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Abstract

The interaction between a-lactalbumin (a-LA) with resveratrol (RES) and curcumin (CUR) was studied by multiple spectro-
scopic as well as the zeta potential and molecular modeling techniques. Fluorescence spectroscopy showed that RES could
quench the a-LA fluorescence with a static mechanism and this quenching effect became more significant when both CUR
and RES coexisted. The synchronized fluorescence spectroscopy indicated that the conformation of a-LA and the distance
between RES and Trp residues was altered. On the other hand, in the binary system, the RES site was closer to Trp than to
Tyr, which proved the significant contribution of the Trp residues to the fluorescence of a-LA. Using red edge excitation
shift, we found that the mobility restriction around the Trp residues was unchanged, demonstrating that the rigidity of the
environment of Trp residue remained the same. The binding distance between RES and the Trp residues of a-LLA was obtained
according to Forster’s theory of nonradioactive energy transfer and was found to be 2.67 nm and 2.78 nm for the binary and
ternary systems, respectively. This confirmed the existence of static quenching for the binary and ternary systems alike.
The quantitative analysis data from the circular dichroism spectra demonstrated that the binding of RES to a-LA induced
conformational changes in a-LA. Moreover, the a-helix content in a-LA greatly decreased in the presence of RES and in the
ternary system this decrease was significant. Protein—ligand docking suggested that the affinity of RES to the (a-LA—CUR)
complex was lower than for RES to a-LA.

Keywords Resveratrol - Curcumin - Spectroscopy - Circular dichroism - Quenching fluorescence - FRET - Molecular
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Introduction

Trans-resveratrol (3,5,4-trihydroxystilbene) (RES) is a natu-
ral compound with medicinal properties. It is a hydroxyl-
substituted stilbene (Scheme 1) and a common phytoalexin
P4 Jamshidkhan Chamani (plant antibiotic) produced by plants in response to fungus

chamani.j@ut.ac.ir; chamani_J @yahoo.com infections. It is found in grapes, nuts, fruits and various ber-
ries, and is a potent antioxidant with strong anti-proliferative
properties. This compound has beneficial effects on human
health including anti-inflammatory and anti-cancer activities
[1-4]. Inhibitory effects on cyclooxygenase, platelet aggre-
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Scheme 1 The chemical structures of RES

Alzheimer’s disease. The antioxidant potential of RES has
been studied extensively and the substance is reported to
have a high efficiency as a scavenger of hydroxyl and super-
oxide radicals, and also protects against lipid peroxidation
and DNA damage caused by ROS (reactive oxygen species)
[8]. The combination of these properties with the lack of
harmful effects makes TRES attractive as a biological drug.

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hep-
tadiene-3,5-dione) (Scheme 2) is the active substance in
tumeric rhizomes (Curcuma longa Linn.) and has been
found to have an antioxidant activity with no side effects
[9]. Curcumin exhibits a wide range of potential therapeutic
and preventive actions on numerous diseases, including cata-
ract, wounds, allergies, gastric ulcer, inflammatory bowel
disease, myelodysplastic syndromes, acquired immune
deficiency syndrome, psoriasis, colon cancer, Alzheimer’s
disease, atherosclerosis, myocardial infarction, osteoporo-
sis, lung diseases, diabetes mellitus and a wide spectrum of
cancers [10-13]. Its anti-tumor activity is attributed to its
ability to induce apoptosis via caspase-3 activation [14]. A
recent study showed that diabetic rats treated with curcumin
had lower blood glucose and glycated hemoglobin levels, in
association with lower oxidative stress [15].

Unfortunately, the solubility and bioavailability of cur-
cumin in water is low thus hindering the potential of cur-
cumin to improve the effectiveness of cancer treatment.
Moreover, it has low bioavailability due to its rapid metabo-
lism in the liver and intestinal wall. Numerous approaches
for increasing its bioavailability have been explored, includ-
ing the use of adjuvants such as piperine [12].

a-Lactalbumin (a-LA) is a protein present in the milk
of all mammals. Its molecular weight is 14.2 kDa and its

Scheme 2 The chemical struc-
tures of CUR
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isoelectric point is between 4.2 and 4.5 [16]. Under native
conditions, the tertiary structure of a-LLA is composed of a
large domain (a) and a small domain () divided by a cleft.
It comprises eight cysteines which form four disulfide
bridges [17] and showed that the a-LA molecule contains
one strong binding site for Ca** and a weaker binding site
for Zn**.

Although a-LA is a major calcium-binding protein in
milk, t sequence comparison shows a strong similarity
to lysozymes, specifically the Ca’*-binding c-lysozyme
[18]. a-LA forms the regulatory subunit of the lactose
synthase (LS) heterodimer and p-1,4-galactosyltransferase
(beta4Gal-T1) forms the catalytic component. Together,
these proteins enable LS to produce lactose by transferring
galactose moieties to glucose. a-LA strongly binds calcium
ions and may possess a bactericidal or antitumor activ-
ity which can make it eligible for important applications
in clinical and veterinary medicine, as well as functional
food products [19]. Proteolytic digestion of a-LA produces
three peptides with bactericidal properties that inhibit the
growth of Gram-positive bacteria.

Multimeric a-LA was shown to bind to the cell surface,
enter the cytoplasm, and accumulate in cell nuclei, which is
consistent with its ability to induce apoptosis. This multim-
eric form appears to exist in milk [20]. It has been reported
that a-LLA has many physiological functions, such as reduc-
tion of stress, opioid activity, antihypertensive action, regu-
lation of cell growth and immunomodulation [21-23].

Whey proteins are used as food ingredients due to their
important functional properties. In addition, RES and CUR
have many clinical properties, so we can enrich milk with
these ingredients to improve such characteristics. Since a-LA
constitutes a large part of whey, this study on the interaction
of RES with a-LA in the presence of CUR should prove
helpful determining. The effects of ligands on a-LA were
estimated and the binding constant and binding parameters,
the number of binding sites and protein conformational
changes of ligand-LA complexes were determined.

The techniques used included UV—Vis absorption, fluo-
rescence quenching, and circular dichroism spectrosco-
pies, as well as zeta potential analysis. Thanks to these
methods, the interactions between small molecules and
a-LA were studied.

OH

OCHs H3CO
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Materials and methods
Materials and solutions

Curcumin, resveratrol, a-LA and potassium phosphate
were all purchased from Sigma-Aldrich (St. Louis, MO,
USA) and used without further purification. A stock
solution (0.01%) of a-LA was prepared by dissolving an
appropriate amount of solid a-LA into potassium phos-
phate buffer (pH 7.4). The protein solution (7.04 x 10™*
mM) was freshly prepared in potassium phosphate buffer
(50 mM, pH 7.4).

The resveratrol solution (0.5 mM) was prepared by dis-
solution in phosphate buffer and the curcumin solution
(0.1 mM) was prepared by dissolution in DMSO. All solu-
tions were stored in a refrigerator at 4 °C in the dark.

Apparatus
Absorption measurements

Absorption measurements were carried out with a Jasco
spectrophotometer (V-630 model) equipped with a per-
sonal computer and 1.0-cm quartz cells. The optical sys-
tem was based on a split-beam with a grating bandwidth of
5 nm, and the light source was a Xenon lamp. The absorp-
tion measurements of all samples were carried out using
quartz cells with a 1-cm optical path. The slit width was
set to 5 nm, and the wavelength range was 200-500 nm.
All measurements were performed at room temperature.

Fluorescence measurements

All fluorescence spectra were recorded on an F-2500 fluo-
rescence spectrophotometer (Hitachi Japan) equipped with
a xenon lamp light source, and 1.0-cm quartz cells were
used for the measurements. The excitation wavelengths
were set to 280 nm and 295 nm, and the emission wave-
length was recorded between 300 and 600 nm. Fluores-
cence intensities were corrected for inner filter and dilution
effects before analysis of the binding and quenching data.
The emission spectra of the free a-LA and a-LA-ligand
mixtures were measured using the buffer solutions of the
drugs with the corresponding concentrations as reference.
Measurements were performed for each studied ligand
using the a-LA solution with a single ligand (RES or CUR)
at various concentrations and with the two ligands, which
were added simultaneously to the a-LA solution.

RLS and synchronous fluorescence spectroscopy

Synchronous fluorescence spectroscopy was carried out
by simultaneously scanning the excitation and emission
monochromators. The spectra only showed the Tyr and
Trp residues of a-LA when the wavelength interval (A1)
was 15 nm and 60 nm, respectively, and the RLS spectra
were recorded by simultaneously scanning the excitation
and emission spectra from 280 to 600 nm with AA =0 nm
and a slit width of 5.0 nm.

Circular dichroism spectroscopy

Far-UV CD experiments were performed on a Jasco-815
spectropolarimeter equipped with a Jasco 2-syringe titrator
using a quartz cell with a path length of 1 mm. The results
were expressed as the mean residue ellipticity (MRE)
in deg cm? dmol~', which is defined as [0, (mdeg)/10
nlC,]. The 0, represents the CD in milli-degree, n is the
number of amino acid residues, and [ and Cp are the path
length of the cell and the mole fraction, respectively. The
alpha-helical content of a-LA was calculated from the
MRE value at 208 nm using the equation a% helix =[MRE
208-4000/33,000-4000] x 100. In this case, MRE 208 is
the observed MRE value at 208 nm, 4000 is the MRE
where the form and random coil conformations cross at
208 nm, and 33,000 is the MRE value of the a-helix at
208 nm. To explore changes in the secondary structure,
far-UV CD spectra were obtained over a wavelength range
of 190-240 nm in the absence and presence of different
concentrations of CUR and RES at the same conditions as
described above for the a-LA solution.

Zeta potential

The zeta potential was determined by laser Doppler elec-
trophoresis. The zeta potential measurements were per-
formed on a Zeta Sizer Nano series-ZS (Malvern Instru-
ment, UK) at 298 K using drugs and protein. The initial
volume of a-LA was 2000 pl into which different injection
volumes of the stock drug solution were added. After each
injection, the solution was stirred for 4 min with a mag-
netic stirrer prior to the measurements.

Three-dimensional fluorescence spectra

Three-dimensional fluorescence spectra were performed
on an FP-2600 fluorescence spectrophotometer (Jasco,
Japan) under emission and excitation wavelengths set
between 220 and 500 nm with increments of 5 nm. The
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other scanning parameters were identical to those of the
fluorescence quenching spectra.

Molecular modeling

The three-dimensional coordinates of a-LA were obtained
from the Protein Data Bank (PDB entry Code 1F6S). The
structure of RES and CUR was designed and energy mini-
mized using MM method in MOE 2015.10%. a-LA, CUR
and RES were prepared (minor correction of structure such
as charge and angles) and protonated with MOE 2015.10®.
To determine the interaction of the protein with the ligands,
CUR and RES were separately loaded in MOE panel while
a-LA has been already loaded in MOE. Systems were proto-
nated in T: 300, pH: 7, salt: 0.1 while the electrostatics func-
tional form was set as GB/VI. Other protonation parameters
were left as default. Docking procedure was executed with
a-LA—CUR and a-LA-RES using the following parameters.
Replacement method: triangle matcher; force filed: London
DG; and 30 output were requested after refinement. For the
tertiary system, we minimized docked CUR-a-LA complex
and saved the file as PDB. The resulted file was transferred
to GROMACS 5.1, 2016 package for further molecular
dynamic simulation (MD). The time of MD was set for 20 ns
while the Amber force filed was selected and temperature
was raised to 350 K. The last frame of GROMACS trajec-
tory was saved and the PDB file was transferred to MOE
software. Then RES was loaded as the tired molecule and
docked against the CUR-a-LA complex using the same
parameters as above.

General procedure

a-LA and RES were dissolved in a potassium phosphate
buffer (50 mM, pH 7.4) and CUR was dissolved in a DMSO
solution. The concentrations of CUR and RES were 0.1 mM
and 0.5 mM, respectively.

These RES and CUR concentrations were below usage
doses. The usage doses of RES and CUR differ from one
another. To a 1.0-cm quartz cell, a-LA solution was added
to make-up 2 ml, and the range of the drug (RES, CUR)
solutions was gradually titrated manually into the cell using
a micro-injector for the binary and ternary systems. The
reaction time was investigated and the results showed that
3 min was enough for the stabilization. The fluorescence
spectra were measured (excitation wavelengths at 280, 295
and emission wavelengths of 300-600 nm) at room tem-
perature. The binding of a drug to a-LA can be weakened or
enhanced by other drugs.

The zeta potential measurement and UV-Vis absorbance
spectra of a-LA, RES and CUR were recorded at 291 nm at
room temperature. The far-UV CD spectra were obtained
over a wavelength range of 240-190 nm in the absence and
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presence of different concentrations of CUR and RES at the
same conditions as above.

Results and discussion

Fluorescence quenching of a-LA by RES
in the absence and presence of CUR

The measurement of fluorescence signals provides a sensi-
tive method for monitoring the biochemical environment of
a fluorophore and can give us important information about
the molecular level of binding of small molecular substances
to the protein, such as the binding mechanism, binding con-
stants, and intermolecular distances. Fluorescence spectral
changes are the result of solvent relaxation of fluorescent
amino acids, such as Trp and Tyr, and give us important
information on protein structure and folding. The intensity,
the position of the emission wavelength and the lifetime are
some observables that are used to characterize a fluorophore.
Trp fluorescence is the most sensitive to the local environ-
ment of the fluorophore. When a protein contains two classes
of Trp residues, the resultant fluorescence emission spec-
trum will be the result of the contribution of each class.

a-LA has only one domain with four Trp and four Tyr
residues. In proteins, when we excite at 280 nm, for example,
we excite both Trp and Tyr residues. If we want to observe
the emission from the Trp residues alone, the excitation
should occur at and/or above 295 nm. At these wavelengths,
the energy transfer from Trp and Tyr does not take place
and the observed emission emanates from the Trp residues
only. To determine which residue is located in or near the
binding position, the excitation wavelength was selected to
280 and 295 nm.

A comparison of the fluorescence quenching of a protein
excited at 280 and 295 nm renders it possible to estimate the
participation of Trp and Tyr groups in the complex (Mauric,
& Camillo, 1981).

Figure 1a, b shows the fluorescence spectra of, respec-
tively, (a-LA-RES) and (a-LA—CUR) RES at the excitation
wavelength 280 nm, (pH 7.4). It can be seen that a-LA had
a strong fluorescence emission at 340 nm after being excited
with wavelengths of 280 nm and 295 nm. The fluorescence
emission intensity of a-LA decreased regularly with increas-
ing concentration of CUR and RES. The strong fluorescence
quenching indicated that the protein conformation may have
become changed and that an inter-molecular energy transfer
occurred between CUR, RES and a-LA [24].

Quenching is the decrease of the quantum yield of fluo-
rescence from a fluorophore induced by a variety of molecu-
lar interactions with a quencher molecule [24]. A variety
of processes may be responsible for the decrease in fluo-
rescence intensity such as molecular rearrangement, energy
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Fig. 1 a Fluorescence emission
spectra of the a-LA-RES sys-
tem at 280 nm. The concentra-
tion of a-LA was 0.04 mM and
the RES concentration was
increased from 0 to 8.3 x 1072
mM; pH 7.4, 298 K. Inset: fluo-
rescence emission spectra of the
a-LA-RES system at 295 nm
under similar conditions; b
fluorescence emission spectra of 8000
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1000 |

Fluorescence intensity

the (a-LA—CUR) RES system. A
The CUR concentration was 7000
4.7% 1073 mM and the concen-
tration of RES was increased
from 0 to 8 x 1072 mM; pH 7.4,
298 K. Inset: fluorescence emis-
sion spectra of the (a-LA-CUR)
RES system at 295 nm under
similar conditions
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transfer, collisional quenching and ground-state complex
formation [25]. Quenching occurs through either a static
or dynamic process. Static quenching is ascribed to the
formation of a ground-state complex between protein and
quencher, whereas dynamic quenching results from collision
between a quencher and a fluorophore. Dynamic quench-
ing thus refers to a process where the fluorophore and the
quencher come into contact during the transient existence
of the excited state. In general, dynamic and static quench-
ing can be recognized by their different dependencies on
temperature and viscosity [26].

To confirm the quenching mechanism, the procedure of
the fluorescence quenching was first assumed to be dynamic
quenching. The dynamic fluorescence quenching behavior
could be analyzed using the Stern—Volmer equation which
is expressed as

Fo/F =1+ kzlQ] = 1 + Kgy [Q). )

Here, F,, and F are the fluorescence intensities in the
absence and presence of a quencher, and k is the quenching
rate constant of the biomolecule. The value of k; allows us to
estimate the fluorophore availability for RES and CUR, 7, is
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the lifetime of the fluorophore in the absence of a quencher
and [Q] is the quencher concentration. Kgy, is the Stern—Vol-
mer dynamic quenching constant and allows for the assess-
ment of the affinity of RES and CUR to the a-LA.

The non-linearity of the Stern—Volmer plot may be inter-
preted in two ways. One possibility is that the dynamic
quenching and static fluorescence quenching occur simul-
taneously. The other is that a non-linear binding isotherm
involving a significant occupation of binding sites is present
at the free quencher concentration [27].

Non-linear Stern—Volmer plots can also occur when fluo-
rophores can be quenched by both collision and complex
formation with the same quencher.

In this situation, the Stern—Volmer plots exhibited an
upward curve, i.e., they were concave towards the y-axis at
higher [Q] by the following modified form of the Stern—Vol-
mer equation:

Fo/F = (1 + Kp[OD(1 + K5[Q) = 1 + (K, + K) [Q] + Kp K[
@)

Here, Ky, and K are the dynamic and static quenching
constants, respectively. This equation is second order in [Q]
and thus leads to an upward-facing curve in plots of Fy/F
versus [Q] at higher [Q], which arises from a combined
quenching (both dynamic and static) process.

In a static quenching process, when small molecules are
bound independently to a set of equivalent sites on a macro-
molecule, the equilibrium between free and bound molecules
is given by the modified Stern—Volmer equation. Analysis of
the modified Stern—Volmer equation allowed us to determine
the quenching constants K, and f, for the a-LA-drug com-
plexes [28]. Here, f; is the fraction of accessible fluorescence
of the protein and K, is the effective quenching constant that
can be determined by the slope of the (F,—F)~" vs. [Q]™! for
the accessible fluorophores:

Fy/AF = Fy/(Fy — F) = 1if, + 1Uf,K,[O]. 3)

Figure 2a shows the Stern—Volmer plots for the a-LA
fluorescence quenching by RES in the absence and presence
of CUR at 280 nm and the calculated Kgy and k, values are
summarized in Table 1.

It can be seen that the plot of Fy/F versus [Q] in the
absence or presence of CUR gave a positive (concave)
deviation, towards the y-axis at higher [Q]. This result may
suggest that either an additional binding site existed or that
combined quenching (static and dynamic) occurred at higher
concentrations of RES. a-LA had two binding constants for
RES in the binary and ternary systems.

As you can see in Fig. 2b at 295 nm for the binary sys-
tem, the curve was linear within the studied concentration.
This indicates that a single type of quenching, either static
or dynamic [29], occurred. But in the ternary system, when
we added RES to (a-LA—CUR), the Stern—Volmer plots
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exhibited an upward curvature, which may be attributed to
two complicating factors: (1) the existence of more than one
type of quenching mechanism at higher RES concentrations,
or (2) attenuation of the Trp fluorescence due to an inner
filter effect arising from significant absorption of RES in
the Trp emission region with these quencher concentrations.

a-LA had one binding constant for RES: Kg,=1.29x 10*
L mol~! (in the binary system and at 295 nm). Moreover,
it had two binding constants for RES in the ternary sys-
tem (a-LA—CUR) RES: Kgy; =9.85x 10°, Kgy,=2.43x 10*
L mol~!. These results indicate that, in the ternary system,
RES had two different binding sites on the protein with dif-
ferent affinity. The obtained value of k, was much higher
than the maximum dynamic quenching constant for vari-
ous quenchers with biopolymers (2x 10'° L mol~! s71), thus
confirming that a static quenching was dominant in this situ-
ation [30].

Table 1 lists the Kgy f, and k, values for the binary and
ternary systems. As can be seen, the presence of the drugs
affected the values. When f, was equal to 1, all the Trp
residues were accessible to the quencher. Consequently, a
change in the value of f, signified that the fraction of fluores-
cent components accessible to the quencher became altered.

Synchronous fluorescence studies

Synchronous fluorescence spectra provide information about
changes in the molecular microenvironment in the vicinity
of functional fluorophores and are used to investigate the
conformational changes of proteins [31]. When A/ between
the excitation and emission wavelengths is stabilized at 15
or 60 nm, the synchronous fluorescence gives characteristic
information of the Tyr or Trp residues in a-LA, respectively
[32]. It was proved that the Trp residues presented a maxi-
mum emission wavelength at 332 nm, 342 nm and 352 nm
when the Trp residue was, respectively, totally surrounded
by hydrophobic media, partially surrounded by hydropho-
bic media and entirely exposed in the water phase. If the
maximum emission wavelength (4,,,,,) was 330-332 nm, the
Trp residues were located in the non-polar region or were
buried in the hydrophobic cavity. We can thus predict the
conformational changes of the protein based on the changes
in the synchronous fluorescence spectra.

The effect of RES on the synchronous fluorescence spec-
tra of a-LA in the absence and presence of CUR is shown in
Fig. 3. The fluorescence intensity decreased regularly with
the addition of RES in both figures, which further dem-
onstrated the occurrence of fluorescence quenching in the
binding process. The synchronous fluorescence changes in
the polarities of the protein fluorophore environments did
not occur when the concentration of the added RES was
increased.
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Fig.2 Stern—Volmer curves
of fluorescence quench-

ing of a-LA-RES and inset:
(a-LA-CUR) RES at 280 nm,
a Stern—Volmer curves of
fluorescence quenching of
a-LA-RES and inset: (a-LA—
CUR) RES at 290 nm, b
conditions: 7=298 K, pH 7.4,
C (RES)=0-8.3x10>mM, C
(CUR)=4.7x10"* mM
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Table 1 The values of the Stern—Volmer dynamic quenching constant, number of binding sites, fractional of accessible protein, R in the binary

and ternary systems at an excitation wavelength of 280 nm

Systems Ko x107M™1 K x1079M™ kg x1072M7 kg, x1072M7 H n, n, R, R,
a-LA-RES 1.48 + 0.04 3.66 + 0.04 1.48 +0.04 3.66 + 0.04 081 138 136 161 098 0.99
(a-LA-CUR) RES  0.93 + 0.04 532+ 0.04 0.93 + 0.04 5.32 +0.04 090 1.89 159 185 094 092
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Fig.3 a Synchronous fluores-
cence spectra of a-LA-RES
(open circle) and (a-LA-CUR)

RES (filled circle) at AA=60.
Inset: fluorescence spectra of
a-LA-RES (open circle) and
(a-LA-CUR) RES (filled circle) g 06
at AA=15; b a comparison of
curves of F/F versus [Q] for 0.4
a-LA-RES at AA=15 (filled
circle) and A1=60 (open 0.2
circle). Inset: a comparison 12
of curves of F/F,, versus [Q] A 0
for the (a-LA-CUR) RES 14 0 0.05 01
at AA=15 (filled circle) and [Q)/mM
AA=60 (open circle) 08 t
u%’ 0.6
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Figure 3a and the inset illustrate the slope of the plots
of a-LA-RES and (a-LA-CUR) RES at AA1=60 and
15 nm, respectively. It can be seen that the first part of the
a-LA-RES plot slope was higher than that of (a-LA-CUR)
RES when AA=60 nm. But when A1=15 nm, the slope of
the (a-LA—CUR) RES plot was not very different from the
a-LA-RES plot which indicated that the conformation of
a-LA and the distance between the RES and Trp residues
had been altered.

In Fig. 3b, we can see that the slope of the a-LA-RES
plot at AA=60 was higher which demonstrated that the RES
site was closer to Trp than to Tyr and that the Trp residues
thus contributed significantly to the fluorescence of a-LA.

@ Springer

In the ternary system, the slope of AA=15 and AA=60 was
similar which means that the contributions of the Trp and
Tyr residues in the ternary system did not differ markedly.

Three-dimensional fluorescence spectroscopy

Three-dimensional fluorescence spectroscopy is another
powerful method for studying conformational changes of
proteins [33]. The advantage of three-dimensional fluo-
rescence spectroscopy is that the information regarding
the fluorescence characteristics can be entirely acquired
by simultaneously changing the excitation and emission
wavelength [34]. The excitation wavelength, the emission
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wavelength and the fluorescence intensity can be used as
the axes to investigate the synthetically generated informa-
tion of the samples.

The three-dimensional fluorescence contour map of
a-LA and a-LA-RES in the presence and absence of CUR
are shown in Fig. 4a. Peak a (1., =4.,) is the Rayleigh
scattering peak, and peak b (4., =24,,) is the second-order
scattering peak. Peak 1 (1., =275.0 nm, 4., =335 nm) is
the fluorescence peak and mainly enunciates the spectral
behavior of the Tyr and Trp residues, whereas the Phe
residue fluorescence is negligible. Peak 2 (4., =230 nm,
Aem =345 nm) has the characteristic polypeptide backbone
structure of a-LA (Ding et al. [32]), which was mainly
caused by the n—n* transition of a-LA’s characteristic
polypeptide backbone structure C=0.

Fluorescence intensity

Aex(nm)

Flourescence intensity

(=]
@
[sel

Aex(nm)

The fluorescence intensity of peak a and peak b increased
with the addition of a ligand. A possible reason is that an
a-LA-RES complex came into being after the addition of
RES (see Fig. 4b). Upon addition of CUR, the fluorescent
intensity of peak 2 was omitted which indicated that the
interaction between CUR and a-LA resulted in the polypep-
tides of a-L A becoming more extended and the conforma-
tion changing (see Fig. 4b).

Energy transfer from a-LA to the drugs

FRET is a nonradiative process where the energy is trans-
ferred between two fluorophores. FRET requires that the
emission spectrum of one fluorophore (the donor) overlaps
the absorption spectrum of a second fluorophore (the accep-
tor). This method can monitor the proximity and relative

Flourescence intensity

VIAY V)
7y

V"
W)
TR0
'h":’t‘tt&.

Fig.4 Three-dimensional fluorescence and the corresponding contour spectra of a free a-LA; b a-LA-RES; ¢ (a-LA-CUR) RES. Conditions:
T=298 K, pH 7.4, C (RES)=01t0 8.3%x 1072 mM, C (CUR)=4.7x 107> mM
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angular orientation of fluorophores and the distance between
the two fluorophores can be quantified by spectrally resolv-
ing the relative fluorescence intensities of the donor and the
acceptor.

The overlap of the UV absorption spectrum of the
ligand molecule with the fluorescence emission spectrum
of a-LA was used to evaluate the energy transfer. Its effi-
ciency depends on (1) the extent of overlap between the
donor emission and the acceptor absorption spectrum, (2)
the orientation of the transition dipole of the donor and the
acceptor, and (3) the distance between the donor and the
acceptor [35]. Here, the donor and acceptor are a-LA and
RES, respectively. The overlap of the absorption spectrum of
RES with the fluorescence emission spectrum of a-LA and
the a-LA—-CUR complex is shown in Fig. 5.

The efficiency of energy transfer between the donor and
acceptor, E, could be calculated by the following equation:

E=1- F/Fy=R$/RS+ 1", @)

where r is the binding distance between donor and acceptor,
and R is the critical distance at 50% transfer efficiency, and
F, and F are the fluorescence intensities of the donor in,
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Fig.5 Overlap of the fluorescence emission spectrum (curve a) of
a-LA-RES with the absorption spectrum (curve b) for a (a-LA-CUR)
RES and b. Conditions: 7=298 K, pH 7.4, C (RES)=C (CUR)=C
(a-LA)=4.7%x 107> mM
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respectively, the absence and presence of equal amount of
acceptor. R, is calculated by the following equation:

RS =879%x1075K* Nt ¢, 5)

where K is the spatial orientation factor of the dipole that
can range from O to 4. The extreme values require very
rigid orientations; if both the donor and acceptor are tum-
bling rapidly and are free to assume any orientation, then
K? equals 2/3. Moreover, n is the refractive index of the
medium in the wavelength range where spectral overlap is
significant, ¢ is the fluorescence quantum yield of the donor
and J is the overlap integral of the fluorescence emission
spectrum of the donor and the absorption spectrum of the
acceptor. J is given by

J=) F(e()ad AA)/ Y FIHAQ), 6)

where F(4) is the corrected fluorescence intensity of the
donor in the wavelength range -4+ A4, and ¢ (4) is the
extinction coefficient of the acceptor when the wavelength
is A.

The energy transfer should most probably take place
when the average distance between a donor fluorophore and
an acceptor fluorophore is less than 10 nm [36]. The over-
lap of the absorption spectrum of RES with the fluorescence
emission spectrum of a-LA is shown in Fig. 5a. The distance
between RES and Trp residues of a-LA in the absence and
presence of CUR was 2.67 and 2.78 nm, respectively (Fig. 5b).
Obviously, the distances were lower than 7 nm when interac-
tion between a-LA and RES occurred and also revealed the
presence of a static quenching mechanism. We can see that
the distance between the drugs and a-LA in the binary systems
was shorter than in their ternary counterpart.

The overlap integral J was calculated to be 1.22x 1074
(cm?® 1)/mol for a-LA-RES and 1.35x 10~ for (a-LA-CUR)
RES.

Circular dichroism and conformational analysis

To determine the effect of RES on the secondary structure of
a-LA, we used far-UV CD spectroscopy in aqueous solution.
Far-UV CD spectra (below 250 nm) of proteins are extremely
sensitive toward protein structure and have been used to show
that the secondary structures of the molten globules resemble
those of the corresponding native proteins [37].The CD spec-
trum of free a-LA exhibited two negative bands in the UV
region, at 209 and 222 nm, both contributing to the n — p*
transfer for the peptide bond of a-helixes, and revealed a high
content of a-helix [38].

The helical content of free and bound a-LA was calculated
from the mean residue ellipticity (MRE) values at 208 nm.

MRE = observed CD mdeg/Cpnl x 10, (7
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where Cp, is the molar concentration of the protein, n is the
number of a-L A amino acid residues and / is the path length
of the cell (in cm):

%a helix = —MRE 208 nm — 4000/33,000 — 4000 x 100,

3
where MR 208 is the observed MRE value at 208 nm, 4000
is the MRE of a-form and random coil conformation cross
at 208 nm and 33,000 is the MRE value of a pure a-helix
at 208 nm.

40

20

8.3x10 2 mM

CD / mdeg
)
o

-40

190 200 210 220 230 240

Wavwelength / nm

CD/ mdeg

190 200 210 220 230 240

Wavelength / nm

Fig.6 Far-UV-CD spectra of a-LA-RES (a), (a-LA-CUR) RES
(b). Conditions: T=298 K, pH 7.4, C (RES)=0-8.3%x10"2 mM, C
(CUR)=4.7x107> mM

Conformational transitions of a-LA induced by RES
were analyzed by far-UV CD spectroscopy at varying drug
concentrations.

As can been seen from Fig. 6a, the values of negatives
bands at [@],,5 and [6],,, decreased, which suggests the loss
of a-helical content in a-LA, demonstrating that RES interacts
with amino acid residues of the main polypeptide chain of
the protein and destabilizes their hydrogen bonding network
making the proteins adopt a less compact conformational state
[39]. Table 2 shows the percentage of a-helix, B-sheet, turn
and unordered coil for a-LA as induced by RES in binary and
ternary systems.

A decrease in the tendency for the alpha-helix and beta-
sheet contents, and an increase in the tendency for unordered
structure contents were observed with an enhancement of
RES to the a-LA-RES complex. In the ternary system, the
induction of conformational changes was more significant
than in the binary ones (Fig. 6b). These results suggested that
the a-LA molecule adopted a looser conformation with the
extended polypeptide structure.

Red edge excitation shift (REES)

By changing the excitation wavelength towards the red edge
of the absorption band, a shift normally occurs in the emission
wavelength. The REES occurs between the Trp indole rings
and the neighboring dipoles as a result of electronic binding.
This excitation shift (REES) of fluorescence can be used as a
parameter for studying the photophysical and -chemical prop-
erties of proteins and enables us to compare the environment
and mobility of the Trp residues in biomolecules [40].

Red shifts in the fluorescence emission spectrum of a fluo-
rophore occur because long wavelength excitation results in
photoselection of those fluorophores that interact strongly with
the polar solvent molecules and give rise to slow rates of sol-
vent relaxation around a fluorophore in an excited state. This
depends on the motional restriction imposed on the solvent
molecules in the immediate vicinity of the fluorophore [40].

In this study, we investigated the effect of REES upon
excitation of Trp in a-LA, a-LA-RES and (a-LA-CUR) RES
complexes at both 295 and 305 nm. The results are listed in
Table 3.

The value of REES for a-LA was 3 while in the presence
of RES, there was no difference in REES value which dem-
onstrated a maintained rigidity of the environment of the Trp
residue. When comparing the ternary and binary systems, it

Table2 The secondary

System a-helix% B-sheet% Turn% Unordered coil%
structure contents of a-LA upon
interaction with RES in the a-LA 3327 +0.12 30.23 +0.12 6.09+ 0.12 30.41 +0.12
g;‘;’sfrfe of CUR at T=298 K, a-LA-RES 29.14 + 0.09 29.57 + 0.09 6.19 + 0.09 35.1 +0.09
(a-LA—-CUR)RES 2577 +0.13 27.03 £0.13 5.85+0.13 41.35 +0.13
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Table 3 Red edge excitation shift (REES) effects for a-LA, (a-LA-
RES) and (a-LA-CUR) RES at 1,,=305 nm and A, =295 nm, pH
7.4

System Ratio AemMax AA
Aex =295 Aex=305
a-LA 1:1 339 342 3
(a-LA-RES) 1:1 340 343 3
1:5 340 343 3
(a-LA-CUR)RES 1:1 338 341 3
1:5 338 342 4

was found that the REES value for the binary system in the
presence of CUR remained unchanged.

Resonance light scattering spectroscopy

During recent years, light scattering has been widely applied
to study the aggregation, size, shape, and microscopic
amounts of biomolecules, metal ions, and drugs as well as
the distribution of particles in solution [41].
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Fig.7 a RLS spectra of a-LA in the presence of increasing concen-
trations of RES from 0 to 4.3x 1072 mM in binary system. b RLS
spectra of a-LA in the presence of increasing concentrations of RES
in the ternary system. ¢ The overlap of the AIRLS curves versus
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Figure 7a, b shows the RLS spectra of a-LA-RES and
(a-LA—CUR) RES and demonstrates a sharp and maximum
peak at about 306 nm and a wide band centered on 372 nm.
The RLS intensity increased with increasing RES concen-
tration, indicating that an interaction had occurred between
RES and a-LA. It was thus concluded that larger particles
were produced and resulted in the enhancement of RLS
signals.

Figure 7c displays the overlap of Aly; g versus the ligand
concentration represented as Aly; =1y g —Iprrs (Where Iy g
and Iy g are the RLS intensities of the systems with and
without ligands, respectively) [42] and the zeta potential of
the binary and ternary systems.

As can be seen in Fig. 7c, when the RES concentration
reached about 6.1 x 107> mM, RES aggregated on the a-LA,
and this value thus corresponded to the critical induced
aggregation concentration (Cgyac) of the drug [43]. The
Ceiac values for RES in the binary and ternary systems were
found to be approximately 6.1 x 10™> mM and 1.2x 1072
mM, respectively. Moreover, the comparison between binary
and ternary systems indicated that the start of aggregate for-
mation of RES on a-LA in the presence of CUR occurred
at a higher concentration. This meant that CUR caused a
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T T T T T +-2.5
0 0.01 0.02 0.03 0.04 0.05 0.06

[RES] for a-LA-RES (open circle), (a-LA-CUR) RES (filled cir-
cle) systems and zeta potential for LA-RES (open circle), (a-LA—
CUR) RES (filled circle) systems. Conditions: 7=298 K, pH 7.4, C
(CUR)=4.7x 107> mM
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change in the behavior of interaction between RES and a-LA
in the ternary system.

The zeta potential, which is related to surface charge,
is one of the parameters used in predicting the stability of
protein-based preparations. The size of a protein is an impor-
tant physical characteristic that provides useful information
including the presence of monomers, dimers and trimers,
changes in conformation, aggregation state, and denatura-
tion. Much interest is also devoted to the surface charge
or valence of proteins, and so the zeta potential is another
measurement used by protein chemists. The most common
particle size analysis technique for protein characterization
is dynamic light scattering. The zeta potential can be meas-
ured using either electrophoretic light scattering or electro
acoustic spectroscopy.

The zeta potential value of a-LA in the absence of RES
was —2.07 mV. As the RES concentration increased, the
initial negative charge of the protein became reduced, which
suggests the formation of a-LA-RES complexes. This reduc-
tion demonstrates that the initial interaction for a-LA and
RES was mainly electrostatic. When the concentration of
RES was increased to 1.3 107> mM, the zeta potential
value became more negative. This suggests that the a-LA
net charge was nearly neutralized by the formation of pre-
cipitation of RES on a-LA. This could be the result of a pos-
sible expansion of the protein structure induced by high drug
concentrations and the presence of hydrophobic interactions
in this process.

In Fig. 7c, we can see the critical induced aggregation
concentration for RES in the binary and ternary systems
overlapping with the most positive zeta potential value,
which both point at the concentration of RES up to which
RES aggregates on a-LA.

Molecular modeling

The experimental observations were followed by docking
studies where RES was docked to a-LA and in both the
binary and ternary systems to determine the changes in
binding affinity, binding site of RES, etc., in the presence of
CUR. a-LA secondary structure is made of nine helices and
three anti-parallel beta strands while four disulfide bridges
fix the protein in its tertiary structure (Fig. 8a). As a first
step, CUR was docked to the protein after which RES was
added. The best docking results of the interaction between
RES and a-LA in the binary and ternary systems are shown
in Fig. 8b.

Thirty results of docking of CUR and a-LA show mainly
three sites (80% of them in site-1) of interaction between the
protein and the ligand that is shown in Fig. 8c. We selected
the most stable ligand of site-1 for further simulations. CUR
is located near helix 3 and has a Pi—H interaction with Glul1

while Polar residues such as Lys122, Cys120, Glul21, Cys6,
Argl0, Glul1l and Lys13 surround it (Fig. 8d).

Twenty-three results of docking of RES and a-LA in
binary system show five sites (80% of them in site-1) of
interaction between the protein and the ligand that is shown
in Fig. 8e. The best binding energy for RES in binary system
is —5.06 Kcal/mol. It has one H-bound between a phenol
ring and Thr33 while a mostly hydrophilic pocket surrounds
the ligand (Fig. 8g).

The superimposition of normal a-LA and molecular
dynamic simulated a-LA (after docking with CUR) shows
RMSD 1.4 A that is negligible. Almost all secondary struc-
tures remain conserved and some loops show variation in
their situations.

Twenty-five results of docking of RES and a-LA in ter-
nary system show two sites (80% of them in site-1) of inter-
action between the protein and the ligand that is shown in
Fig. 8f. RES does not favor CUR site in binary and ternary
systems. In fact, the presence of CUR does not affect the
interaction site of RES even though the conformation of
a-LA slightly changes in the presence of CUR. The interac-
tion binding energy of RES in the binary and ternary system
is —5.06 and —4.79 Kcal/mol, respectively; that means CUR
decreases the affinity of RES to a-LA. The main difference
of interaction of RES in binary and ternary system is the
orientation of the ligand. Even though the site of interac-
tion does not change, the ligand totally opposes in ternary
system (Fig. 8b). The property of the binding site does not
change but because of losing the H-bound of phenol ring
with Thr33 its binding energy decreases. Although each
drug was located in a different position and the interaction
was non-competitive, they affected each other’s affinity. The
distances between the Trp residues such as Trp 26, Trp 60,
Trp 104 and Trp 118 of a-LA and RES in ternary complex
are shown in Fig. 8h. Our theoretical data were supported
by experimental results such as far-UV CD.

As the efficient energy transfer from Trp to the ligands
was 2—8 nm, the distance of the Trp residues from the
docked ligands was also measured. This was applicable with
the high efficient fluorescence quenching of the a-LA emis-
sion in the presence of the second drug.

Conclusions

This manuscript describes the exploration of the binding
of RES and CUR to a-LA by different spectroscopic and
molecular dynamic techniques. The changes of the protein
conformation upon binding were determined by fluorescence
and CD spectroscopies. It was shown that the fluorescence
of a-LA became quenched when reacting with RES in the
absence and presence of CUR. The binding constant and
the number of binding sites were calculated according to
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Fig.8 a a-LA secondary structure. Nine helices and three anti-
parallel beta strands make the protein. Four disulfide bridges fix the
protein; b the best docking results of the interaction between RES
and a-LA in the binary and ternary systems. Green molecule: RES
in binary system. Red molecule: RES in ternary system. Brown mol-
ecule: CUR molecule in binary and ternary system. CUR is located
near helix 3, RES is located between beta 3 and helix 7, and 8 in both
binary and ternary systems. RES orientation is vise versa in binary
and ternary systems; ¢ three mail interaction sites of CUR and a-LA;
d site view of a-LA and CUR surrounded by mostly polar residues.
Pi-H interaction with Glull is seen by dashed line; e five sites of

relevant fluorescence data. The fluorescence quenching
mechanism for a-LA through RES binding in the absence
and presence of CUR was mainly a static quenching process.
Changes in the environment of the aromatic residues were
also observed by synchronous fluorescence and far-UV CD.
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binary

interaction of a-LA and RES in binary system. Site-1 has the most
population of interaction but site-2 has the most favorable interac-
tion with the lowest binding energy. None of them can be located in
CUR (green) site; f two main interaction sites of a-LA and RES in the
presence of CUR (ternary system). They are mainly located near RES
(site-1) where RES (cyan) interacts in its binary system. None of RES
interacts with CUR (green) site in ternary system; g the interaction of
RES in binary system. Dashed arrow shows H-bound. Polar residues
are in pink and non-polar residues are in green circles; h the distances
of RES with Trp in ternary systems. Unit is as angstrom

According to Forster’s non-radioactive resonance energy
transfer theory, energy transfer from a-LA to RES in binary
and ternary systems occurred with high probability. The
results obtained from three-dimensional fluorescence spec-
tra showed that the structure of the a-LA molecules changed
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remarkably in the presence of RES in binary and ternary
systems. The Cqyuc values of the drugs on a-LA in binary
and ternary systems were determined by RLS. The results
showed that the C, values increased in the ternary com-
plex. On the other hand, hydrophobic interactions played
important roles in inducing aggregation concentrations of
drugs as determined by the zeta potential technique. These
results should be of help to determine optimal drug doses
and prevent irreversible structural alterations in protein mol-
ecules which can lead to a diminution of their biological
functions. Thanks to theoretical docking experiments, the
binding site of RES on a-LA was determined in the binary
and ternary systems.
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