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Investigations on the interactions of DiAmsar
with serum albumins: Insights from spectroscopic
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ABSTRACT: Diamine-sarcophagine (DiAmsar) binding to human serum albumin (HSA) and bovine serum albumin (BSA) was
investigated under simulative physiological conditions. Fluorescence spectra in combination with Fourier transform infrared
(FT-IR), UV-visible (UV-vis) spectroscopy, cyclic voltammetry (CV), and molecular docking method were used in the present
work. Experimental results revealed that DiAmsar had an ability to quench the HSA and BSA intrinsic fluorescence through
a static quenching mechanism. The Stern-Volmer quenching rate constant (K,,) was calculated as 0.372x10°M™ and
0.640 x 10> M™ for HSA and BSA, respectively. Moreover, binding constants (K,), number of binding sites (n) at different tem-
peratures, binding distance (r), and thermodynamic parameters (AH®, AS°®, and AG®°) between DiAmsar and HSA (or BSA) were
calculated. DiAmsar exhibited good binding propensity to HSA and BSA with relatively high binding constant values. The
positive AH® and AS° values indicated that the hydrophobic interaction is main force in the binding of the DiAmsar to HSA
(or BSA). Furthermore, molecular docking results revealed the possible binding site and the microenvironment around the

bond. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Diamine-sarcophagine (DiAmsar; Fig. 1) has been studied exten-
sively, since the first synthesis of unsubstituted sarcophagine in
the 1970s (1-4). DiAmsar is able to form conformationally rigid
and shaped complexes with a variety of inorganic and organic
cations, and by reaction with some anionic and neutral organic
and biological substrates gives supramolecular compounds with
specific properties and applications (5-8). The obtainable evi-
dence also indicated that the DiAmsar is not toxic (3,5). It is
not able to bind alkali or alkaline earth elements in water and
therefore does not influence sodium or potassium metabolism,
nor do they influence calcium metabolism (7,8). From a biophar-
maceutical point of view, one of the most important applications
of DiAmsar is in detoxifying biological systems. For example, it is
widely used to treat Wilson's disease, in which children have a
congenital inability to eliminate copper ions (9,10). Moreover,
DiAmsar with basic nitrogen donors showed enhanced ther-
modynamic and kinetic stability as compared with their non-
cyclic chelate ligands, and have applications in modern chem-
ical techniques such as magnetic resonance imaging, imaging
with radioisotopes and radiotherapy (10-13). Due to the
countless possible pharmacological applications of DiAmsar,
there have been growing interests in the interactions between
DiAmsar and biomolecules (14-16). However, to date there is
no report about the interaction between DiAmsar and serum
albumins so far.

Serum albumins are the major soluble protein constituents of
the circulatory system and have many physiological functions.

The most outstanding function of serum albumins is that they
serve as depot proteins and transport proteins for many exog-
enous compounds (17,18). Serum albumins comprise three ho-
mologous helical domains (I-ll), which are divided into A and
B subdomains (19-24). These subdomains can accommodate
various compounds, such as a large number of ligands (18).
Serum albumins, especially bovine (BSA) and human (HSA),
have been extensively studied due to their significance in
the pharmacology field (21). Both HSA and BSA display ap-
proximately 80% sequence homology and a repeating pattern
of disulfides. HSA only has one tryptophan (Trp 214) in
subdomain IlIA, whereas BSA has two tryptophan moieties
(Trp 135 and Trp 214), located in subdomains IA and lIA, re-
spectively (19,22). Many reports have shown that the intrinsic
fluorescence of HSA and BSA appears at 350 and 345nm, re-
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Molecular structure of DiAmsar.

Figure 1.

spectively, when excited at 295 nm. These phenomena origi-
nate from the aromatic -amino acid Trp residues (23). The in-
trinsic fluorescence characteristics are very sensitive to the
microenvironment of the fluorescent residues or changes in
the local surroundings of serum albumins, such as conforma-
tional transition, biomolecular binding and denaturation (17).
Therefore, information on interactions of serum albumins and
other substances can be obtained by measuring fluorescence
of serum albumins (18). However, to elucidate more informa-
tion and confirm the fluorescence results, other spectroscopies
have been applied (24).

In this work, we present the results of a study on the biophys-
ical interactions of DiAmsar with serum albumins (i.e., HSA and
BSA) by using several experimental techniques via fluorescence,
Fourier transform infrared (FT-IR) and UV-visible (UV-vis) spec-
troscopy, and cyclic voltammetry (CV). In addition, the afore-
mentioned interactions were modeled by molecular docking
methods. This information can provide a fundamental concept
for understanding the basic forces involved in the interactions
of DiAmsar with HSA and BSA.

[Co(en);]**, 3CI + 6 HCHO + 2 CH,;NO, mumm ©:

=
NH HN

H NH,
A

Compound 3 or DiAmsar

Experimental

Reagents

Ethanol, tri(ethylenediamine) cobalt(lll)chloride dihydrate, form-
aldehyde, sodium hydroxide, hydrochloric acid, methanol, stan-
nous chloride dihydrate, hydrochloric acid, sodium hydroxide,
cobalt (Il) chloride, sodium cyanide, fatty acid and globulin-free
bovine serum albumin (BSA) and human serum albumin (HSA)
were obtained from Sigma-Aldrich Chemicals and used without
further purification. Tris(hydromethyl)aminomethane (Tris) was
purchased from Acros (Geel, Belgium). Double distilled water
was used in all experiments.

Apparatus

The UV-vis spectra were recorded at room temperature on a
Shimadzu UV-visible 1650 PC spectrophotometer equipped with
1.0cm quartz cells. Fluorescence measurements were carried
out in a SCINCO'’s fluorescence spectrometer FluoroMate FS-2,
using quartz cuvette with 1cm optical path-length and both
band widths were set at 5nm. '"H nuclear magnetic resonance
(NMR) and '3C NMR spectra were recorded at 400 MHz with a
Varian Mercury 400 spectrometer and a Bruker Avance Il spec-
trometer, respectively, using deuterium oxide as solvent. The
FT-IR spectra were carried out on a Jasco 4200 FT-IR spectropho-
tometer. Voltammetric measurements were made with a com-
puter controlled electrochemical system by AUTULAB
PGSTAT12. A glassy carbon electrode was used as a working
electrode and a platinum wire served as the auxiliary electrode.
The reference electrode was an AgCl/Ag.

Preparation of DiAmsar

DiAmsar was synthesized by the Sargeson procedure (4,13) as
described follows (Scheme 1):

NH
NaOH / \
NH HN
Co** DO

° NH

4°C \_/HNG

Compound 1 (s

SnCl,/ HCI 70 °C, 4 h

NaOH / NaCN N
NH HN
Co™ NH;*
(C)
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NH
) —
@5
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Scheme 1. General route for the synthesis of DiAmsar.
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® Compound 1: The complex of tri(ethylenediamine) cobalt(lll)
chloride dihydrate (1eq, 2g) was dissolved in a mixture of
water (3mL) and aqueous formaldehyde 37 % (10.4eq,
4.5 mL). Then, nitromethane (3.45eq, 1.06 mL) was added to
the solution. The resulting solution was cooled at 4°C in an
ice-water bath. Aqueous sodium hydroxide (4 M, 3.45eq,
5mL) was cooled to 4°C and mixed with the resulting solu-
tion above. The combined solution was stirred magnetically
for 90 min in an ice-water bath while maintaining the tem-
perature at 4 °C. The mixture rapidly turned deep brown from
the initially orange colour. After 90 min, the reaction temper-
ature was allowed to come to room temperature. At the end,
the reaction was quenched by the addition of concentrated
hydrochloric acid (HCI 37%, 60 mmol, 5 mL). The orange pre-
cipitate was collected by filtration after cooling on ice for
90min, and washed with methanol. Then, the orange
powder was dried at room temperature. (‘"H NMR (400 MHz,
D,0) & (ppm): 2.94-2.96 (d, J=8Hz, 6H, -NH-CH,-CH,-NH-),
3.36-3.40 (d, J=11Hz, 6H, -NH-CH,-C-NO,), 3.58-3.60 (d,
J=8Hz, 6H, -NH-CH,-CH,-NH-), 3.89-3.93 (d, J=11Hz, 6H, -
NH-CH,-C-NO,). '*C NMR (400 MHz, D,0) & (ppm): 51.28,
54,62, 87.53. HRMS (El, m/z) calcd. for C;4Hs3;CoNgO,4
431.3565 [M -3 HCI]*, found 431.2689).

® Compound 2: The stannous chloride dihydrate (13eq, 39)
was introduced into a round bottom flask under nitrogen
atmosphere. Then, concentrated hydrochloric acid (37%,
145eq, 12mL) was added followed by the addition of eth-
anol (6 mL). The resulting solution was stirred magnetically
and heated to 70°C under nitrogen until the solution be-
came colourless. Then, the compound 1 complex (1eq,
600 mg) was added to the solution under strong stirring.
The resulting solution was heated at 70°C for 4 h. The col-
our of the solution turned green from orange/brown and
then, became darker. After that, water (6 mL) was added
to the solution, and it turned orange. The solution was
cooled at room temperature for 15min before the flask
was immersed in an ice-water bath. The orange precipitate
formed was filtered and dried. The [Co-(NHs),-sar]>*,Cls
complex was obtained with a yield around 90%. ("H NMR
(400 MHz, D,0) & (ppm): 2.93-2.97 (m, 12H, -NH-CH,-CH-
NH-), 3.51-357 (m, 12H, -NH-CH,-C-NH3). 'C NMR
(400 MHz, D,0) & (ppm): 51.4, 54.7, 58.5).

® Compound 3 or DiAmsar: sodium hydroxide (2.11eq,
77 mg) was dissolved in deoxygenated water (7mL) and
the solution was placed under nitrogen to eliminate oxy-
gen. The bubbling was continued for 30 min. Then, com-
pound 2 complex (1eq, 500mg) and cobalt (ll) chloride
(1.01 eq, 118 mg) were dissolved in the basic solution. After
homogenization of the solution, sodium cyanide (17.7 eq,
783 mg) was added to the resulting solution under strong
stirring. The mixture was heated to 70°C and vigorously
stirred under nitrogen until the solution had become al-
most yellow (~7h). The final solution was dried under air
flow, and the residue was extracted with boiling acetoni-
trile (three-fold, 10 mL). The total extract was reduced un-
der vacuum (10mL), and cooled to -10°C to precipitate
white crystals of the product. The product was recovered
by filtration and dried for further experiments. (‘"H NMR
(400 MHz, D,0) & (ppm): 2.80 (s, 12H, -NH-CH,-CH>-NH-),
2.88 (s, 12H, -NH-CH,-C-NH,). '*C NMR (400 MHz, D,0) &
(ppm): 48.1, 51.7, 57.4. HRMS (El, m/z) calcd. for Cy4H34Ng
315.4813 [M+H]", found 315.3858).

Procedure

Tris—HCI buffer solution (pH=7.40) consisted of 0.1 M Tris and
was adjusted to pH=7.40 by 36% HCl. NaCl (0.10 M) was dis-
solved in Tris—HCl buffer solution (pH=7.40) to keep the ionic
strength. Appropriate amounts of HSA and BSA were directly
dissolved in pH7.40 Tris—HCl buffers to prepare HSA and BSA
stock solutions with 1.0x10">M concentrations of HSA and
BSA. These stock solutions were kept at below 4 °C.

For absorption titration experiments, appropriate quantities of
HSA and BSA solutions (5.0 x 10~¢ M) were transferred to a 1-cm
path-length cuvette, and then different amounts of DiAmsar
solution were added and diluted to 2 mL with Tris—HCI buffer.
Absorbance spectra were recorded in the range of 200-
800 nm after each successive addition of DiAmsar and equili-
bration (ca. 5min) with blanks of Tris-HCI buffer.

For fluorescence titration experiments, HSA and BSA solutions
(2mL, 5.0x 10~ M) were placed in a quartz cuvette and titrated
with various amounts of DiAmsar. The fluorescence emission
spectra were recorded in the range of 310-540 nm at the excita-
tion wavelength (Ae,) of 295 nm.

For voltammetric measurements, first a blank CV was run with
the Tris—HCI buffers, HSA, and BSA at 298 K, which showed no
electroactivity in the potential range of our interest (-1.15V to
0.25V). Cyclic voltammograms of DiAmsar were recorded from
-1.15V to 0.25V before and after the addition of different vol-
umes of the stock HSA and BSA solutions corresponding to the
final concentration of HSA, and BSA ranging from 1.8x 10> M
to 4.2x 107> M within the cell. Prior to the measurement, the
GC electrode was polished with 0.1 mm alumina powder and
washed with distilled water. The voltage scan rate was set at
100 mV/s.

Molecular docking

The crystal structures of HSA (PDB Code: 2BXN) and BSA (PDB
Code: 4F5S) were downloaded from the Protein Data Bank (PDB).
The 3D structure of the DiAmsar was made using Gauss view 5.0.
The geometry of DiAmsar was optimized using Gaussian 03. The
binding interactions of DiAmsar with HSA and BSA were simulated
by molecular docking using AutoDock 4.0 (25). The partial atomic
charges of DiAmsar and proteins were calculated using Kollman
(26) and Gasterier methods (25), respectively. The Lamarckian ge-
netic algorithm (LGA) was selected for the conformational search,
and all parameters were the same for each docking. The grid maps
(90 x 90 x 90 A) were then calculated using Auto Grid with a grid-
point spacing of 0.375 A for DiAmsar, which ensured an appropri-
ate size of DiAmsar accessible space (26). The number of genetic
algorithm run and the number of evaluations were set to 200
and 2.5 million, respectively. Other docking parameters were set
as default. The dominating configuration of the binding complex
of DiAmsar with HSA and BSA with minimum binding energy
was selected. Finally, visualization of the docked pose was carried
out using PyMol and visual molecular dynamics (VMD) molecular
graphic programs.

Results and discussions

Proton NMR spectra of compound 1, 2, and 3 are shown in Fig. 2.
As can be seen in the 'H NMR of compound 1, there are four mas-
sive doublets including two doublets of doublets, which are char-
acteristic of protons near the quaternary carbons. And, the two
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Figure 2. 'H NMR spectra of compound 1, 2, and 3.

remaining doublets are characteristic of protons between the sec-
ondary amines. "H NMR spectra of the compound 2 shows two
multiplets at 2.83-2.91 ppm and 3.40-3.54 ppm corresponding to
the -CH, between the secondary amines and the -CH, close to
the ammonium groups, respectively. Each multiplet integrates
for 12 protons due to the symmetry of the molecule. At 3.89-
3.92 ppm, a doublet was observed that characterizes the presence
of compound 2. Thus, 8% of unreacted complex remains in the re-
covered product. 'H NMR spectra of the compound 3 or DiAmsar
showed two singlet at 2.76 ppm and 2.85 ppm corresponding to
the -CH, between the secondary amines and the -CH, close to
the primary amines, respectively. Each singlet integrates for 12
protons due to the symmetry of the molecule.

Moreover, compounds 1, 2, and 3 were characterized by mass
spectrometry and results are shown in Fig. 3. It is clear from the
mass spectrum of compound 1 that there is a single peak of m/z
equal to 431.2. The position of this peak corresponds to the mo-
lar mass of compound 1 from which three molecules of HCl has
been removed (to get a neutral compound without counter ion).

The removal of the molecules of HCl is induced by sample prep-
aration for the analysis (insertion in the matrix for ionization).
The obtained m/z corresponds to the molar mass of the neutral
compound plus one proton due to ionization. A mass spectrum
of compound 2 contains a main peak of m/z equal to 371.2. Dur-
ing the process of sample preparation, compound 2 lost five
molecules of HCl to result in a neutral compound without coun-
ter ion. The main peak corresponded to the molar mass of the
neutral compound plus one proton due to ionization. A low peak
of m/z equal to 407.2 was observed and characterized the molar
mass of compound 2, which lost four HCl and got one proton.
The mass spectrum of compound 3 showed a single peak of
m/z equal to 315.3. This peak corresponded to the molar mass
of compound 3 or DiAmsar plus one proton due to ionization

UV-vis spectroscopy studies

UV-vis spectroscopy is a very simple and applicable method to
explore the structural change and to characterize the complex
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Figure 3. Mass spectra of compound 1, 2, and 3.

formation (20,23). Figure 4 shows the effect of DiAmsar on the
UV-vis spectra of HSA and BSA. As shown in Fig. 4, strong ab-
sorption peaks were observed at 280 nm and the peaks intensity
increased with the addition of DiAmsar. From this study we ob-
served that upon increasing the concentration of DiAmsar, the
absorbance of HSA and BSA increased regularly without change
in its absorption wavelength (280 nm).

The obvious enhancement of absorbance intensity indicated
the formation of a new complex between DiAmsar and HSA
(or BSA). The equilibrium for the formation of complex between
DiAmsar and HSA (or BSA) is given by equation 1, where K, rep-
resents the apparent association constant:

HSA (or BSA) + DiAmsar«<>HSA (or BSA) DiAmsar
Ko = [HSA (or BSA) DiAmsar]/([HSA (or BSA)][DiAmsar])
(1)

The changes in intensity of the absorption peak (280 nm) as a
result of formation of the surface complex were utilized to

obtain K, according to the method reported by Benesi and
Hildebrand (22):

Aobs = (1— G)COSHSA1 + aCoec1 (2)
where Ay, is the observed absorbance of the solution contain-
ing different concentrations of DiAmsar at 280 nm, a is the de-
gree of association between DiAmsar and HSA (or BSA), gysa
and g, are the molar extinction coefficients at the defined wave-
length (=280 nm) of HSA (or BSA) and the formed complex, re-
spectively. Equation 2 can be expressed as equation 3, where Aqy
and A, are the absorbance of HSA (or BSA) and the complex at
280 nm, respectively, with the concentration of Co:

Aobs = (1— (l)Ao + (IAC (3)

At relatively high DiAmsar concentrations, o can be equated
to (K, [DiAmsar])/(1 + Ka[DiAmsar]). In this case, equation 3 can
be changed to the following equation:
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Figure 4. Absorption spectra of (a) HSA and (b) BSA in the absence and presence
of DiAmsar in the concentration range of 0-5.4 x 10 > M. Insert shows the straight
line dependence of 1/(A - Ao) on the reciprocal concentration of DiAmsar.

1/(Robs - Ao) = 1/(Ac = Ao) + 1/(Ka(Ac - Ag)[DiAmsar])  (4)

The enhancement of absorbance at 280 nm was due to ab-
sorption of surface complex, based on the linear relationship be-
tween 1/(Agps — Ag) Vs. reciprocal concentration of colloidal
DiAmsar with a slope equal to 1/K, (Ac — Ap) and an intercept
equal to 1/(Ac — Ao) (Fig. 4, insert). The value of apparent associ-
ation constant (K,) determined from this plot is 0.698 x 10° and
3.365x 10> M~ for HSA and BSA, respectively.

Fluorescence spectroscopy studies

Fluorescence spectroscopy was used to monitor changes on the
tertiary structure of HSA and BSA, induced by the interaction
with DiAmsar. These interactions can, in principle, produce
changes in the position or orientation of the tryptophan resi-
dues, altering their exposure to solvent, and leading to alter-
ations on the quantum vyield (21). Figure 5 shows the obvious
intrinsic fluorescence of HSA and BSA molecules around 350
and 345nm, respectively. As can be seen in this figure, a
quenching of fluorescence occurs with the addition of DiAmsar.
Also, under the same condition, no fluorescence of DiAmsar was
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Figure 5. Fluorescence quenching spectra of (a) HSA and (b) BSA with DiAmsar.
Insert: Stern-Volmer curves for the binding of HSA and BSA with DiAmsar at differ-
ent temperatures (heyx =295).

observed. These results indicated that the binding of DiAmsar to
HSA and BSA, quenched the intrinsic fluorescence of the trypto-
phan residue in HSA and BSA. The fluorescence quenching effect
was due to the formation of a non-fluorescent complex (18,27).

Fluorescence quenching could proceed via different mecha-
nisms, usually classified as dynamic quenching and static
quenching (20,23). Dynamic and static quenching can be distin-
guished by their different dependence on temperature. Higher
temperatures will result in faster diffusion and hence larger
amounts of collisional quenching and higher temperatures will
typically result in the dissociation of weakly bound complexes
and hence smaller amounts of static quenching. The linear
Stern-Volmer equation is commonly used to identify whether
or not the quenching is caused by dynamic collision or forma-
tion of complex. The linear Stern-Volmer equation can be de-
scribed as follows (28,29):

F/Fo =1+ Kq1[Q] = 1+ Ksv[Q] (5)

where Fy and F represent the fluorescence intensities in the ab-
sence and in the presence of quencher, K, is the quenching rate
constant of the bimolecular, Ksy, is the dynamic quenching con-
stant, 1o is the average lifetime of the molecule without
quencher, and [Q] is the concentration of the quencher. The
Stern-Volmer curves of Fy/F versus [Q] at different temperatures
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are shown in Fig. 5 and the calculated Ksy and kg values are pre-
sented in Table 1. The plots showed that within the investigated
concentration, the results exhibited a good linear relationship.
Table 1 shows that Ksy values were inversely correlated with
temperatures, which suggested that the fluorescence quenching
of HSA and BSA were initiated by the formation of ground-state
complex (20). Furthermore, kq values were much greater than
the maximum scatter collision quenching constant
(20x10"°M'S™") for various quenchers with biomolecules,
(20,23). Considering that in our experiment the rate constants
of the protein quenching procedure initiated by DiAmsar were
higher than the maximum value possible for diffusion limited
quenching in solution (~10"°M™"S™"). It suggested that the
static quenching was dominant in the interaction between
DiAmsar and HSA (or BSA).

From the above results, it is seen that the fluorescence
quenching from DiAmsar-HSA (or BSA) complexes is a static
quenching process, hence the equilibrium between free and
bound molecule can be expressed by the following double-
logarithm regression equation (24,28):

Log((Fo - F)/F) = log K, + n log [Q] (6)

where K, and n are the binding constant and the number of
binding sites, respectively. From equation 6, the binding param-
eters can be obtained by a plot of log [(Fy — F)/F] versus log[Q]
(Fig. 6). The values of K, and n at 298, 303, 308 and 313K are
listed in Table 1. These results indicated complex formation be-
tween DiAmsar and HSA (or BSA) on the order of 10° M, six or-
ders of magnitude smaller than previously studied BSA-
fluorescein sodium salt complexes and an order of magnitude
smaller than HSA-indomethacin system (30,31).

These differences in the overall value may result from struc-
ture effects of fluorescein sodium salt, indomethacin, and
DiAmsar. The binding site (n=1) increased slightly with the ris-
ing temperature, which showed the interaction of DiAmsar with
HSA (or BSA), indicating the presence of one high affinity bind-
ing site. Moreover, the interaction between DiAmsar and HSA
(or BSA) accelerated with the temperature. Hence the high affin-
ity binding site of the interaction is slightly strengthened (24,28).
The results indicated that there is one class of binding site for
HSA and BSA. The fact that the binding constant between
DiAmsar and HSA (or BSA) increased with increasing tempera-
ture suggested that there was a strong interaction between
DiAmsar and HSA (or BSA). This clearly implied that DiAmsar
would be bound, stored and transported by HSA and BSA in
the body (20).
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Figure 6. The plots of log ((Fy — F)/F) versus log [Q] for (a) HSA and (b) BSA at
three different temperatures.

The interaction forces between a ligand and a biomolecule
may involve hydrophobic forces, electrostatic interactions, van
der Waals interactions, hydrogen bonds, etc. (22,29). According
to the data of enthalpy change (AH°) and entropy change (AS),
the model of interaction between a ligand and a biomolecule
can be concluded (24): AH® > 0 and AS° > 0, hydrophobic forces,
(2) AH° <0 and AS° <0, van der Waals interactions and hydro-
gen bonds, and (3) AH°<0 and AS°> 0, electrostatic interac-
tions. In order to elucidate the interaction of DiAmsar with HSA
and BSA, we calculated the thermodynamic parameters from

Table 1. The Stern-Volmer constants (Ksy), quenching constants (Kg), binding constants (K,), number of binding sites (n), and rel-

ative thermodynamic parameters in the interaction between DiAmsar and HSA (or BSA) at different temperatures

Serum albumin T (K) Ky (10°M7) K, (10" M7'S™) R? K, (10> M™) double-logarithm equation n° R?

HSA 298 0.372 0.372 0.994 0. 695 1.093 0.994
303 0.348 0.348 0.993 1.542 1.214  0.998
308 0.330 0.330 0.990 3.311 1.328 0.997

BSA 313 0.280 0.280 0.987 6.324 1439 0.99%4
298 0.640 0.640 0.992 3.380 1.239 0.994
303 0.480 0.480 0.996 4315 1309 0.999
308 0.418 0.418 0.999 7.095 1.393 0.996
313 0.314 0314 0.994 9.205 1438 0.993
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equations (7-9). If the temperature does not vary significantly,
the enthalpy change (AH°) can be regarded as a constant. The
free energy change (AG®) can be estimated from the following
equation (23):

In K, = -AH"/RT + AS°/R 7)

AG = AH"-TAS® (8)

where R is the gas constant, T is the experimental temperature,
and Kj is the binding constant at the corresponding T. The rela-
tive thermodynamic parameters for the interaction of DiAmsar
with HSA and BSA are shown in Table 2. The negative sign for
AG° means that the interaction process is spontaneous. The pos-
itive AH® and positive AS° values indicated that hydrophobic
forces might play a major role in the binding between DiAmsar
and HSA (or BSA).

Quite a lot of information concerning molecular details of
donor-acceptor pair can be had from non-radiation energy
transfer (19). Fluorescence resonance energy transfer (FRET) oc-
curs when the emission spectrum of the donor overlaps the ab-
sorption spectrum of the acceptor. The dependence of energy
transfer rate on interaction distance has been widely used to
measure the distance between the donor and the acceptor.
Generally, the maximum distance is in the range of 1-10nm.
According to Froster non-radiation energy (19,20), energy
transfer is related not only to the distance between the

Table 2. Thermodynamic parameters of the DiAmsar-HSA
(or BSA) systems at different temperatures

Serum T (K) AS° Umol"K") AH® (kimol™) AG® (ki mol™)
albumin

HSA 298 439.312 11.466 -11.945
303 439.312 11.466 -12.164

308 439.312 11.466 -12.384

BSA 313 439.312 11.466 -12.604
298 249421 54.298 -74.273

303 249.421 54.298 -75.520

308 249421 54.298 -76.767

313 249.421 54.298 -78.014
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Figure 7. Spectral overlap of DiAmsar absorption with HSA and BSA fluorescence.

acceptor and donor, but also to the critical energy transfer dis-
tance (Ry) as follows:

E=Ro®/(Ro® +1°) ©)

where Ry is the critical transfer distance when the transfer ef-
ficiency is 50%, and r is the mean distance between the cen-
ters of the donor and acceptor diploes. Here the donor and
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Figure 8. CV curves of DiAmsar in (a) absence, and presence of different concen-
trations of (b) HSA and (c) and BSA at T=298K.
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acceptor are HSA (or BSA) and DiAmsar, respectively. E is the
energy transfer efficiency calculated using equation 10:

E=1- (F/Fo)

where F and Fq are the fluorescence intensity of HSA (or BSA)
in the presence and absence of DiAmsar, respectively. And Ry
can be given by:

(10)

Ro® = 8.8x10-*k2n~*®J (11)

where «? is the special orientation factor of the dipole; n is the
refractive index of the medium, @ is the fluorescence quan-
tum vyield of the donor in the absence of the acceptor. J ex-
presses the overlap integral of the fluorescence emission
spectrum of the donor and the absorption spectrum of the ac-
ceptor. J is given by:

1) = 3 F(ealr) (xm/z F()) Ak)

where F(A) is the fluorescence intensity of donor at wave-
length A, and ga(}) is the molar absorption coefficient of the
acceptor at wavelength A with unit of cm™ "mol™". In this
study, J was found integrating the overlap of the UV absorp-
tion spectrum of DiAmsar and the fluorescence emission spec-
trum of HSA (or BSA) (Fig. 7), and it was 1.415x 10 '® and
1.373x107'®cm*M ™" for HSA and BSA, respectively. Energy
transfer efficiency E was calculated as 0.49 and 0.40 for HSA
and BSA, respectively; Critical energy transfer distance be-
tween the donor and acceptor was found to be 1.241 nm for
HSA and 1.240nm for BSA, the distance was found to be
1.250nm for HSA and 1.235nm for BSA.

(12)

CV spectroscopy studies

The electrochemical behaviour of the DiAmsar was investigated
by employing CV in Tris—HCI buffer with pH=7.4. This research
reveals that there are well defined anodic and cathodic peaks
at —0.62 and -0.95mV (Fig. 8(a)). Besides, the CVs of DiAmsar

in the presence and absence of HSA and BSA was investigated in
Tris-HCl buffer solutions at various concentrations (1.8x 10 > M
t0 4.2 x 10 > M) and the results are shown in Fig. 8. As can be seen
in this figure, significant decrease in peak current and slightly neg-
ative shift in anodic peak potential of DiAmsar was observed upon
the addition of HSA and BSA, although there were no changes in
the cathodic peak potential. Further, no new peaks were noticed
in presence of HSA and BSA. These shifts in peak potential indicate
that an electro-inactive compound is produced during complex
formation.

FT-IR spectroscopy studies

In order to obtain more information on the binding of DiAmsar
to HSA and BSA, the FT-IR spectroscopy was investigated. FT-IR
spectrum of a protein exhibit a number of amide bands, which
represent different vibrations of the peptide moiety. The amide
group of proteins and polypeptides presented characteristic vi-
brational modes (amide modes) that were sensitive to the pro-
tein conformation and largely constrained to group frequency
interpretations (32). Protein amides | and Il bonds appear at
1600-1700cm™" (mainly C=0 stretching) and 1600-1480 cm™"
(C-N stretching coupled with N-H bending), which are corre-
lated with structural changes in proteins. Amide | band is more
sensitive to the changes in protein secondary structure com-
pared to amide Il. Hence, the amide | band is more useful for
the study of protein secondary structure (33).

In general, the spectra range in 1650-1660cm™" in amide |
bands can be attributed to o-helix, the range in 1640-1610cm™",
1650-1640cm™" and 1700-1660cm™' can be ascribed to p-sheet,
random coils, and B-turn, respectively. Figure 9 shows the FT-IR
spectra of HSA and BSA, which are obtained by subtracting the ab-
sorption of the buffer solution from the spectrum of the protein
solution and the FT-IR spectra of DiAmsar-HSA (or BSA). It can be
found that the secondary structure of HSA and BSA were changed
because the peak position of amide | moved from 1637.06 to
1644.36 cm™' for HSA and 1637.27 to 1645.23cm™"' for BSA. After

= :
= 1644.36Cm’!
1637.27CmL
1641.63Cm*
1645.23 Cm'!
1700

1600

Wavenumber (cm?)

Figure 9. FT-IR spectra of (a) HSA and (b) BSA with different concentrations of DiAmsar.
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Figure 10. Molecular docking of HSA and BSA with DiAmsar. (a) Ribbons and (b)
lines drawing method of HSA with CPK drawing method of DiAmsar; (c) Ribbons
and (d) lines drawing method of BSA and CPK drawing method of DiAmsar.

addition of DiAmsar to HSA, the content of B-sheet structures of
HSA and BSA changed to random coils structures.

Molecular docking studies

Molecular docking technique is an attractive scaffold to under-
stand the ligand-protein interactions which can substantiate
our experimental results. In order to further understand the
right site and interaction forces of DiAmsar binding to HSA
and BSA, the molecular docking of DiAmsar with HSA and
BSA were carried out using AutoDock 4.0 program. The domi-
nating configurations of the binding complex of DiAmsar with
HSA and BSA are presented in Fig. 10. As shown in Fig. 10(a,
b), there is hydrogen bonding interactions between nitrogen
atoms of DiAmsar with PRO486, GLU492, LEU491, SER489,
and ALA490 of HSA protein. The free energy change (AG®)
for binding of the DiAmsar with HSA and BSA found to be -
2.98kcalmol™’. From Fig. 10(d), it can be seen that the
DiAmsar molecule is able to form hydrogen bonding with
ASP236, ASP255, ASP258, ASP254, and ASP13 of BSA with
the -16.87 kcalmol™ binding free energy (AG°).

Conclusions

We investigated the nature and magnitude of the interaction of
the DiAmsar with HSA and BSA by various spectroscopic (FT-IR,
UV-vis, and fluorescence), CV, and molecular docking tech-
niques under physiological conditions. The fluorescence results
show that the Stern-Volmer quenching constant Ky is
inversely correlated with temperature, which indicates that the
probable quenching mechanism of the interaction of DiAmsar
with HSA and BSA are initiated by complex formation. It is esti-
mated that HSA and BSA have one binding site that is accessible
for DiAmsar, where the DiAmsar-HSA and DiAmsar-BSA com-
plexes are stabilized mainly by hydrophobic forces as indicated
by the thermodynamic parameters (AH°>0, and AS°>0) at
different temperatures. The binding distances (r) were also
obtained according to the FRET. Moreover, the FT-IR spectra
results showed that the interaction of DiAmsar with HSA and
BSA slightly change the secondary structure of HSA and BSA.
Additionally, the results of molecular docking showed that there
are hydrogen bonds between DiAmsar and PRO486, GLU492,
LEU491, SER489, and ALA490 of HSA protein and ASP236,
ASP255, ASP258, ASP254, and ASP13 of BSA.
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