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The aim of this study was to explore the efficiency of ephedrine binding to human serum albumin (HSA)
as a protein model using spectroscopic, electrochemical, and molecular docking methods. A reduction in
UV absorbance at 280 nm of HSA was attributed to the interaction between ephedrine and HSA. The
apparent binding constant (K,pp) values at different temperatures were about 10* M, which showed
high affinity of ephedrine for HSA. The calculated negative enthalpy change (AH) and entropy change
(AS) values suggested that the binding process was mainly driven by van der Waals force and hydrogen

Iée{l‘ggrr?;; bonds. The negative value of free energy change (AG) indicated that the interaction process was sponta-
H?Jman serum albumin neous. The results of cyclic voltammetry (CV) further confirmed the high affinity of ephedrine for HSA
Spectroscopy with an association constant of 2.73 + 0.17 x 10*M~! at room temperature. Furthermore, molecular

docking results revealed that ephedrine bound to site I in subdomain IIA via 2 hydrogen bonds with
Phenylalanine 211 (Phe211) and Alanine 215 (Ala215) of HSA, and that Arginine 218 (Arg 218), Lysine
199 (Lys 199), and Serine 202 (Ser202) residues became involved in electrostatic interactions with ephe-
drine. Also, Leucine 198 (Leu198), Phe211, Tryptophan 214 (Trp214), Leu238, and Histidine 242 (His242)
residues were responsible for the stability of the complex via hydrophobic interactions. Attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was used to investigate the conformational

Electrochemistry
Molecular docking

changes of HSA during the interaction of ephedrine and HSA.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ephedrine is an active medicinal constituent of the Ephedra
plant (Scheme 1). It has been used widely for the treatment of
rhinitis, bronchial asthma, and as a central nervous system stimu-
lant [1-2]. Ephedrine has shown adverse reactions such as insom-
nia, nervousness, headache, tremor, hypertension, arrhythmias,
heart attack, and even death [3].

The interactions between transport proteins in plasma and
drugs are very important in the pharmacokinetics and pharmaco-
dynamics of drugs [4]. The binding of most of the drugs to plasma
proteins is reversible, so the bound and free drug molecules are in
dynamic equilibrium [5]. Drug-protein interaction needs to be
carefully investigated and understood since it has a great influence
on drug metabolism, circulation and free concentration. [6]. Today,
with the development of novel drug delivery systems, the
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importance of studying the interaction of drugs and proteins has
increased and various studies have been conducted in this field
[7-11].

In this research, we used human serum albumin (HSA) to inves-
tigate ephedrine-protein interaction. HSA is usually employed as a
model protein because of its abundance in the circulatory system
and its important role in the transport of many drugs [12]. HSA
is a heart-shaped molecule and single-chain protein containing
585 amino acids. It is comprised of three homologous domains
(I-111), and every domain is divided into two subdomains, A and
B. Subdomains IIA and IlIA, which are situated in hydrophobic cav-
ities, are known as major regions for drug binding sites. Some-
times, subdomain IB, is regarded as the binding site for drug
molecules [5]. In general, more than 90 % of drug molecules are
bound to HSA with high affinity. Serum albumin has an essential
role in the maintenance of osmotic pressure and stabilization of
the blood pH. Considering the correlation of protein structures
and functions, binding of drugs causes a change in the conforma-
tional structure of proteins and affect their function [13]. In other
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Scheme 1. The chemical structure of ephedrine hydrochloride.

words, an understanding of the non-covalent binding interactions
of drugs with HSA is of great interest and can provide insights into
drug therapy and design [12,14-18].

In order to gain a more comprehensive insight into the pharma-
cological behaviors of ephedrine, it is very important to identify
the interactions of ephedrine with HSA. Notwithstanding the com-
mon uses of ephedrine, there are very few reports about the inter-
actions of ephedrine with HSA and the influences of this drug on
protein structures [19-24]. To the best of our knowledge, there is
no comprehensive report that uses electrochemical and molecular
docking techniques along with a spectroscopic method to deter-
mine the affinity of the ephedrine towards serum albumin.

Therefore, in this research, we aimed to investigate the interac-
tion between ephedrine and HSA under physiological pH condi-
tions (pH 7.4) wusing spectroscopic and electrochemical
techniques along with computational approaches [6-7]. For this
purpose, the interaction was investigated through UV-Vis spec-
troscopy and cyclic voltammetry (CV). Some thermodynamic
parameters, such as binding constants, AH, AG, and AS were also
calculated. In addition, the conformational changes of HSA induced
by ephedrine were examined through ATR-FTIR spectroscopy. The
molecular docking data were confirmed by experimental results to
obtain a better understanding of the mechanism involved in the
interaction.

2. Materials and methods
2.1. Apparatus

The absorption spectra were recorded on an Analytic Jena, (SPE-
CORD 250, Germany) UV-Vis spectrophotometer. Cyclic voltam-
metric measurements were performed with a Metrohm 797 VA
Computrace (Switzerland) with a conventional three-electrode
electrochemical system, including a glassy carbon electrode, an
Ag/AgCl electrode, and a platinum electrode as the working, refer-
ence, and counter electrodes, respectively. Electrochemical impe-
dance spectroscopy (EIS) measurements were carried out using a
Zahner Zennium potentiostat/galvanostat (Germany). ATR-FTIR
spectra were recorded at room temperature on a Jasco 4100 spec-
trometer (Jasco International, Tokyo. Japan).

2.2. Materials

Ephedrine hydrochloride (purity 99%) and human serum albu-
min (HSA) lyophilized powder, >97% (agarose gel electrophoresis)
were purchased from Sigma Aldrich (USA). Disodium hydrogen
phosphate (Na,HPO,4, anhydrous > 99.0%, MW: 141.96 g/mol),
sodium dihydrogen phosphate dehydrate (NaH,PO,, for analysis,
MW:156.006 g/mol), sodium chloride (NaCl, for analysis EMSURE,
MW: 58.48 g/mol), potassium ferricyanide (Ks[Fe(CN)], for analy-
sis EMSURE, MW: 329.24 g/mol), potassium ferrocyanide (K,[Fe
(CN)]*3H,0, for analysis EMSURE, MW: 422.39 g/mol) and Phos-
phoric acid (85%, for analysis EMSURE, MW: 98.00 g/mol) were
obtained from Merck (Germany). All measurements were carried
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out in a physiological aqueous solution of 0.1 M phosphate buffer
with a pH of 7.4. The 0.1 M phosphate buffer (pH 7.4) was prepared
by dissolving disodium hydrogen phosphate and sodium dihydro-
gen phosphate salts in distilled water, and the pH was adjusted by
means of phosphoric acid and sodium hydroxide.

2.3. UV-Visible absorption studies of ephedrine-HSA complex

The UV-Visible absorption measurements of ephedrine and
HSA in the absence and presence of different concentrations of
ephedrine were carried out in the range of 250 to 350 nm wave-
lengths. HSA concentration was fixed at 2.0 uM, and the final con-
centration of ephedrine in the cell was varied from 0.0 to 150.0 uM.
The HSA concentration was determined spectrophotometrically in
the ultraviolet region (280 nm, molar absorbance coefficient (g) =
36600 M~! cm™1) [25].

2.4. FT-IR spectra measurements

The FT-IR spectra of free HSA, ephedrine and ephedrine-HSA
system in the phosphate buffer solution (PBS) (0.1 M, pH 7.4) were
recorded in the range of 4000-400 cm™'. All spectra were taken via
the ATR method with a resolution of 4 cm™'.

2.5. Cyclic voltammetry measurements

The bare glassy carbon electrode (GCE) was polished with
0.06 mm Al,05 powder and cleaned ultrasonically in acetone and
ultrapure water. Cyclic voltammograms of a PBS (pH 7.4, 0.1 M)
containing NaCl (0.3 M) and KsFe(CN)g/K4Fe(CN)g (0.01 M) in the
presence of HSA (2.0 uM) and different concentrations of ephedrine
(0.0-150.0 pM) were recorded at a scan rate of 100 mV s~ !, using
the three-electrode system. For this purpose, different amounts
of the ephedrine solution were added continuously to the system
and stirred. Before each measurement, the system was at rest for
3 min. All experiments were repeated 3 times at 27 °C.

2.6. Molecular docking study

The molecular docking study of the HSA-ephedrine complexa-
tion was accomplished with AutoDock 4.2 software. The three-
dimensional crystal structure of HSA (PDB ID:11U6) was obtained
from the RCSB Protein Data Bank. The structure of ephedrine was
optimized using HyperChem Professional, and the proper format
was obtained using OpenBabel v2.3.1. Site I of HSA was identified
as the best binding site using blind docking in the whole structure
of HSA. Then, the grid box was generated with coordinates x = —3.
715,y = 0.573, and z = -23.056 A, with the sizes of 24, 30, 26 A for
the specific docking site, respectively.

3. Results and discussion
3.1. Absorption characteristic of HSA-ephedrine interaction

To investigate the molecular interaction between ephedrine
and HSA, the absorption spectra of the protein were recorded in
the absence and presence of ephedrine. Fig. 1 shows the absorption
spectra of HSA in the presence of increasing concentration of ephe-
drine at different temperatures. As seen, the absorption intensity at
280 nm decreases continuously as the ephedrine concentration is
increased. The decrease in the absorption intensity may be attrib-
uted to the interaction of HSA and ephedrine. Therefore, the values
of the binding constant for HSA interaction with ephedrine at dif-
ferent temperatures were estimated according to the absorption
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Fig. 1. The absorption spectra of HSA (2.0 uM) in the presence of increasing ephedrine concentration (0.0-150.0 uM) at different temperatures. The inset shows the plot of 1/

Ao -A versus 1/[ephedrine].

Table 1

Thermodynamic parameters of the interaction of HSA with ephedrine at different temperatures.

Temperature (K) Kapp AH (KJ/mol) AS (J/mol) AG (KJ/mol)
295 2.4 x 10* 33.8 -30.7 —24.7
300 1.9 x 10* -24.6
303 1.4 x 10* -24.5
313 1.1 x 10* —-24.2

data (inset of Fig. 1) by making use of the Benesi-Hildebrand equa-
tion. (Eq. (1)) [26].

1 1 1 1
Ao—A Ao A (A —A) xKap * [ephedrine]

(1)

where, Ag is the absorbance of HSA at 280 nm in the absence of
ephedrine, A is the absorbance of HSA at different concentrations
of ephedrine, A; is the absorbance of the protein at the infinite
concentration of ephedrine, and K,p;, is the apparent binding con-
stant. As seen in the inset of Fig. 1, the plot of 1/Aq-A vs 1/[ephe-
drine] is linear, and Kgp, can be estimated from the ratio of the
intercept to the slope. Table 1 shows the K, obtained at different
temperatures.

Thermodynamic parameters, including enthalpy change (AH),
entropy change (AS), and free energy change (AG) can be deter-
mined using the Van’t Hoff equation (Eq. (2)) and Gibbs free energy
equation (Eq. (3)), respectively. In general, AG reflects the possibil-
ity of reaction, whereas the quantities of AH and AS are judged to
describe the type of binding forces [27-29]. Based on Eq. (2), AH
and AS are calculated from the plot of In K, versus 1/T
(Fig. S1), where K is the apparent binding constant at the corre-
sponding temperature T, and R is the gas constant. Also, the Gibbs
free energy was estimated by Eq. (3). The values of the thermody-
namic parameters are presented in Table 1. As seen, in all cases,
AG, AH, and AS are negative. The negative AH and AS values of
the interaction between ephedrine and HSA suggest that the
binding process is mainly driven by the van der Waals force and
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hydrogen bonds. The negative value of AG indicates that the inter-
action process is spontaneous [30-31].

—-AH 1 AS
ana,[,p:TijL7 (2)
AG = AH — TAS 3)

3.2. Cyclic voltammetry investigations

To further confirm the results obtained using the UV-Visible
spectroscopic method, we used cyclic voltammetry as an effective
method to investigate the interaction between HSA and ephedrine
under the physiological pH conditions [32-34]. For this purpose,
the electrochemical behavior of Ks;Fe (CN) g/K4Fe(CN) g probe at
the GCE surface was investigated in the presence of HSA and
HSA-ephedrine at a scan rate of 0.1Vs~! (Fig. 2). As seen in
Fig. 2, the KzFe (CN)g/K4Fe(CN)g redox couple shows a good electro-
chemical response with a pair of redox peaks. The redox couple
represented a peak potential separation about 0.619 V and
0.624 V in the absence and presence of the ephedrine, respectively.
However, in the presence of HSA, in addition to the increase in
peak potential separation (1.052 V), the formal peak potential
was negatively shifted and the redox peak current decreased. Fur-
thermore, by the addition of ephedrine, in the presence of HSA, the
redox peak currents were further decreased, and the separation of
the redox peak potential increased to 1.082 V. These results sug-
gested that the variations occurring on the electron transfer
between the electrode surface and KzFe(CN)g/K4Fe(CN)g redox cou-
ple were related to the interactions between HSA and ephedrine.
Therefore, this electrochemical system was subsequently used to
investigate the interaction between ephedrine and HSA.

To investigate the electron transfer kinetics of KzFe(CN)g/K4Fe
(CN)g probe at the GCE surface in the presence of HSA (2.0 uM)
and ephedrine (24.0 uM), the corresponding cyclic voltammograms
were recorded at different scan rates (Fig. 3(A-D)). The plot of log
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Ipa (anodic peak current) versus log v (scan rate) showed a linear
relationship with a slope of less than 0.5 in each case, indicating
that the redox reaction at the electrode surface was a diffusion-
controlled process (inset (I) in Fig. 3(A-D)). The cyclic voltammetric
method was subsequently used to investigate the interaction
between ephedrine and HSA. As seen in Fig. 2, when the drug
was added into the Ks;Fe(CN)g/K4Fe(CN)g electrolyte solution, a
small decrease in the redox peak currents was observed. However,
in the presence of HSA, the decrease in the peak currents and the
negative shift in the peak potentials were very significant (Fig. 2,
curve c). The later decrease in the redox peak currents and the neg-
ative shift of the redox peak potentials after the addition of ephe-
drine in the presence of HSA (Fig. 2, curve d) might have resulted
from the interaction between HSA and ephedrine that reduced
the electron transfer rate constant of KsFe(CN)g/K4Fe(CN)g subse-
quently (Table 2). According to the diffusion-controlled process
of K3Fe(CN)s/K4Fe(CN)g at the electrode surface, the plot of anodic
or cathodic peak potentials against In v showed a good linear rela-
tionship (inset (II) in Fig. 3(A-D)).

In these circumstances, based on the slope and intercept of the
plot (Fig. 4), the standard rate constant can be obtained from the
following equations (Eqs. 4-7) [35].

12
E—FE +m|0.78 +1n (Dk—> _05Inm| +05mlnv (4)
RT
M=10 —wnf ()
. D ,
E,e=E —m'|0.78 +In (F) —05Inm } —-05m'Inv (6)
. RT
B [nF] @)
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Fig. 2. The electrochemical behavior of KsFe (CN) ¢/K4Fe (CN) ¢ probe in the (a) absence and (c) presence of HSA (4.0 uM) and in the presence of (b) ephedrine (24 uM) and (d)
HSA-ephedrine at a scan rate of 0.1 Vs~!. The inset shows the corresponding electrochemical parameters of each voltammogram.
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Fig. 3. The cyclic voltammograms of KsFe(CN)s/K4Fe(CN)s redox pair in solutions containing (A):

K3Fe(CN)s/KsFe(CN)s (0.01 M), (B): KsFe(CN)s/K4Fe(CN)g

(0.01 M) + ephedrine (24 puM), (C): K3Fe(CN)s/K4Fe(CN)s (0.01 M) + HSA (2.0 uM), (D): KsFe(CN)s/K4Fe(CN)g (0.01 M) + ephedrine (24 uM) + HSA (2.0 uM) at different
scan rates. Insets (I(A-D)) show the plot of log I, (anodic peak current) versus log v (scan rate). Insets (II(A-D)) show the plot of E, versus In v.

Table 2

The kinetic parameters (o, the charge transfer coefficient, K°, and the electron transfer rate constant) obtained for K;Fe(CN)s/K4Fe(CN)g redox couples in the absence and presence

of ephedrine and HSA.

Kind of solution E° (V) o K°

K3Fe(CN)s/K4Fe(CN)s (0.01 M) 0.212 0.51 421 x 107
K3Fe(CN)g/K4Fe(CN)s (0.01 M) + ephedrine (24 uM) 0.211 0.49 3.50 x 1074
K3Fe(CN)g/K4Fe(CN)s (0.01 M) + HSA (2.0 pM) 0.220 0.54 3.00 x 104
K3Fe(CN)s/K4Fe(CN)g (0.01 M) + ephedrine (24 uM) + HSA (2.0 uM) 0.231 0.51 2.00 x 107

where E,, (V) and E,. (V) represent the anodic and cathodic

peak potentials, respectively; v (Vs~!) denotes the scan rate; o

is

the charge transfer coefficient; K° is the electron transfer rate con-
stant; n is the electron transferred number; T is Kelvin tempera-
ture; F is the Faraday constant (96480C mol~!); and R is a

universal gas constant (8.314 J/mol~! K~ !). Using the plot of Epa /

Epc versus In

v and equations (4)-(7), the charge transfer coeffi-

cient o and K° could be estimated. Table 2 shows the values of
these parameters. As seen, the electron transfer rate constant (K°)
is reduced in the presence of ephedrine and HSA, suggesting that
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the interaction between the drug and the protein may decrease the
diffusion rate of the electroactive species (KsFe(CN)g/K4Fe(CN)g
redox couples) towards the electrode surface.

If it is assumed that HSA and ephedrine produce a single com-
plex (HSA.(ephedrine),,), as shown in the following reaction (Eq.
(8)) [36],

HSA + m x ephedrine — HSA.(ephedrine),, (8)

the decrease in the peak current intensity of cyclic voltammo-
grams in the presence of different concentrations of ephedrine is
proportional to the concentration of the HSA.(ephedrine),, complex.
The fraction of HSA to which ephedrine is bound as
HSA.(ephedrine),, in proportion to the total concentration of the
protein in the supporting electrolyte
[HSA], = [HSA.(ephedrine),, | . is defined as (Eq. (9)) [37]:

e [HSA.(ephedrine),,] ~ [ephedrine]™ )
~ [HSA.(ephedrine),,| ~ [ephedrine]” + K]
KT = lephedrine]™(1 - f) (10)

f

where, [HSA.(ephedrine),,],. . is the maximum concentration of
the complex, [ephedrine] is the concentration of free ephedrine, Ky
(Eq. (10)) is the dissociation equilibrium constant, and m is the Hill
coefficient. Note that K4 = [ephedrine]g s, that is Kg, is equal to the
ephedrine concentration at half occupation, and the association
constant K, is the inverse of K. It is not advisable to use the overall
constant K=(K,)™, which would have the physically meaningless
dimension of M~™, The interaction partners for ephedrine are the
binding sites of HSA. From mass conservation, we get (Egs. 11-13):

[HSA] = [HSA.epherine,,],.., — [HSA.epherine,,] (11)

max

Table 3
The values of the equivalent circuit parameters obtained using Zview software.
Kind of solution Rs Rct Wy
Q) (@ (Q)
K3Fe(CN)g/K4Fe(CN)s (0.01 M) 16.1 106.7 0.7
K3Fe(CN)s/K4Fe(CN)g (0.01 M) + ephedrine (50 uM) 17.5 106.8 21
K3Fe(CN)s/K4Fe(CN)g (0.01 M) + HSA (2.0 uM) 17.6 66.3 175.1
K3Fe(CN)g/K4Fe(CN)s (0.01 M) + ephedrine 17.5 60.1 209.3

(50.0 uM) + HSA (2.0 uM)

[ephedrine] — m[HSA.epherine,,] (12)

lephedrine] = [ephedrine], — m[HSA.epherine,;] (13)

Where, [ephedrine], is the total concentration of ephedrine. In
view of the decrease in the redox peak currents after the addition
of ephedrine and Ilkovic equation (Eq. (14)) [38],

I = K x [ephedrine] (14)

where, K is a constant. In this way, the difference in currents
(Al) is defined as (Eqs. 15-17):

Al = K([ephedrine], — [ephedrine]) (15)
Al = K x m[HSA.epherine,,] (16)

Alnex = K x m[HSA.epherine,,] (17)

max

Fig. 5. Probable binding sites of ephedrine in the HSA complex.
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From equation (9), we obtain

log [L] = mlogK, + mloglephedrine] (18)

1-f
Insertion of equations (16) and (17) into equation (18) yields
(Eq. (19)):

Al ;
log {m} = mlogK, + mlog [ephedrine) (19)

To determine the association constant of the HSA.(ephedrine),,
complex, the cyclic voltammograms of the electrolyte solution
containing 0.01 M KsFe(CN)g/K4Fe(CN)g in the absence and pres-
ence of HSA (2.0 uM) with varying ephedrine concentrations (0.
0-160.0 uM) were recorded (Fig. 4A and 4B, respectively). As seen
in the absence of HSA, the I,, and I, change slightly with increas-
ing the ephedrine concentration, whereas in the presence of the
protein, along with a shift in the formal potential (from 0.210 V
to 0.233 V), the decrease in the I,, and I,. is more considerable.
Therefore, all of the anodic peak currents were corrected as
IP“ = IPﬂintheabsenceajHSA - Il’ﬂinthepresenoﬂ{SA' In the next Step' considering
Eq.19, the graph of log[ Al/(Almax — Al)] as a function of log([ephe-

Site 1 (Subdomain ITA)
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drine] /M) was plotted (Fig. 4C). According to the linear equation
and the slope of the curve in Fig. 4C, the value of the association
constant Ka was 2.73 + 0.17 x 10* M}, which was a little higher
than the value of the binding constant obtained by the UV-Visible
spectroscopic method.

3.3. Electrochemical impedance spectroscopy

To further investigate the ephedrine-HSA interaction, electro-
chemical impedance spectroscopy (EIS) was carried out in the fre-
quency range of 100 kHz and 0.05 Hz with an Ac perturbation of
5 mV. All measurements were performed in phosphate buffer solu-
tion (pH 7.4, 0.1 M) containing NaCl (0.3 M), KzFe(CN)g/K4Fe(CN)g
(0.01 M). Fig. S2 shows the Nyquist plots of the impedance spectra
of K3Fe (CN) ¢/K4Fe (CN) ¢ redox pair in the absence and presence of
HSA and ephedrine, which were obtained at 0.4 V versus Ag/AgCl.
The value of the potential was chosen in accordance with the shape
of the voltammograms. Nyquist plots can be described as semicir-
cles in high frequency regions, followed by a linear tail with a slope
of near unity at a very low frequency. The linear tail has been
attributed to the diffusion of KsFe (CN)g/K4Fe(CN)s as the redox

D)

Fig. 6. (A) 3D view of the molecular docking state of ephedrine with HSA protein (PDB ID: 1Lu6). (B) 3D image of ephedrine interactions with the residues of site 1 in HSA
(HSA is shown using ribbons and ephedrine as sticks). (C) Ephedrine surrounded by the hydrophobic binding cavity of HSA. (D) 2D diagram of ephedrine and HSA interactions.

(The arrow tips represent the H-bond donors).
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probe (Warburg Impedance, W) [39]. The equivalent circuit for fit-
ting the EIS data contains the internal resistance (Rs, related to the
electrolyte or sample solution resistance), the charge transfer resis-
tance (Rct), the double layer capacitance (Cdl), and the Warburg
impedance (W, related to linear tail), which is shown in the inset
of Fig. S2. The parameters were fitted by Zview, and the values of
each component are shown in Table 3. As seen, the values of the
resistance of the electrolyte solution (Rs) and the electrode charge
transfer remain constant for solutions containing ephedrine, HSA,
and HSA-ephedrine. However, the value of Warburg impedance
(Wp) for the solution containing Ks;Fe(CN)g/K4Fe(CN)s only is
0.7 Q and is increased to 2.1, 175.5 and 209.3 Q for the solutions
containing the redox probe in the presence of HSA (2.0 uM), ephe-
drine (50.0 uM), and HSA-ephedrine, respectively, which proves
that the interaction between ephedrine and the protein affects
the diffusion of the redox probe towards the electrode surface.

Journal of Molecular Liquids xxx (XXxx) Xxx
3.4. Molecular docking study

Molecular docking was also used to demonstrate probable
intermolecular interactions between ephedrine and HSA and the
participation of possible thermodynamic interactions throughout
the complexation. For this purpose, HSA was considered as a recep-
tor and docked with the ephedrine molecule as a ligand. The blind
docking analysis of the whole surface of HSA revealed that the
main binding sites for ephedrine molecules were located in the
sub-domains (IA, IB and IIA) (Fig. 5).

The best conformation was selected for further study owing to
its lowest binding energy (—23.82 kJ/mol), which was in agree-
ment with the binding energy found spectrophotometrically
(Table 1). Fig. 6A shows the stereo view of the docking state of
ephedrine with HSA, which demonstrates that site I (in subdomain
IIA) of HSA was favorable for ephedrine-HSA association. Fig. 6 (B-
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Fig. 7. ATR FT-IR spectra of (A) HSA, (B) ephedrine and (C) ephedrine ~HSA system in PBS (0.1 M, pH 7.4). All the spectra were recorded in the 4000-400 cm™! regions.
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Fig. 8. Gaussian curve fitting of the deconvoluted spectra of HSA and ephedrine-HSA with different ratios of ephedrine/HSA in the amide I region.

D) shows that ephedrine can form two hydrogen bonds between
phe211 and Ala215 in the interaction cavity close to Trp 214, with
bond lengths of about 2.6 A and 3.71 A, respectively [40]. Further-
more, a number of charged and polar residues, such as Arg 218, Lys
199, and Ser202, were involved in HSA and ephedrine association
via electrostatic interactions. Also, Leu198, Phe211, Trp214,
Leu238 and His242 residues were responsible for the ephedrine
and HSA complex stability via hydrophobic interactions (Fig. S3)
[41-43]. It is noteworthy that decrease in the UV absorbance at

Table 4
Vibrational frequency range (cm ') associated with secondary structure of HSA in the
amide I region used for curve fitting in this work and the literature.

Secondary structure Vibrational frequency range (cm™')

278 nm may be assigned to the ephedrine hydrophobic interac-
tions with the aromatic amino acid residue Trp214 [43].

3.5. ATR-FTIR experiment

ATR-FTIR spectroscopy was performed in the range of 4000 to
400 cm ! to further characterize the protein and ephedrine inter-
action. As seen in Fig. 7A, ephedrine hydrochloride shows a broad
band at 3280 cm™!, related to the stretching vibration of O-H
group. The peaks observed in the range of 1370-1077 cm™! are
attributed to the vibrations of the aromatic ring. The peaks below
1000 cm ™! (827 and 540 cm™!) indicate C-H out of plane deforma-
tion, that is, mono-substituted benzene. Furthermore, the peaks at
1637 cm~! and 1734 cm™! are attributed to the bending vibrations
of the hydrogen bond and the protonated N-H group [44].

assignment References [45-46] Peak centers found The ATR-FTIR spectrum of HSA in the aqueous solution was also
in this work recorded in the spectral region of 4000 to 400 cm~! (Fig. 7B). The
o-helix 1650-1660 1651, 1658 spectrum showed several amide bands, including the amide I
B-sheet 1620-1639, 1689-1695 1620-1625 region (1600-1700 cm™!) with a maximum at 1645 cm™!, which
E;t;‘drgm Coil }gigjgig }gi? 12‘712 corresponded to C=0 stretching vibration, and amide II region
' (1500-1550 cm™!) with a maximum at 1547 cm~1, which corre-
sponded to the C-N stretching vibration coupled to the N-H bend-
Table 5
Percentages of secondary structural contributions in the ATR- FTIR spectra of HSA and ephedrine-HSA.
Samples o-helix, % B-sheet, % B-turn, % Random Coil, % Chi-square R?
(wavenumber, cm™1) wavenumber, cm™1) wavenumber, cm™!) wavenumber, cm™!)
HSA 80.6 (1651) 18.6 (1621) 0.8 (1679) - 6.6 x 1077 0.999
Epherine/HSA = 1 70.1 (1658) 23.4 (1624) 6.5 (1644) 1.5 x 1077 0.991
Epherine/HSA = 2 68.5 (1658) 26.7 (1625) 4.8 (1644) 21 %107 0.991
Epherine/HSA = 4 19.3 (1620) 40.7 (1665) 40.0 (1641) 24 %1077 0.994
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Table 6

Comparison of the results reported in various papers on ephedrine and albumin (BSA or HSA) interactions.

Ref

Other techniques

Computational
modeling

Electrochemical
techniques

Spectroscopic
techniques

Reported Driving

forces

Binding

The aim of study

constant /M~!
2.02 x 10*

(19]

Uv spectroscopy,

Hydrogen bond and
Vander Waals

Investigation of the interaction between ephedrine and

fluorescence and

synchronous

pseudoephedrine with HSA

fluorescence

(20]

Capillary

3.38 x 10*

Investigation of the interaction between ephedrine,

electrophoresis with the partial filling

technique

caffeine and acetaminophen with BSA

(23]

Capillary electrophoresis

BSA as buffer additive for chiral separation of Ephedrine

and pseudoephedrin
Determination of ephedrine in human urine, and a study

[47]

Capillary electrophoresis coupled with

Electrochemiluminence

1.55 x 10%

end-column electrochemiluminescence

Ultrafiltration (continuous and

discontinuous)

of its interactions with BSA, cytochrome C, myoglobin

Determination of plasma protein binding for

(24]

From Scatchard

plot

112 x 1073

6.16 x 1073,
From

sympathomimetic drugs

Klotz plot

1.04 x 1072,

128 x 1073

From

This

Molecular
docking

cyclic voltammetry (CV)

Electrochemical
impedance

Uv spectroscopy,

van der Waals force

Comprehensive insight into the interactions of ephedrine

work

and hydrogen bond  FTIR spectroscopy

spectroscopic
2.40 x 10*
from

and HSA

spectroscopy (EIS)

electrochemical

2.73 x 10*
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ing vibration of the amide group. These vibrations are related to
the secondary structure of the protein, and the amide I band can
be used to investigate the secondary structure and conformational
changes of the protein [34]. As seen in Fig. 7C, the amide I and II
bands disappeared in the presence of ephedrine. To study the
effect of the drug on the amide I band more precisely, the spec-
trum software of the FTIR device was used to convert the spectra
from transmittance to absorbance and to perform baseline correc-
tion. Background subtraction for all solutions obtained in PBS was
done using the spectrum of the buffer. Then, the amide I region of
the obtained spectra was deconvoluted using Origin Pro 2021. The
peak analyzer tool of this software was used to identify hidden
peaks in the deconvoluted amide I region, assuming a Gaussian
curve fit. In the deconvolution process, the baseline was fitted as
a straight line between 1700 and 1600 cm~!, and the second
derivative spectrum was determined to find the initial peak posi-
tions for peak fitting. Then, according to the positions suggested
by the second derivative spectrum, the Gaussian peaks were
added to the amide I band. This procedure was applied for the
aqueous spectra of HSA and ephedrine-HSA with different ratios
of ephedrine/HSA, and the correlation coefficients (R?) for the
deconvolution fits were >0.99 (Fig. 8). The observable related sec-
ondary structures (including a-helix, p-sheet, B-turn, and random
coil) in the amide I region of FTIR spectra which were obtained in
this work and the literature are summarized in Table 4. As
reported in Table 5, the secondary structure of the protein chan-
ged considerably with increase in the concentration of ephedrine.
There is a loss of the a-helix structure, along with a gain of B-
sheet, B-turn and random coil structures by increasing the ephe-
drine concentration.

4. Conclusion

The interaction between ephedrine and HSA was investigated
by ultraviolet and ATR-FTIR spectroscopy, cyclic voltammetry,
electrochemical impedance spectroscopy, and molecular docking
study. Results show that ephedrine interacted with HSA in physi-
ological conditions and affected protein conformation at tertiary
and second structural levels. The negative value of AG indicated
the spontaneity of the ephedrine-HSA complex formation. The
negative AH and AS values of the complex suggest that the bind-
ing process was mainly driven by the van der Waals force and
hydrogen bonds and that the complex formation was an exother-
mic process.

The interaction of HSA with ephedrine was also proved by both
cyclic voltammetry and electrochemical impedance spectroscopy.
The variation of electrochemical parameters for both CV and EIS
show that the association constant of the ephedrine-HSA complex
was in good agreement with the value obtained by the spec-
troscopy method. The results show that the electrochemical
method is potentially useful for investigating interaction between
drugs and proteins and can be utilized in pharmaceutical and bio-
chemistry fields. The affinity of ephedrine towards albumin HSA
has been reported before (Table 6), but compared with the pub-
lished articles, this work has drawn on more approaches (spectro-
scopic, electrochemical and molecular docking) to investigate the
affinity of ephedrine towards albumin. In view of the consistency
of the results obtained by using different methods, this work can
prove particularly helpful.
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