
Amlodipine and Aspirin to HSA induced a
conformational change of HSA.

We concluded that the presence of Aspirin in (HSA-
Aspirin)—~Amlodipine system can cause a reduction
in affinity of Amlodipine to binding in HSA.

1 Introduction

Human serum albumin (HSA) is an extensively studied
plasma protein. A unique feature of albumin is its ability to
bind drugs and other bioactive molecules [1]. HSA is
characterized by high cystine content, stabilizing a series of
nine loops and a Trp residue. Despite the size and com-
plexities of HSA, there is only a single Trp residue (Trp
214) in domain II, which facilitates the study of the protein
from a spectroscopic point of view. This single Trp is
responsible for the intrinsic protein fluorescence. Serum
albumin effectively increases the solubility of hydrophobic
drugs in plasma and modulates their delivery to cells both
in vivo and in vitro [2]. More ever, unfolding of HSA has
been thoroughly studied by several biophysical techniques
and at varying denaturing conditions.

It is generally accepted that the distribution, metabo-
lism, excretion and toxicity of ligands are correlated with
their affinities toward the protein, especially serum albu-
min. To clearly understand these factors, the characteri-
zation of the binding process by estimating the binding
affinity and binding site is imperative and has a funda-
mental importance in the biological system [3].

Amlodipine is widely used for the treatment of hyper-
tension as well as stable and variant angina. It is more
effective than B-blockers when it comes to treating variant
angina because it prevents and reverses the coronary
spasms resulting in an increased blood flow and myocardial
vasculature smooth muscle cell proliferation. This, in turn,
prevents a progressive narrowing of the arteries [4].

Acetyl salicylic acid or Aspirin is a non-steroidal anti-
inflammatory drug [5]. Today, Aspirin is one of the most
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widely used medications in the world, with an estimated
40,000 metric tons consumed each year [6]. It has also been
established that low doses of Aspirin may be given
immediately after a heart attack to reduce the risk of
another heart attack or prevent the death of cardiac tissue
[7].

In general, protein stability depends on internal factors,
such as hydrogen bonding and covalent linkages, the
environment, the binding of ligands and interactions with
biological surfaces [8]. For this reason, a combined
experimental investigation is often performed and optical
methods are supported by RLS, zeta potential and PDI.
Such techniques render it possible to focus on different
aspects of protein-ligand systems and give more informa-
tion on ligand binding, protein conformation, and change
distribution. Like most biophysical techniques, fluores-
cence spectroscopic studies can be carried out at many
levels ranging from simple measurements of steady-state
emission intensity to quite sophisticated time-resolved
studies. The information content raises considerably as
different fluorescence observables are time-resolved and
combined in universal analyses of the interest phenomena.
These measurements can be applied to get hydrodynamic
information about macromolecules and macromolecule
complexes.

Since the tryptophan residues intrinsic to proteins and
bound covalently ligand molecules almost always exhibit
local rotational motion in addition to depolarization
through global Brownian tumbling of the macromolecule,
it is wise to measure the time-resolved fluorescence ani-
sotropy as well as that observed in the steady-state mode
[9]. The present paper deals with the mechanism of binding
of Amlodipine and Aspirin as a ligand with HSA by time-
resolved fluorescence measurements. Anisotropy mea-
surements reveal that the average angular displacement of
the fluorophore that alters the rotational correlation time
will also alter the anisotropy. For biomolecules, the ani-
sotropy decreases due to both rotational diffusion and
internal flexibility. Also, fluorescence quenching can be
studied most excellent by time-resolved techniques, which
can be divided into static and dynamic processes. Con-
formational changes in proteins often result in changes in
intensity decays due to altered interactions with nearby
groups. Time-resolved decays can sometimes be inter-
preted as the location of the tryptophan residues in the
protein, and the interactions of these residues with nearby
amino acid residues [9].

This study highlights for the first time how binding
properties can change for HSA. Primarily, four types of
forces take part in the protein-drug interaction such as
electrostatic forces, hydrophobic forces, van der Waals
interactions and hydrogen bonding. Signs and magnitudes
of the thermodynamic parameters determine the nature of
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forces actually participating in the protein-drug interaction.
The analysis of thermodynamic parameters, combined with
the study of physicochemical properties of the phenomena,
provides an understanding of how the two molecules
interact and what thermodynamic processes control the
conformational rearrangements of molecules [10].

The inter-relationships between members of a protein
family are better illustrated by multiple alignments, e.g.,
the fortuitous absence of a mutation at that particular site,
but if the same residue is found in five or ten proteins in a
family, it can be suggested that the residue may play a key
functional role. This alignment shows that some residues
are absolutely conserved; certain positions are occupied by
very similar amino acid residues and other more variable
ones [11].

In this study, we found protein sequences belonging to
the serum albumin family with identical length, through
UniProt identifiers. In order to obtain multiple alignments,
we marked three protein sequences using the checkboxes
found in BLAST results. The hit value was set to ‘1000’ to
limit the number of returned alignments. Also, we selected
the align tab of the toolbar to perform an alignment with
the ClustalW program. Subsequently, another protein was
added and the results were saved. This was repeated until
we selected 20 albumin proteins belonging to different
animals. Finally, we could observe some amino acid resi-
dues that were conserved in these proteins.

To analyze and predict the structure and biological
characteristics of binding sites of HSA, the Expert Protein
Analysis System (ExPASy) and other bioinformatics soft-
ware were use [12]. ProtScale, the analysis software that is
available through ExPASy, renders possible the computa-
tion and representation of the profile produced by any
amino acid scale on a selected protein [13]. So, we used
two corresponding methods in this work, i.e., hydropho-
bicity and polarity, which are represented by ProtScale.

The literature comprises numerous articles on the
determination of ligand interactions with proteins but there
have been no reports on the binding affinity and binding
mechanism of a ternary system to a plasma protein (espe-
cially serum albumin). This could supply salient insight
into the mechanism of interaction of Amlodipine and
Aspirin with HSA and other physiologically important
proteins. We have previously reported spectroscopic stud-
ies to characterize the interactions of some drugs with HSA
[14]. The aim of this study has been to elucidate the
binding behavior of Amlodipine to HSA, and also to
determine other binding and physicochemical properties by
the combined use of spectroscopic techniques. A compar-
ison of the results of fluorescence and other spectral anal-
yses was also performed in order to assess the localization
of the drug in the model system.

2 Experimental Section
2.1 Apparatus

All fluorescence measurements were carried out on an
F-2500 spectrophotometer (Hitachi, Japan) equipped with
1.0-cm quartz cells and a thermostat bath with a xenon
lamp. The excitation wavelengths were set to 280 and
295 nm, and the excitation and emission slit widths were
5 nm. The scan speed was 1200 nm/min, and the PMT
(Photo Multiplier Tube) voltage was 700 V. Fluorescence
intensities were corrected for inner filter and dilution
effects before analysis of the binding and quenching data.
The RLS spectra were recorded with an F-2500 fluores-
cence spectrophotometer (Hitachi, Japan) by simultane-
ously scanning the excitation and emission spectra from
280 to 600 nm with AZ = 0 nm and a slit width of 5.0 nm.
This rendered it possible to investigate the aggregation of
small molecules and the long-range assembly of drugs on
biological templates. The other scanning parameters were
identical to those of the fluorescence quenching spectra. All
pH measurements were made with a Metrohm digital pH-
meter (Metrohm, Germany). In ITC experiment, the
Origin® scientific plotting software (version 6) was used to
analyze calorimetric data. The multiple sequence align-
ments were generated by the ClustalW (version 3 at EBI)
site for sequence analysis through the BLAST engine [11,
15]. We designed multiple alignments so that three
sequences of similar proteins were selected in the first step
and the multiple alignments were carried out with Clus-
talW. In the next step, the number of sequences was
increased to 4 and the procedure was repeated until the
number of sequences reached 20. The ProtScale software
and site [through Expert Protein Analysis System
(ExPASy)] was utilized to predict and analyze structures
and functions of the proteins [12]. The hydration energy
and log P are some of the properties that could be esti-
mated using QSAR properties from the HyperChem soft-
ware. The hydration energy (for peptides and similar
systems) was determined using the method parameterized
by Scheraga et al. [16], based on an approximate surface
area calculation. Log P (the log of the octanol-water par-
tition coefficient), a hydrophobicity indicator, was also
utilized by an atom fragment method developed by Ghose,
Pritchett and Crippen [17].

2.1.1 Measurement of the Physicochemical Properties
of the Drug/Protein Complexes

The average particle size, polydispersity index (PI) and

zeta potential at different concentrations were character-
ized wusing a zeta-sizer Nano ZS90 (Malvern,
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Worcestershire, UK) at a temperature of 25 °C. The zeta
potential characterizes the surface charge of particles,
which is an indicator of the long-term stability. Samples
were diluted with water (adjusted to pH 7.4) to a suitable
concentration before the analysis of the size distribution.
The PI is an indication of the particle size distribution.

2.2 Reagents

HSA (fatty acid free, 90 %), Aspirin and Amlodipine were
purchased from Sigma Chemical Co. (St. Louis, Mo. USA).
The protein was dissolved to 50-mM in phosphate buffer of
pH 7.4 and the stock solution was kept in the dark at 4 °C. All
starting materials were analytical reagent grade and double-
distilled water was used for all the measurements. Aspirin and
Amlodipine were dissolved in the buffer and diluted to 0.05
and 0.002 mM, respectively, corresponding to low usage
dose concentrations, with the solution consisting of 50-mM in
potassium phosphate at pH 7.4. In measurements for each
data point, 10 pl of the drug solution was added to 2 ml of the
HSA solution (4.25 x 107 mM). The interaction time was
investigated and the results showed that 3 min was enough for
the stabilization. The fluorescence spectra were then mea-
sured (the excitation wavelengths were 280 and 295 nm and
the emission wavelengths were 290-600 nm). The PI and zeta
potential measurements of HSA—Amlodipine and HSA-
Aspirin were recorded and spectral scanning curves were
obtained under the same conditions.

3 Results and Discussion
3.1 Fluorescence Quenching

Fluorescence spectroscopy can be applied to a wide range
of problems in the chemical and biological sciences. These
measurements can provide information on a wide range of
molecular processes, including the interactions of solvent
molecules with fluorophores, rotational diffusion of bio-
molecules, and distances between sites on biomolecules,
conformational changes, and binding interactions.

For collisional quenching, the decrease in intensity is
described by the well-known Stern—Volmer equation (Eq. 1):

Fo/F1 =1 +quO[Q] =1+ Ky[0] (1)

In this equation F;, and F in dynamic quenching are the
fluorescence intensities in the absence and presence of
quencher, respectively; kq is the bimolecular quenching
constant given by Kgy = kqTp. 7o is the unquenched
lifetime, and [Q] is the quencher concentration. The
Stern—Volmer quenching constant (Kgy) indicates the
sensitivity of the fluorophore to a quencher. A
fluorophore buried in a macromolecule is usually

A\ Adis

inaccessible to water-soluble quenchers, causing the
value of Kgy to be low. Larger values of Kgy are found
if the fluorophore is free in solution or on the surface of a
biomolecule [9].

Intrinsic protein fluorescence originates from the aro-
matic amino acids Trp, Tyr and Phe. In proteins, the
dominant fluorophore is the indole group of Trp. Indole
absorbs near 280 nm, and emits near 340 nm. The emission
spectrum of indole is highly sensitive to solvent polarity.
The emission of indole may be blue-shifted if the group is
buried within a native protein (N), and its emission may
shift to longer wavelengths (red shift) when the protein is
unfolded (U). The emission of Trp is highly sensitive to its
local environment, and is thus often used as a reporter
group for protein conformational changes [9].

The quenching of HSA fluorescence was performed at
pH 7.4 in the presence of Aspirin at various concentrations
of Amlodipine, and the results are shown in Fig. 1a. As can
be seen, the fluorescence intensity of HSA gradually
decreased with an increasing Amlodipine concentration.
Addition of Amlodipine in the presence of Aspirin caused a
noticeable decrease in HSA fluorescence intensity. The
maximum emission wavelength showed a blue shift and
corresponded to changes in the micro-environment of the
protein. Quenching data are usually presented as plots of

a 8000

Fluoresence Intensity

500
Wavelength (nm)

Fo/F
w

0 0.5 1 15 2 25
[Amlodipine] x 10* (mM)

Fig. 1 a The quenching of intrinsic HSA fluorescence by Amlodipine
in the ternary system. Conditions: 7 = 298 K, pH = 7.4, /., = 280 -
nm. The concentration of HSA was 4.5 x 107> mM and those of
Amlodipine and Aspirin were increased from 1.8 x 10™* mM (for
the sake of clarity, the blue-shifts are shown with arrows). b A
comparison of the Stern—Volmer plots for the binary HSA—Amlodip-
ine (open circle), ternary (HSA—Aspirin)—Amlodipine (open triangle)
systems. Conditions: 7 =298 K, pH =74, A, =280 nm,
[HSA] = 4.5 x 107> mM, [Amlodipine] = 0-1.8 x 10™* mM,
[Aspirin] = 0 to 8.5 x 107> mM
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Fo/F versus [Q] since Fy/F is expected to be linearly
dependent upon the concentration of the quencher. A plot
of Fy/F versus [Q] yields an intercept of 1 on the y-axis and
a slope equal to Kp. It is useful to note that Kp' is the
quencher concentration at which Fy/F =2 or at which
50 % of the intensity is quenched. A linear Stern—Volmer
plot is generally indicative of a single class of fluorophores,
all equally accessible to the quencher. As shown in Fig. 1b,
there was one type of binding site for Amlodipine in the
binary and ternary systems of (HSA—Aspirin)-Amlodipine.

On the graphs representing the Stern—Volmer equation
(Fig. 1b), the slope of the curves decreased, in comparison
with the binary system, with a gradual addition of
Amlodipine to the HSA-Aspirin complex. This effect
might suggest a diminution of the movement of molecules
within their binding sites probably related to the presence
of a large number of molecules of both ligands in subdo-
mains ITA and IITA [18]. Moreover, this indicates that the
fluorophore of the protein was placed in a more
hydrophobic micro-environment in the presence of
Amlodipine and Aspirin [19].

The different mechanisms of quenching are usually
classified as either dynamic or static. Dynamic and static
quenching can be distinguished by their differing depen-
dence on temperature, viscosity and also lifetime. Since a
higher temperature results in larger diffusion coefficients,
the dynamic quenching constants are expected to increase
with increasing temperature. A higher temperature is likely
to give rise to a decreased stability of the complexes, and
thus to lower values of the static quenching constants [20].
Accordingly, the Stern—Volmer equation was applied to

determine Kgy by linear regression of a plot of Fy/F against
(O]

Table 1 summarizes the calculated Kgy at different
temperatures. It can be seen that Kgy is inversely correlated
with the temperature, which suggests that the fluorescence
quenching process may be mainly controlled by a static
quenching mechanism rather than a dynamic one [21].
These results indicate that the fluorescence quenching was
caused by a specific interaction, and that the quenching
mainly arose from complex formation [20]. This result
further confirmed that the quenching was mainly a static
process. The results also show that the Stern—Volmer
dynamic quenching constant Kgy was inversely correlated
with the temperature, indicating that the probable
quenching mechanism of fluorescence of HSA by
Amlodipine was not initiated by dynamic collision but by
compound formation [22].

3.2 Measurement of Thermodynamic Parameters

The molecular forces contributing to protein interactions
with ligands may be van der Waals forces; hydrogen
bonding; electrostatic or hydrophobic interactions. The
thermodynamic parameters, the enthalpy (AH°) and
entropy (AS%) of the binding reaction, are important to
confirm the force of interactions of ligands with biomole-
cules. Therefore, the temperature dependence of the bind-
ing constants was studied at different temperatures (298,
308, 318 K). If the enthalpy changes do not vary signifi-
cantly over the investigated temperature range, then its

Table 1 Stern—Volmer quenching constants of the different systems at various temperatures and relative thermodynamic parameters at pH7.4

System T (K) Ksv (L mol™}) AG® (kJ mol™") AH® (kJ mol™") AS® J mol™! K1)
HSA-Aspirin 298 (1.03 £ 0.01) x 10° —34.30
308 (991 + 0.01) x 10° —35.35 —17.43 58.18
318 9.79 + 0.01) x 10° —36.47
(HSA-Amlodipine)—Aspirin 298 Ksvi = (3.36 £ 0.03) x 10° —31.54
Ksv, = (6.14 £ 0.03) x 10° —33.02
308 Ksvi = (3.21 £ 0.03) x 10° —3247 AHY = 11.27 ASY = 142.01
Ksvz = (3.05 £ 0.03) x 10° —32.34 AHS = —22.19 ASS = 3295
318 Ksvi = (3.11 & 0.03) x 10° —33.44
Ksva = (2.95 + 0.03) x 10° —33.31
HSA-Amlodipine 298 (2.07 £ 0.02) x 107 —41.74
308 (1.88 & 0.03) x 107 —42.89 —21.34 69.97
318 (1.63 + 0.02) x 107 —43.90
(HSA-Aspirin)—~Amlodipine 298 (8.96 + 0.02) x 10° —39.66
308 (8.77 £ 0.02) x 10° —40.94 27.14 221.04
318 (8.41 £ 0.01) x 10° —42.16
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value and that of the entropy changes can be obtained from
the van’t Hoff equation (Eq. 2):

LnK, = —AH°/RT + AS°/R

2
AG® = AH® — TAS° @

Here, the associative binding constant, K,, is the
modified Stern—-Volmer quenching constant at the
corresponding temperature and R is the gas constant [22].
The results are presented in Table 1. The negative sign for
the free energy (AG”) means that the interaction process is
spontaneous. In binary systems, the negative AH and
positive AS indicated that electrostatic force played major
roles for the acting force and the reaction was mainly
enthalpy-driven. However, in the ternary system [(HSA-
Aspirin)-Amlodipine], the positive AH’ and AS° value is
frequently taken as the reaction being mainly entropy-
driven, with the enthalpy unfavorable for it, and with
hydrophobic forces playing a major role. These results are
confirmed by RLS results in previous work [14].

3.3 Time-Resolved Measurements

The fluorescence lifetime serves as a sensitive indicator of
the local environment in which a given fluorophore is
placed [23]. Lifetime measurements are rich in information
and provide unique insights into the systems under inves-
tigation [24]. Fluorescence lifetime distributions originate
from the existence of multiple conformational sub-states of
the protein, and a distribution analysis of fluorescence
decay data may provide information on the conformational
landscape and enable detection of dynamics of the protein
matrix on a picosecond/nanosecond time scale [25]. Mean
(average) lifetimes (f) for biexponential decays of fluo-
rescence were calculated from the decay times and pre-
exponential factors using Eq. 3 [26]:

(t) = oqt1 + 012/t + 02 (3)

where o is a pre-exponential factor representing the frac-
tional contribution to the time-resolved decay of the
component with a lifetime t. Lifetime measurements of
HSA were performed by exciting the sample at 290 nm in
order to excite only the donor [27]. In HSA, such time-
resolved fluorescence measurements have strongly sug-
gested that the quenching is static in nature [28].

Fluorescence lifetime decay measurements supply one of
the best parameters that help us to distinguish between
static and dynamic processes.

It was of interest to study the fluorescence decay of the
HSA protein at different molar ratios of the two drugs
(Aspirin and Amlodipine) to obtain a picture of the change
in the micro-environment of that fluorophore upon binding
to the protein. Fluorescence lifetimes and their amplitudes
are presented in Table 2. As shown, different values of t
were evidence that the various ligand concentrations had an
effect on the protein. In order to further substantiate the
quenching mechanism of the drugs to HSA, fluorescence
lifetimes of HSA were ascertained in the absence and
presence of Aspirin and Amlodipine. The decay curves fit
well to a biexponential function and the relative fluores-
cence lifetime was 1 = 3.67 ns (X2 = 0.95) for HSA. With
addition of Aspirin, forming a binary system, the lifetime
was 7 = 3.22 ns (X* = 0.96) and in the ternary system of
(HSA-Amlodipine)-Aspirin, the lifetime was 3.15 ns
(X> = 0.96). Also, at other conditions on addition of
Amlodipine, the average fluorescence lifetime from a
binary to a ternary system reduced the lifetime from 3.21 to
3.15 ns, attesting to the fact that the fluorescence quench-
ing was essentially a static mechanism [24, 29]. In all
systems, with the addition of the drug, the t value of the
natural protein was reduced. A reduction of about 3.2 was
thus observed in both binary systems (HSA-Aspir-
in & HSA-Amlodipine). In the interaction of Amlodipine
with HSA, the presence of the second drug reduced 7 even
further. The results thus show that in the presence of
Aspirin, there was a greater bonding affinity of HSA-
Amlodipine and this system was more static than the oth-
ers. These results were also confirmed by the anisotropy
studies.

3.4 Second-Derivative Fluorescence Spectroscopy

The second-derivative fluorescence spectroscopy technique
enables characterization of even small changes in the local
environment of Trp and Tyr (when excited at 280 nm).
This is not obvious in conventional fluorescence spectra
[30, 31], and can be attributed to the presence of Trp in
various microenvironments with different hydrophobicity
[32]. The techniques have increased the sensitivity of the

Table 2 Time-resolved
fluorescence data of HSA in the

absence and presence of HSA
Amlodipine and Aspirin in
binary and ternary systems

System 71 (ns) o 75 (ns) o 7 (ns) b4
1.927 0.6175 5.893 0.4864 3.671 0.9524
HSA-Aspirin 1.877 0.7514 5.859 0.3814 3.221 0.9619
(HSA—-Amlodipine)—-Aspirin 1.814 0.7327 5.813 0.3734 3.155 0.9673
HSA-Amlodipine 1.904 0.7663 5.841 0.3793 3.219 0.9539
(HSA-Aspirin)-Amlodipine 1.882 0.7625 5.802 0.3688 3.150 0.9644
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basic absorption technique, thus making it possible to
monitor small changes that take place in the environments
of aromatic amino acids in proteins [33, 34]. These tech-
niques become particularly useful in situations where large
contributions of scattered light together with the attenua-
tion of the signal (absorption or fluorescence) are studied.
In this work, we have attempted to show that second-
derivative fluorescence spectroscopy is a sensitive tech-
nique and that it takes place in the environments of aro-
matic amino acids (mainly Trp) in proteins [30].

Figure 2a shows the second-derivative fluorescence
spectra of HSA and Amlodipine in the presence of Aspirin
as a ternary system at pH 7.4. As can be seen, the negative
band at 336 nm was the most sensitive to the changes in the
ternary structure of HSA upon addition of Amlodipine in
the presence of Aspirin. Minima at around 336 and
343 nm, a relatively fixed maximum at 381 nm and a

FFid?

300 350 400 450 500
Wavelength (nm)

0 0.00005 0.00015 0.0002

0.0001 0.00025
[Amlodipine] (mM)
0 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01

[Aspirin] (mM)

Fig. 2 a Second-derivative fluorescence spectra of HSA by adding
various concentrations of Amlodipine in the presence of Aspirin at an
excitation wavelength of 280 nm. Plots of parameter H = ik versus
concentration of Amlodipine (b) and ¢ Aspirin as binary (open
symbols) and ternary (filled symbols) systems. Conditions: T = 298 K,
pH =74, J. =280 nm, [HSA] =45 x 1073 mM, [Amlodip-
ine] = 0-1.8 x 10™* mM, [Aspirin] = 0 to 8.5 x 107> mM

shoulder at around 370 nm can be seen. As the concen-
tration of Amlodipine was increased, the position and the
intensity of the shortest wavelength band became altered,
indicating a change in A.,,. Consequently, the micro-en-
vironment of Trp and Tyr changed more as the polarity was
changed [35]. In addition, calculations of the value of
H (which is indicative of the relative hydrophobicity of the
Trp local environment) were performed from second-
derivative spectra according to the method of Mozo-Vil-
larias [30]. H is useful for monitoring average transitions
taking place in Trp environments when proteins change
their structure.

Figure 2b, c illustrates the obtained H factor as a func-
tion of the Amlodipine concentration for the HSA-Am-
lodipine complex and their ternary systems. From Fig. 2b
H can be deduced that for the (HSA—Aspirin)-Amlodipine
complex, fluorescence residues were in a more hydropho-
bic environment [31]. Similar effects appeared for HSA—
Aspirin and (HSA-Amlodipine)-Aspirin, as shown in
Fig. 2c. When the ionic strength was increased by addition
of Aspirin, there was a substantial change in the second-
derivative spectrum. The spectra for both ternary systems
were typical of the highly hydrophobic environment. The
complexes were formed in such a way that the Trp of the
subunits was driven away from the solution [30].

The results were used to monitor apparent changes in
these spectra when structural transitions were induced in
the proteins and were associated with changes in the degree
of polarity in the environments of all Trp in a protein. This
indicates that in the presence of a second drug, the polarity
around the Tyr residues was increased and the hydropho-
bicity was lowered. HSA has only one Trp residue in its
sequence (position 214), in addition to 18 Tyr residues.
This makes this protein useful for testing the influence of
Tyr on second-derivative characteristics [9]. The different
values of parameter H in binary and ternary systems sug-
gest that Trp is in a more polar environment in the ternary
system than in a binary system, which is in agreement with
the fact that Trp 214 in a binary system is in a segment
containing numerous charged residues.

3.5 Polydispersity Index (PI)

Techniques for the determination of molar mass and poly
dispersity are including mass spectrometry, laser light
scattering, ultracentrifugation, electrophoresis and chro-
matography. Light-scattering measurements of polymer
size are based on the observation that large particles scatter
light very efficiently. In general, the ratio M/M,, is called
the polydispersity index (or heterogeneity index). In this
expression, My, is the weight average molar mass and M, is
the number average molar mass. The term ‘monodisperse’
is conventionally applied to synthetic polymers in which
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this index is less than 1.1. A collection of particles is
usually polydisperse. It is therefore necessary to know not
only the size of a certain particle, but also how many
particles of the same size exist in the sample. Thus, we
need an estimate of the size range present and the number
or weight fraction of each particle size. A disperse system
corresponds to the dispersion of small particles of one
material in another. These small particles are commonly
called colloids. In this context, small means less than about
500 nm is diameter (approximately the wavelength of
light) [36].

The PI is an indication of the particle size distribution.
The smaller the PI, the more consistent is the size distri-
bution of dispersion. Depending on the polydispersity of
the charge and the nature of the size dependence of the
linear dissolution rate, the distribution may change in terms
of the position of the median [37].

Figure 3a, b shows the polydispersity index (PI) versus
the concentration of the drugs. A dispersion index of 0.1
indicates that the molecules forming the complex have
structural similarities that are more homogeneous and in a
more complex environment. A dispersion index of more
than 0.1 means that the molecules have larger molecular
masses and that they are diverse and heterogeneous. All of
the complexes were considered to be polydisperse or

[V

Poly dispersionindex

0 | | |
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[Aspirin] mM

0 I | I I

Fig. 3 Polydispersity data of HSA in the presence of Amlodipine
(AML) (a) and Aspirin (ASA) (b) in binary (filled symbols) and
ternary (open symbols) systems. Conditions: 7 = 298 K, pH = 7.4,
Aex = 280 nm, [HSA] = 4.5 x 107> mM, [Amlodip-
ine] = 0-1.8 x 10™* mM, [Aspirin] = 0 to 8.5 x 107> mM
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widely distributed since the polydispersity index was
higher than 0.2. The dispersion index increased with an
increasing drug concentration, which represents a distri-
bution of heterogeneity in the environment.

For the HSA—-Aspirin complex, when the concentration
of Aspirin increased to about 0.006 mM, the PI remained
constant. In (HSA-Amlodipine)—Aspirin, up to concentra-
tions of about 0.004 mM, the dispersion increased after
which it decreased. But in HSA—Amlodipine, for a con-
centration of about 0.0003 mM of Amlodipine, the PI
value remained stable. The change in concentration thus
had no effect on the polydispersity, and it was clear that
HSA-Amlodipine produced the biggest particles that were
also the most heterogeneous in size. It was observed that
the PI values of the ternary systems (HSA—Aspirin)—-Am-
lodipine and (HSA—Amlodipine)-Aspirin were close to 1
corresponding to a more heterogeneous solution, whereas
for the binary systems of HSA—Amlodipine and HSA-
Aspirin, the PI values were far from 1 and the solution was
more homogeneous. For both binary systems (i.e., HSA—
Amlodipine and HSA—Aspirin), the polydispersity index
was lower than for the ternary systems. The presence of a
second drug thus caused a decrease in the stability of the
complexes. This suggests that increasing drug concentra-
tions led to an increased heterogeneity of the solution, and
the ternary systems were thus more heterogeneous than the
binary systems.

3.6 Mean Number and Zeta Potential
Measurements

Many proteins are monodisperse, meaning that they have a
single, definite molar mass [38]. A synthetic polymer,
however, is polydisperse, in the sense that it comprises a
mixture of molecules with various chain lengths and molar
masses. The various techniques that are used to measure
molar masses result in different types of mean values of
polydisperse systems [36]. The potential located at the
shear plane is known as the electrokinetic potential, or zeta
potential. The zeta potential is the potential difference
between the tightly bound layer (shear plane) and the
electroneutral region of the solution. If the zeta potential is
reduced below a certain value (which depends on the
particular system being used), the attractive forces exceed
their repulsive counterparts, and the particles come toge-
ther [9]. As the protein conformation is already expanded
at pH 7.4, drug/protein complexes might be formed as
micelle-like clusters along the protein surface, in what may
resemble the necklace model, with subsequent aggregation
of these more hydrophobic complexes in order to avoid
interaction with the solvent [39].

Dissolution of solid particles in a liquid medium is quite
commonly encountered in the chemical process industry.
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The equilibrium population between single drug/protein
complexes and aggregated drug/protein complexes would
be shifted to the latter. A previous report showed that when
the  Amlodipine  concentration  increased  from
0-1.8 x 10~* mM, the zeta potential shifted from a neg-
ative to a positive value [14]. A comparison between dif-
ferent systems shows that the highest concentration of
Amlodipine and Aspirin led to the lowest points of maxi-
mum zeta potential. Also, this clearly took place in the
ternary system in the presence of both drugs. It could thus
be concluded that the presence of both drugs led to certain
changes in the solution.

Dissolution changes particle diameters, causing the
population of each size group to become altered and, in
general, bringing about a change in the observed distribu-
tion of the number of particles as well as the volume or
number versus particle size [40]. So, for a better analysis,
Fig. 4a, b shows the effect of the Amlodipine and Aspirin
concentrations on the size and number of particles in
solution for the different complexes. In Fig. 4, it can be
seen large shifts in the size distribution of the particle
systems for the three different complexes. We also
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Fig. 4 Effects of the concentrations of Amlodipine (a) and Aspirin
(b) on the size and number of HSA particles in solution(open circle);
HSA-Amlodipine (filled circle); (HSA—Aspirin)~Amlodipine (open
square) systems; HSA—Aspirin (filled diamond); (HSA—Amlodipine)—
Aspirin (open triangle) systems. Conditions: 7 = 298 K, pH = 7.4,
Aex = 280 nm, [HSA] = 4.5 x 1073 mM, [Amlodipine] =
0-1.8 x 10~* mM, [Aspirin] = 0 to 8.5 x 107> mM

observed that the size distribution for the ternary systems
was higher than for the binary ones.

When comparing the systems, it was found that the size
distribution of HSA in the presence of the first and second
drug increased. Also, HSA-Amlodipine produced the
biggest particles and had a larger polydispersion index in
comparison with other complex solutions, whereas HSA—
Aspirin gave rise to the smallest particles which were also
the most homogeneous in size. The larger average particle
size and the higher polydispersity index of Amlodipine
indicated the presence of large aggregates of Amlodipine.
This suggests a decrease in mean droplet size with an
increasing drug concentration due to a larger interfacial
area and a reduced interfacial tension [41, 42]. These
results confirmed those from the PI measurements and what
was observed for the HSA—Amlodipine complex: a large
polydispersion index of the dispersions indicated a broad
size distribution corresponding to changes in the micro-
environment of the protein. This result was confirmed by
RLS measurements [14].

3.7 Red Edge Excitation Shift (REES)

Red Edge Excitation Shift measurements are particularly
useful for monitoring motions around the Trp residues in
protein studies [43]. 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 [44]. REES corresponds to a shift in the emission
maximum toward a higher wavelength caused by a
movement of the excitation wavelength toward the red
edge of the absorption band [45]. The value of Aldeymax 1S
the difference in emission maxima when excited at 280
versus 295 nm [44]. Thus, in this study, we chose to excite
the Trp at 280 and 295 nm to investigate the REES effect
on the interaction between drugs and HSA. The results are
listed in Table 3.

REES measurements upon interaction with Aspirin and
Amlodipine as binary and ternary systems rendered it
possible to compare the environmental and mobility fea-
tures of the Trp residues in the HSA-drug complexes [46].
Moreover, the variability of the micro-environment of the
protein occurred in the presence of drugs in all systems.

The value of Ad¢mmax Meant that the introduction of
Aspirin and Amlodipine had an obvious impact on the
mobility of the Trp micro-environment and that the Trp
residue faced more restriction from its surroundings in the
HSA-drug complexes. According to Table 3, the value of
REES for the ternary system (HSA—Aspirin)-Amlodipine
was about 7.0 nm, which indicated that the presence of
Aspirin had an effect on the interaction between
Amlodipine with HSA for a molar ratio 1:10 in comparison
with the other complexes. By comparing the difference in
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Table 3 The effect of Red

Edge Excitation Shift (REES)
for HSA with Aspirin and
Amlodipine in binary and
ternary systems at

Jex = 305 nm and

Aex = 295 nm, pH = 7.4,
T=298K

System Molar ratio (drug/HSA) 4280 nm 4295 nm AL
HSA-Amlodipine 1:1 341 343 2
1:5 339 342 3
1:10 339 342 3
(HSA-Aspirin)-Amlodipine 1:1 338 341 3
1:5 332 339 7
1:10 330 337 7
HSA-Aspirin 1:1 339 343 4
1:5 335 340 5
1:10 333 338 5
(HSA—-Amlodipine)—-Aspirin 1:1 338 341 3
1:5 336 340 4
1:10 334 339 5

Almax, it was observed that the tryptophan residue was
irritable in the HSA—Amlodipine system. However, in the
presence of Aspirin, the Trp micro-environment was more
limited and permitted less movement. At this concentration
of Amlodipine, a large complex was formed and there was
a shift in the position of the emission maximum, reflecting
changes in polarity around the Trp residue. On the other
hand, the structure of the micro-environment of the Trp
residue was altered and physiological functions of HSA
were affected by Amlodipine.

3.8 Fluorescence Anisotropy

Fluorescence anisotropy is another type of observable flu-
orescence that can be very useful in molecular biophysics
[47]. It is a powerful technique for investigating macro-
molecular dynamics, in which the sample is excited by
linearly polarized light [48]. The fluorescence anisotropy is
measured by first exciting a molecule with vertically
polarized light, then observing the fluorescence intensity of
emitted light passing through a polarizer held alternately
parallel to and perpendicular to the direction of polarization
of the incident light [49]. The instrument was set at con-
figuration B, and the excitation and emission monochro-
mators were set at the desired wavelengths. The cuvette
was excited with vertically polarized light and the fluo-
rescence intensity components /,, and /., were alternately
monitored (due to the L configuration of the instrument).
Here, I, is the fluorescence intensity when both the exci-
tation and emission polarizers are parallel and I, is the
fluorescence intensity when the excitation and emission
polarizers are perpendicular. The anisotropy (r) was cal-
culated simultaneously by the instrument using Eq. 4:

r=1Iy—GXILp/lyy+2xGXIy (4)

The G factor (which corrects the anisotropy introduced
by the optical components of the detection system) was

A\ Adis

obtained by the instrument before each anisotropy
measurement where Iyy and Iyy are the vertically and
horizontally polarized components of probe emission with
excitation by vertically polarized light at the respective
wavelength [50]. Measurements of the anisotropy
(r) versus the protein concentration revealed the utility of
the tautomer fluorescence anisotropy as a sensitive
parameter for exploring structural changes in the protein.
Investigations of the fluorescence decay kinetics indi-
cate heterogeneity in the microenvironments of the protein
[51]. Slopes of lines fitted to experimental values deter-
mined, according to Eq. [2], the inverse of affinity con-
stants (1/K). The K values were obtained for the ligands in
the HSA solution without and with the competing drugs for
two different concentrations. This can be seen in Fig. 5.
The figure shows the fluorescence anisotropy of the drugs
(Aspirin and Amlodipine) as a function of the HSA

0.9

Fluorescence anisotropy (r)

[HSA] x 102 (mM)

Fig. 5 Variation of the fluorescence anisotropy (r) of Amlodipine
and Aspirin with the HSA concentration in binary [HSA—Amlodipine
(filled triangle)]; [HSA-Aspirin (filled circle)]; and ternary [(HSA-
Aspirin)-Amlodipine (filled square)]; [(HSA—Amlodipine)-Aspirin
(open diamond)] systems. Conditions: 7 =298 K, pH = 74,
Aex = 280 nm, [HSA] = 4.5 x 1073 mM, [Amlodip-
ine] = 0-1.8 x 10™* mM, [Aspirin] = 0 to 8.5 x 107> mM
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concentration as well as the changes in fluorescence ani-
sotropy in the presence of the two competing drugs at
varying concentration. The plot displays a marked increase
in the fluorescence anisotropy of the fluorophore while
moving from an aqueous environment to the HSA envi-
ronment [52].

After the HSA concentration reached 10 pM, no sig-
nificant increase in the binding of Aspirin and Amlodipine
with HSA took place. The largest value of the fluorescence
anisotropy was obtained when the drugs were present in the
HSA-Amlodipine system, demonstrating that Amlodipine
was bound to HSA. If the solution contained only free
molecules of HSA, the anisotropy value would have been
much lower. The anisotropy and K value of binding of
HSA-Amlodipine decreased in the ternary form (HSA-
Aspirin)-Amlodipine when going from 1.93 x 10’ to
9.11 x 10° M™! (data are not shown). Also when going
from the binary (HSA-Aspirin) system to the ternary
(HSA—Amlodipine)—-Aspirin system, an increasing amount
of proteins for various concentrations, decreased the
steady-state value and the K values up to 1.08 x 10° to
471 x 10° M~ " respectively. The increase in anisotropy
of Amlodipine and Aspirin bound HSA with an increase in
protein concentration, indicating a reduction of the free-
dom of rotation of drugs bound to HSA. An increase in
anisotropy could be due to a decreased Brownian motion or
a lower energy transfer between identical chromophores
[53]. The high anisotropy value (r ~ 0.8) found for (HSA-
Aspirin)-Amlodipine suggests that, in the presence of
Aspirin, Amlodipine bound at a site on HSA with motional
restrictions.

The gradual increase in anisotropy of ligand emission
with the HSA concentration is thus consistent with the
picture that more and more ligand (Amlodipine and
Aspirin) molecules become bound to HSA. The higher
fluorescence anisotropy value associated with the drugs
was due to its restricted motion as a result of its stabilizing
electrostatic interaction in the binding site [S1]. The ani-
sotropy values suggest that both Aspirin and Amlodipine
were rigidly bound in the protein.

3.9 Isothermal Titration Calorimetry (ITC)

Microcalorimetry is the measurement of the heat evolved
or adsorbed by a chemical or physical process.
Microcalorimetry has been used to study the interactions of
drugs with food, lymphoma cells, microorganisms, blood,
excipients, and cyclodextrin. One of the earliest uses of
microcalorimetry was to investigate biological interactions
of drugs [54]. The reasons for the widespread use of ITC
for the determination of binding affinities are numerous
and have been alluded to earlier [55]. It is the only ana-
lytical tool capable of directly measuring a thermodynamic

quantity and obviates the need for indirect determinations
via van’t Hoff analyses. In addition, careful experimental
design renders it possible to determine further parameters
from the same data set: the enthalpy (A,H") and entropy of
binding (ApS®), the Gibbs energy of binding (ApG) and the
stoichiometry of binding (n).

The output from a conventional ITC experiment is a plot
of power versus time, showing a series of peaks. These
correspond to sequential injections of ligand solution into a
substrate solution (Fig. 6, top). The integration of each
peak results in a binding isothermal of enthalpy
(kcal molfl) versus the molar ratio between ligand and
substrate (Fig. 6, bottom). The binding isothermal is then
fitted to a binding model, by least squares minimization, in
order to derive the value of K, (and, in the process, AH®)
[56]. Figure 6a shows the ITC curve of the interaction of
Amlodipine with HSA at 25 °C. As shown, all peaks faced
downward, indicating that the reactions were mainly
exothermic [31]. They decreased progressively as unoc-
cupied sites became saturated. The area of each peak is
equal to the heat released per injection, which is propor-
tional to the amount of the binding isothermal for the
protein—ligand interaction in which the integrated heats
(i) are plotted as a function of the molar ratio [57]. As
shown, the analysis of the processed calorimetric curves
suggests that the complex binary system is exothermic. The
thermodynamic parameters for the interaction of
Amlodipine and Aspirin with HSA, are summarized in
Table 4. These enthalpies of binding of Amlodipine to
HSA were more negative in the binary system as opposed
to in its ternary counterpart. We determined the negative
sign of the enthalpy changes as an eventual possibility that
hydrophobic bonds may be formed during the interaction
of Amlodipine with HSA [58].

Hydrophobic and weak electrostatic forces led to low
values of K. Moreover, low affinity binding may be asso-
ciated with conformational changes in the protein molecule
[59]. So, according to Table 4, the value of K in the (HSA-
Amlodipine)—Aspirin system was the lowest whereas it was
higher in the HSA—Amlodipine system than in the other
systems. On the other hand, the higher values of K for the
HSA-Amlodipine system may also be due to the greater
tendency of these molecules to self-associate [60, 61].

The changes in the entropy of binding AS° were largely
caused by hydration effects: the entropy of hydration of
polar and non-polar groups was thus large. The sign of AS®
was negative and indicated that the binding process was
dominated by hydrophobic interaction [58]. The value of
AS° in the HSA—Amlodipine system was lower than in its
ternary counterpart, indicating that protein molecules in
this system underwent conformational changes in such a
way that their flexibility increased [31]. In the presence of
the second drug (Aspirin), upon drug association, the
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Fig. 6 Isothermal heat capacity curves for the binding of Amlodipine and Aspirin to HSA at 25 °C and pH 7.4. HSA—Amlodipine (a); (HSA-
Aspirin)-Amlodipine (b) systems; HSA-Aspirin (¢); (HSA—Amlodipine)-Aspirin (d) complex

entropy of interaction between Amlodipine and Aspirin
with HSA decreased. However, AS® for the HSA-Aspirin
system  was 55.19 Jmol™' K~' whereas it was
35.16 Jmol ' K~' for the ternary (HSA—Amlodipine)—
Aspirin system. This indicates that the interaction between
Amlodipine and HSA in the ternary (HSA—Amlodipine)—
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Aspirin system was more flexible than in the binary HSA-
Aspirin system. Consequently, the presence of the second
drug was important for the flexibility of the protein.
According to the views of Ross and Subramanian [62],
positive AH° and AS° values are associated with
hydrophobic interactions. Negative AH” and AS® values, on
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Table 4 Thermodynamic
characteristics of interaction of

HSA with Amlodipine and
Aspirin in binary and ternary
systems according to ITC
experiments at 25 °C
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Systems n K (J mol™h AH® (kI mol™")  AS° d mol™! K7}
HSA-Amlodipine 098  (2.33 + 1.06) x 107 —21.11 68.02
(HSA-Aspirin)—Amlodipine ~ 0.91  (9.15 & 1.13) x 10° 28.83 217.13
HSA-Aspirin 127 (L.17 £1.013) x 10° —17.79 55.19
(HSA-Amlodipine)—Aspirin 1.03 (7.29 £ 1.216) x 10° —20.19 35.16

the other hand, are associated with hydrogen bonding and
Van der Waals forces. Finally, very low positive or nega-
tive AH° and positive AS’ values are characteristic of
electrostatic interactions. From Table 4, it can be seen that
in all analyzed systems, the binding process was enthalpy-
driven and the negative AH" values observed in the present
study could not be attributed to electrostatic interactions.
However, the binding became more enthalpy-driven with a
favorable enthalpy and unfavorable entropy but in the
ternary system of (HSA—Aspirin)—-Amlodipine, the positive
AH® and AS° values led to the presence of hydrophobic
interactions and suggested that the process was entropy-
driven. The large negative Gibbs energy for the drug
binding may be due to the reduction in conformational
freedom upon formation of coordinated bonds at the
binding site [57, 62].

In conclusion, for the HSA—Amlodipine and HSA-
Aspirin complexes, electrostatic interactions played the
main roles but hydrophobic interactions could not be
excluded. These results were confirmed by other tech-
niques in this study. It can be suggested that the presence of
the second drug (Aspirin) in the interaction of HSA-Am-
lodipine caused a specific interaction in comparison with
other complexes.

3.10 Molecular Study

In our previous work [14], we have used molecular mod-
eling techniques to study binary and ternary systems of
drugs with HSA. According to the lowest number of K;
(inhibition constant) achieved from a docking study of
HSA and two drugs, we could report that Aspirin was
located in sub-domain IIA close to Lys199, while
Amlodipine was located in a different site, the so-called
site I, near Asp 255. We then analyzed the ternary docking
system that was performed after energy minimization of
the binary system of HSA plus each drug. The inhibitory
constant was remarkably decreased after addition of
Aspirin to the HSA—Amlodipine complex. Although each
drug was located in a different position and had a non-
competitive interaction, the affinity of each drug was
affected by the other. It was assumed that since Aspirin and
Amlodipine occupied different active sites they changed
the secondary structure of HSA. In the binary systems,
Lys199 for Aspirin and Asp 255, Asp 259 for Amlodipine,

were reported to be the most important residues in this
regard. In the ternary (HSA—Aspirin)—~Amlodipine system,
Amlodipine was able to form a hydrogen bond with
Glu311 but Aspirin did not show any hydrogen bonding in
the ternary (HSA—Amlodipine)—Aspirin system.

3.10.1 Properties of Aspirin and Amlodipine

QSAR analyses of Aspirin and Amlodipine are summa-
rized in Table 5. The more negative the hydration energy,
the more stable was the molecule, and when comparing the
results of the hydration energy of Amlodipine and Aspirin
it was found that the Aspirin molecule was more stable
than Amlodipine. This could be due to presence of amine
and ester groups. The logarithm of partition coefficients
(log P) is useful for estimating the distribution of drugs
within the body: hydrophobic molecules with high partition
coefficients are preferentially distributed in hydrophobic
compartments such as lipids, while hydrophilic drugs (with
lower partition coefficients) are preferentially found in
hydrophilic compartments such as blood serum.

The results of log P are in agreement with the results of
hydration energy. Consequently, the value of log P in
Amlodipine was higher than in Aspirin and the ability of
Amlodipine to dissolve in the lipid phase was greater than
that of Aspirin. It could also be concluded that Aspirin was
more polar than Amlodipine, which caused more interac-
tions with the hydrophilic regions of HSA. ProtScale dia-
grams showed about 11 highly hydrophobic sections in
HSA at positions 10, 49, 98, 145, 198, 328, 349, 371, 482,
574 and 603. However, 21 major sections represented

Table 5 Quantitative structure activity relationship (QSAR) proper-
ties of Aspirin and Amlodipine as created by the HyperChem
software

Aspirin Amlodipine

Log P 4.96 5.59
Surface area (grid) 4% 349.97 642.11
Volume (4°) 535.60 1152.17
Hydration energy (Kcal/mol) —10.98 —8.07
Refractivity (4%) 17.39 64.89
Polarizability (4%) 17.39 41.68
Mass (amu) 180.16 432.90
Partial charges (e) 0.0 0.0
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hydrophilic properties at positions 24, 29, 38, 86, 118, 123,
127, 135, 159, 166, 213, 216, 360, 341, 419, 465, 469, 494,
545, 564 and 592 (Fig. 7). As displayed in Fig. 7, the
bottom area of the hydrophobicity graph represents regions
of HSA with lower hydrophobicity and higher
hydrophilicity. A somehow similar method and diagram to
the hydrophobicity diagram is the polarity diagram that
takes into account which residues at position 84, 133, 212,
320, 547 and 585 that are highlighted and polar. Another
interesting diagram extracted from ProtScale reveals
exposed and accessible residues such as 218, 259, 295, 455
and 598. Since accessible residues are generally more polar
than buried ones, the obtained graph agrees with the
polarity graph. This condition provides a better situation
for Amlodipine to interact with hydrophobic regions of
HSA rather than Aspirin, but one should also consider that
the large size of Amlodipine limits its interaction with
buried residues of the protein.

3.10.2 Sequence Analysis

Our method to align multiple sequences results in a map of
conserved residues which seems to be critical for the pro-
tein function and which might be the sites of interaction
with ligands in the case of HSA as a carrier protein. Fig-
ure 8 shows the result of multiple alignments among 20
proteins. Conserved areas are observed between 112 and
130, 148 and 205, 245 and 184, 302 and 333, and 423 and
461. There was an obvious correlation between these
results and the results of docking reported in our previous
study. As we have already reported, Aspirin interacted via
hydrogen bonds with Lys 199 of HSA in the binary system.
We have also communicated that the interaction of
Amlodipine with HSA in a binary system occurred via Asp
255 and Asp 259 while the amino acid Glu 311 played a
key role in the ternary system of (HSA-Aspirin)-Am-
lodipine [14].

Fig. 7 A ProtScale graph of —a— accessible residues
human serum albumin (1AQO6). 12 —e— hydrophobicity
The observed lines represent the —a— polarity
hydrophobicity and 10 !
hydrophilicity profile from Kyte A s ALk A LAy pB
and Doolittle, accessible g A i ) s ARA AN 172
residues from Janin J. and \/
polarity from Grantham R 6
0 y
g 4
7}
2
0 ; Y ) N /| ‘
o & | ¢ ¢ Y i ‘
, g :
-4
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Region
Fig. 8 Multiple sequence 111 MADCCAKDE PERNECFLOHKDDNPN-LPRLVRPEVDVMCTAFHDNEETFLKKYLYEIARR 169 P02768
alignments generated by . . % R .
ClustalW (version 3 of the EBI : v to T
software shows the most highly 170 HPYFYAPELLFFAKRYKAAF TECCOAADKAACLLPKLDELRDEGKAS SAKORLKCASLOK 229 P02768
conserved residues in HSA).
Conserved amino acid LA *x . *:
sequences are marked by strings 230 FGERAFKAWA--VARLSQRF PKAEFAEVSKLVTDLTRKVHTECCHGDLLECADDRADLAKY 287 P02768
of * on the second line of the
sequence alignment *: Xk ki oo ok
288 ICENQDSISSKLKECCEK-PLLEKSHCIAEVENDEMPADLPSLAADFVESKDVCKNYAEA 346 P02768
* *:
347 KDVFLGMFLYEYAR--RHPDYSWLLLRLAKTYETT LEKCCAAADPHECYA--KVFDEFK 402 P02768
403 PLVEEPQNLIKDNCELFEQLGEYKFQONALLVRYTKKVPQVSTPTLVEVSRNLGKVGSKCC 462 P02768
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In this study, we found conserved areas of HSA that can
be candidates for drug molecule binding. For example, Cys
occurred consistently in HSA more often than the other
residues. It was observed in positions 124,148, 192, 201,
268, 289, 303 and 313. Clearly, Cys is responsible for the
disulfide bound in proteins and its consistency is probably
affected by this. HSA is a heart-shaped protein with a deep
valley and Cys could play a key role in its stability [63].
Another conserved residue is Pro 323, which again is an
unusual amino acid that is not normally replaced by other
amino acids due to its ring-shaped side-chain [11].

4 Conclusions

We have explored the binding of Amlodipine to HSA in the
presence of Aspirin, as binary and ternary systems, in
addition to the intrinsic fluorescence emission behavior of
HSA. Time-resolved fluorescence measurements hint to the
occurrence of static-type fluorescence quenching caused by
specific interactions, mainly by ground-state complex for-
mations. This is in agreement with the quenching obtained
according to the Stern—Volmer relation. The present study
also demonstrates that complexation between HSA with
Amlodipine and Aspirin led to an increase in the steady-
state fluorescence anisotropy. Binding of Amlodipine and
Aspirin with HSA caused a dramatic enhancement of the
fluorescence intensity and anisotropy (r), along with sig-
nificant changes in the fluorescence excitation and emis-
sion profiles. Amlodipine also bound with higher affinity to
binding sites on HSA as deduced by fluorescence aniso-
tropy spectroscopy.

The results of zeta potential and RLS measurements
rendered it possible to verify the existence of the interac-
tion in the binding process. This modification is the first
evidence of the existence of electrostatic interactions
between the drug and protein, after the hydrophobic
interaction is overcome. The polydispersity index and
results from mean number measurements revealed that the
presence of second drug caused a decrease in the stability
of systems and increased the heterogeneity of complex.

A thermodynamic characterization enabled us to pro-
pose definitive conclusions regarding the energetic effect
of protein-drug interactions and their correlation with the
specificity of structural parameters of this protein. The
negative values of enthalpy (AH®) and entropy (AS%)
changes indicated that electrostatic interactions played
major roles in stabilizing the complex. The thermodynamic
parameters with regard to the binding of Amlodipine to
HSA led us to believe that it was an enthalpy-controlled
process. The multiple alignment results showed that sec-
tions around residues 100 through 300 were highly con-
served. We were also able to confirm previously obtained

protein—ligand docking results, reported by our team with
the results from this study. All residues involved in the
interaction of Aspirin and Amlodipine with HSA as
determined by the docking study were confirmed to be
located in conserved areas that were even identical in some
cases.

Finally, we concluded that the presence of Aspirin in
(HSA-Aspirin)—~Amlodipine system can cause a reduction
in affinity of Amlodipine to binding in HSA. Whereas, in
another system (HSA—Amlodipine)—Aspirin, at the Aspirin
and Amlodipine beginning of binding has been affected
with each other, subsequently interacted with HSA.
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