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ABSTRACT

Different groups of synthetic dyes might lead to environmental pollution. The binding affinity among hazardous
materials with biomolecules necessitates a detailed understanding of their binding properties. Malachite Green
might induce a change in the iron transfer by Apo-transferrin. Spectroscopic studies showed malachite green
oxalate (MGO) could form the apo-transferrin-MGO complex and change the Accessible Surface Area (ASA) of
the key amino acids for iron transfer. According to the ASA results the accessible surface area of Tyrosine,
Aspartate, and Histidine of apo-transferrin significantly were changed, which can be considered as a convincing
reason for changing the iron transfer. Moreover, based on the fluorescence data MGO could quench the fluo-
rescence intensity of apo-transferrin in a static quenching mechanism. The experimental and Molecular Dynamic
simulation results represented that the binding process led to micro environmental changes, around tryptophan
residues and altered the tertiary structure of apo-transferrin. The Circular Dichroism (CD) spectra result repre-
sented a decrease in the amount of the a-Helix, as well as, increase in the p-sheet volumes of the apo-transferrin
structure. Moreover, FTIR spectroscopy results showed a hypochromic shift in the peaks of amide I and IIL
Molecular docking and MD simulation confirmed all the computational findings.

1. Introduction

cationic dye generally has a toxic and carcinogenesis effect. Contact with
these pollutant compound cause mutation and even dermatological

Cationic triarylmethane dyes are aromatic xenobiotic compounds
commonly considered to be one of the main causes of environmental
pollution [1,2]. Cationic triarylmethane dyes, including malachite
green, have commonly been utilized in textiles, wool, acrylics, silk,
leather, and paper industries due to their fungicide, disinfectant, and
parasiticide properties, low cost, and widespread availability. These
dyes are also used as additives and coloring in the food industry.
Furthermore, because of their specific structure that can resist the
transfusion-mediated transmission of certain human-related diseases,
they have been used in the pharmaceutical industry [3-5]. However,

diseases. Therefore, dyestuff contaminants may create unfavorable sit-
uations. Also, they can cause negative impacts on living organism [6-8].

However, it has been reported malachite green oxalate had hazard-
ous impacts on the various fish species and certain mammals. Because of
their accumulation in the aquatic tissues, many countries have banned
their use in the aquaculture of fish food [9,10]. Wastewater that contains
synthetic colorants, the leftover dyes in water can cause significant
damage to aquatic life due to their toxic feature [11-13]. Moreover,
dyestuffs are not biodegradable because of their solubility specifications
in the water [14]. Dyes are toxic even at a low concentration of less than
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1 ppm and are visible in the water [15]. In mammals, MGO might bring
about organ damages, carcinogenic and mutagenic impacts, and devel-
opmental abnormalities, including the effects on the mammal repro-
duction of organisms, respiratory toxicity, and chromosomal
abnormalities fractures [9,16,17]. Also, the presence of nitrogen in the
structure of cationic triarylmethane dyes is a serious menace to human
health and the aquatic environment [18,19]. In-vitro studies of MGO
toxicity on the human tumor cell lines (HEp-2 and Caco-2) showed a
remarkable reduction in cell proliferation. Despite the ban on their use,
they are still illegally used in industries, especially the food industry, due
to a lack of proper monitoring [20].

Moreover, the MG and its metabolite are toxic compounds with
hazardous impacts on biological molecules. Recently researchers re-
ported that MG has undesirable effects on the lipoprotein structure of
the cell membrane and proteins structures. For instance, this dye
interacted with HSA protein and caused structural changes by rising
flexibility and reducing the HSA compactness. It also shifted the
hemoglobin-specific structure to an inefficient form through the
reduction content of a-helix and the increased content of random coil
B-sheet, and p-turn [21]. Furthermore, the spectroscopic and molecular
interaction between MG and lysozyme showed the instability effects on
the protein [22]. Also, the interaction of MG with spectrin was investi-
gated. Moreover, it was reported that the dye had distractive effects on
this membrane skeletal protein [23].

Several studies reported MGO was found in the liver, kidney, mus-
cles, serum, and other human organs. The prime site of transferrin
synthesis is in the liver [9]. Therefore, MGO can directly interact with
apo-transferrin and affect its function and lead to liver problems. It is
well documented that apo-transferrin has a key role in iron transport
through binding iron tightly and reversibly. Apo-transferrin causes iron
transport by interactions of iron with two tyrosine, an aspartate, and
histidine in the C-terminal and N-terminal of the protein and confor-
mational changes that occur upon iron-binding. Therefore, MGO might
potentially induce a change in the iron transfer by the protein [24-26].

Changes in the level of plasma transferrin are typically observed in
those patients that suffer from iron deficiency anemia, atransferrinemia
that results in heart failure as well several other related complications
[27]. After entering MGO into the living organism body, the dye might
attaché to apo-transferrin and effects the orientation of apo-transferrin
to iron. Therefore, considering the importance of the mentioned con-
tents, it seems that the study of the MGO interactions with apo-
transferrin is critical. Accordingly, in the current study, MGO was
chased as a synthetic dye, and apo-transferrin was picked as a protein
pattern. The aim of this study was to highlight the biochemical effects of
MGO on the structure and conformation of apo-transferrin. To our
knowledge, we could eventually identify a novel pathway in the iron
transport network at the apo-transferrin amino acids microenviron-
mental level. We also focused on spectroscopic techniques such as
UV-Visible, fluorescence, circular dichroism, molecular dynamic simu-
lations, and molecular docking for monitoring the effects of MGO on the
protein structural and functional properties.

2. Materials and methods
2.1. Materials

Apo-transferrin (cod number: T1147, biological source: human, pH
= 7.5, storage temperature: 4 °C), malachite green oxalate (cod number:
C.I. 42,000, pH = 2.4 (24 °C, 10 g/L in H»0) and Phosphate buffered
saline (PBS) (solubility: doubly distilled water, pH = 7.5) were pur-
chased from the company of Sigma Aldrich, USA. Apo-transferrin was
dissolved in 0.05 M phosphate buffer and kept at 277 K. Apo-transferrin
solution (0.1 mg.ml 1) was prepared fresh for each assay.
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2.2. Methods

2.2.1. UV-vis spectrophotometry

apo-transferrin UV-Vis spectra were monitored on a Pharmacia 4000
UV-Visible spectrophotometer from 200 to 350 nm. Apo-transferrin
solution was titrated with different concentrations of malachite green
oxalate (MGO) from 0 to 0.0025 mM. For monitoring the dye absorption
spectrum overlapped with the apo-transferrin absorption spectral, to
subtract MGO absorption effects at the maximum apo-transferrin
wavelength, the dye with various levels of concentration was taken as
the control sample that was, in turn, prepared without protein in the
existence of various concentrations of MGO.

2.2.2. Fluorescence analyses

To examine the apo-transferrin tertiary structure, a Shimadzu RF-
5301 fluorescence spectrophotometer was utilized. The wavelength
values were recorded from 285 to 450 nm. The protein excited at the
wavelength of 280 nm. The excitation and emission slits widths were
3.0 nm. 1.0 cm quartz cuvette was used for the assays. The concentration
of apo-transferrin was kept at 0.1 mg/mL. The concentrations of the
malachite green oxalate were from 0 to 0.0025 mM. To correct fluo-
rescence emission spectra, the Internal Filtration Effect (IFE) was also
taken into consideration by:

Aex +Aem
Feorr = Fops X €7 2

(€8]

Where Fqps and F.o were the observed and corrected fluorescence
emission. Agy indicated the absorption values of the sample at the
excitation wavelength, and Ay, related the absorption emission wave-
length [28,29].

2.2.3. Circular dichroism spectroscopy

If an optically inactive biomolecule is placed in an asymmetric
environment, like proteins, the behavior of circular dichroism (CD)
would be altered for the native protein. When they interact with a ligand
or pollutants, the conformational changes of these biomolecules can be
evaluated [30]. Circular dichroism (CD) spectroscopy of apo-transferrin-
MGO and native apo-transferrin were studied with the Spec-
tropolarimeter model 215 equipped by 1 mm diameter cuvette at 298 K.
The obtained results were recorded from 200 to 260 nm range. The
concentration solution of apo-transferrin was kept at 0.1 mg/mL. The
CDNN [31,32] was also applied to investigate the secondary structure
elements of the protein.

2.2.4. Molecular docking

To anticipate the dominant binding modes of a compound with a
protein via a known 3D structure, molecular docking is a crucial tool
[33]. The molecular docking assays between apo-transferrin and MGO
were done by the Auto dock 4.2.1 program [34]. Apo-transferrin 3D
structure with PDB ID 2hav was driven from the RCSB-PDB (http
://www.rcsb.org/pdb). PubChem site was applied to obtain the molec-
ular structure of the MGO and optimized by the chimera ucsf [35,36].
Obtained protein and ligand structure saved in PDB format. Over the
assay, malachite green oxalate was considered flexible and apo-
transferrin was rigid. Molecular docking was done in two stages, the
first stage for determining the stereochemical form of the compound and
the final stage to find the interaction mood and select the best stereo-
chemical compound and protein configuration. During molecular
docking analyses, some factors like orientation and random torsion were
investigated for MGO. The grid box size of the apo-transferrin-MGO
system, with the 1A° spacing, was 126 A x 126 A x 126 A. In the cur-
rent system, all essential hydrogen atoms were added to apo-transferrin
with a grid spacing of 1 A. To evaluate the intermolecular interactions,
chimera software and R-studio discovery (version V 16.1) were applied
[371.
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2.2.5. Molecular dynamic (MD) trajectory

To analysis the MD trajectory of apo-transferrin and MGO, the Gro-
macs 5.7.1 program was applied [38]. There were some important pa-
rameters during MD trajectory, including Force field (for numbering
apo-transferrin and water): amber 99, Box size: 6.701 A x 6.701 A x
4,738 .IO\, Number of water molecules: 52744, Water model: Tip4p, the
steps number 60000000, Time-step: 1 fs, Ion: 3 Na*, Total charge: —3,
Temperature: 300 K. Brendes algorithm was used to equilibrate the
water around the apo-transferrin and energy minimization. The time of
simulation was 60 ns.

2.2.6. Fourier-transform infrared (FTIR) spectroscopy

The Fourier Transform Infrared (FTIR) spectra (ATR accessory) of
apo-transferrin and apo-transferrin-MGO were used to characterize the
secondary structure alteration after complex formation (Perkin Elmer —
two spectrums, USA). The spectra were recorded in the range of 1500 to
1750 cm™ 1.

3. Results and discussion
3.1. Absorption spectroscopy

UV-Vis spectroscopy is typically utilized for the quantitative deter-
mination of varying analytics, involving highly conjugated organic
compounds, transition metal ions, and biological macromolecules
[39-44]. This technique is an efficient way to evaluate the complex
formation between a compound with a protein. The interaction between
a ligand with a biomolecule is accompanied by a hyperchromic or hy-
pochromic effect [45]. If the UV-Vis spectra are almost fixed, the
hyperchromic effects would be observed. Hypochromic effects were
accrued in cases that the alter in the peptide backbone conformation
connected with the Helix- coil transformation [46]. The complex for-
mation between a compound and protein caused alterations in the ab-
sorption spectra. When UV-Vis absorption spectra change, the
quenching mechanism is static, but if the absorption spectrum does not
alter the quenching mechanism would be a dynamic one [47]. The
formation of an absorption peak at 280 nm has resulted from n — ©*
electron transition in some chromophores such as Trp and Tyr residue
[48]. Apo-transferrin configuration variations were monitored using
absorption spectroscopy. The UV-Vis spectra of the MGO ‘s interaction
with apo-transferrin have been shown in Fig. 1. As observed, the in-
creases of the absorption spectra (hyperchromic effects) at the range of
280 nm resulted from the rising concentration of MGO. The alteration in

3.0

2.5 1

0.0025 mM

Absorbance

2.0 A

0.00 mM

Absorbance

340

W (nm)

Fig. 1. (A): The UV absorption of apo-transferrin (0.1 mg.ml~?) in the presence
of MGO (0.0-0.0025 mM) at pH 7.5 and 298 K, and (B): Absorbance peak at
280 nm region versus difference concentration of MGO.
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the percentage of the apo-transferrin absorption showed the complex-
ation between the protein and ligand. According to the absorption
spectra, it appears that the static quenching mood is more likely. As a
result, the interaction between the dye with apo-transferrin could shift
the hydrophobicity of the protein. To accomplish the correct results, the
absorption intensity of the dye sample was deducted from the apo-
transferrin-MGO complex due to the dye had absorption at a wave-
length in the range close to that of the apo-transferrin absorption.

3.2. Fluorescence quenching measurements

In fluorescence spectroscopy, first, a molecule is excited via the ab-
sorption of a photon. After that, it reaches one of the different vibra-
tional states in the electronically excited state [49-52]. As a result of a
collision with other compounds, the excited molecule loses its vibration
energy to the point that it has the least vibration state from the excited
electronic state. Thus fluorescence is the result of the excitation of the
ground state and emission spectra in a molecule containing inner
intrinsic fluorophores groups including tryptophan (Trp), tyrosine (Tyr),
and phenylalanine (Phe) [53]. The microenvironment of the Trp resi-
dues is completely sensitive to the changes, so these properties could be
the best option to evaluate the protein conformational change [54].
There are 8 tryptophan amino acids in the apo-transferrin that act as the
main intrinsic fluorophores and have critical roles in the intrinsic
emission of fluorescence [55]. The interaction between apo-transferrin
and MGO at 308, 318, 328 K temperature and 331 nm wavelength was
done using fluorescence evaluation. The alteration in the intrinsic
fluorescence emission could reveal the formation of the apo-transferrin-
MGO complex obtained as a result of the modifications in the fluo-
rophore microenvironment of the protein. Various compounds with
different quenching processes might alter the internal emission fluo-
rescence of the protein. The fluorescence emission spectra of the free
protein and complex form with MGO, at three different temperatures, in
the excited mood at 280 nm, have been shown in Fig. 2 (A-F). In the
current analysis, the MGO concentrations were selected as there was no
apparent overlap of self-absorption and spectral (0.0-0.0025 mM).
Evaluation of the fluorescence spectra discovered that the intensity of
emission reduced up to ~32% by regularly increasing the concentration
of the MGO. Reduction of the fluorescence intensity is related to many
interactions with the donor molecule, including excitation of the
ground-state, ligand blackout collision, ground-state complexation,
molecular rearrangements, and energy transfer [56]. When the MGO is
absent, the emission spectra of apo-transferrin were detected at 357.23
nm. Apo-transferrin emission spectra changed to shorter wavelengths,
by joining the MGO to 240.19 nm. The hypo-shifts in the emission in-
tensity of apo-transferrin with increasing concentration of the MGO
represent the increased toxicity to the protein at more concentration
levels of the pollutant. Generally, hypo shift in the emission peak
resulted from two main reasons: I) change in the hydrophilicity micro-
environment of the aromatics residues, and II) placed these chromo-
phores near a charged group. The hypo-shift effects induced by MGO
could drive from the tryptophan residues exposure to a more hydrophilic
region, representing the tertiary structural change in the apo-transferrin.

3.3. Apo-transferrin quenching mechanisms

There are three kinds of protein fluorescence quenching mechanisms
induced by ligand: static quenching, dynamic quenching, and mixed
form. Static quenching accrued as a result of the ground-state
complexation [57]. Dynamic quenching has been driven from the
collision between fluorophore (apo-transferrin) and quenchers (MGO).
The mixed quenching results from the combination of dynamic and
static quenching [58,59]. With joined MGO to the protein solution,
fluorescence quenching accrued. The apo-transferrin fluorescence
quenching mood in the presence of MGO was evaluated as a static
quenching mechanism. Quantitative analyses of the apo-transferrin
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Fig. 2. Apo-transferrin emission spectrum (0.1 mg.ml~!) with and without
MGO at pH 7.5 and 308 K (A), 318 K (C), and 328 K (E). Fluorescence emission
intensity at 331 nm against the various amount of MGO (B, D, and F).

fluorescence quenching mechanism induced by MGO were studied by
the equation of Stern-Volmer [60-64]:

FU

7 @

=14+Kw([0] = 1+k,7[Q]
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FO = free apo-transferrin Fluorescence intensity

F = quencher (MGO) Fluorescence intensity

[Q] = MGO Concentration

Kgy = Stern-Volmer quenching constant

kq = Quenching rate constant

7o = The mean lifetime of apo-transferrin with no quencher (1078 s)

The Stern-Volmer diagram was plotted in Fig. 3. It represented the
quenching emission spectra of the apo-transferrin-MGO complex. Ac-
cording to Table 1, raising temperature reduced protein Kgy amounts.
Quantitative rates of Ksy were calculated by considering the slope of the
apo-transferrin -MGO complex diagram. The values of the quenching
constant, Ky, obtained by the following equation [65,66]:

K, = quO (3)

Kgy = Stern-Volmer quenching constant
Kq = quenching constant
79 = The mean lifetime of the protein with no quencher

In cases where the value of K is higher than 2 x 10'°Lmol s 1, the
mechanism of quenching results from the complexation of the ground-
state [67]. As listed in Table 1 the quantitative values of K; were more
than 2.0 x 10'° mol~! s71. According to Fig. 5, a linear relationship was
obvious between the initial and secondary fluorescence emission with
the concentration of MGO. Also, the quantitative values of the Stern-
Volmer constant reduced with rising temperature. Based on the above
data, the quenching mechanism was considered as static type, by
calculating the quenching constant. With computational approaches and
data analysis, it concluded that the quenching events were a result of
forming the non-fluorescent complex.

3.4. Apo-transferrin-MGO binding constant and number of binding

Based on the obtained data from the static quenching mechanism of
apo-transferrin induced by MGO, the binding parameters such as the
binding site MGO number (n) on the protein and apparent binding
constant (K;) were calculated using Eq. (4) [67-70]:

log(FO_F) /F = logkpindging + nlog[Q] (€))
FO = the apo-transferrin Fluorescence intensity
F = the apo-transferrin-MGO Fluorescence intensity
Kpinding = Binding constant
n = binding sites number
1.6
L)
©
1.5
1.4 -
(T8
S 1.3
[T
1.2 4
* 308K
1.1 4 o 318K
v 328K
10 3 T T T T
0.0 5.0e-7 1.0e-6 1.56-6 2.0e-6 2.5¢6
[MGO]M

Fig. 3. Stern Volmer plot for the interaction of MGO with apo-transferrin at
different temperatures: 308, 318, and 328 K.
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Table 1
Stern-Volmer quenching constants of the apo-transferrin-MGO complex at three
temperatures.

T (K) Ky x 10°(M™) K, (10"2M '™ R?

308 285.94 + 1.7 28.59 + 0.17 0.99
318 273.72 £ 5.6 27.37 + 0.56 0.99
328 259.23 + 6.4 25.92 + 0.64 0.99

The MGO number of binding sites (n) per apo-transferrin molecule
and MGO binding constant (K},) were computed using diagraming log
[(Fo — F)/F] against log [Q]. The Stern-Volmer logarithm diagram
related to the effect of MGO on the apo-transferrin has been shown in
Fig. 4. Examination of the Stern—Volmer plot showed a linear correlation
between FO/F and the MGO concentrations. In this plot, the slope was
equal to Kgy, It is well known the binding constant is a temperature-
dependent parameter. According to the driven results, accompanied
by raising the temperature, the binding sites MGO number (n) on the
apo-transferrin and binding constant (Kp) were decreased. These results
discovered that the binding of MGO on the apo-transferrin was an
exothermic process, also accompanied by raising the temperature, MGO
binding capacity was reduced. The fluorescence estimated binding
constant was in good agreement with the UV-Vis estimations.

3.5. Apo-transferrin thermodynamic parameters

To assess the kind of interaction forces between malachite green
oxalate and apo-transferrin, thermodynamic parameters must be
determined as a function of temperature. Non-covalent intermolecular
interactions including hydrophobic bonds, Van der Waals forces, elec-
trostatic interactions, and hydrogen bonds are of great importance in the
ligand binding to proteins. During the temperature range, in cases where
the enthalpy (AH°) changes are small, the thermodynamic factors such
as AS°, and AG® can be calculated using the equation of Van't Hoff. The
equation is applied to estimate the changes in the entropy, enthalpy, and
total energy [71,72].

AH® AS°

nKa= ———+— 5
nKa RT + R (5)
K, = Binding constant
AH° = Standard enthalpy
AS° = Standard entropy
T = temperature
R = universal gas constant
AGyinaing” = — RTInkyinding (©)

-0.2 2
0.4
-0.6 1
o
I -08 -
o
O
& 10
—
® 308K
124 318K
328 K
14 4 — Plot 1 Regr
-1.6 - - . T T
6.8 6.6 6.4 6.2 6.0 5.8 5.6
Log [MGO]

Fig. 4. Stern-Volmer logarithm diagram related to MGO interaction with apo-
transferrin at three temperatures.
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Fig. 8. The secondary structure of docked MGO and apo-transferrin.
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Fig. 9. Root mean square deviation (RMSD) of native apo-transferrin and apo-
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MGO complex.
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Fig. 11. Root mean square fluctuation (RMSF) of native apo-transferrin and
apo-transferrin-MGO complex.
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transferrin -Malachite green oxalate complex. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

AGobindmg = Standard binding free energy.
Kpinding = Binding constant
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The intermolecular forces can be determined by calculating the
quantitative values of Gibbs free energy, enthalpy, and entropy pa-
rameters [67]. By determining the values of enthalpy and entropy type
of non-covalent forces between MGO and apo-transferrin can be deter-
mined this. The free energy change (AG) in the current interaction was
calculated using Eq. (8). Ross and et al. in 1980 reported the specifica-
tions thermodynamic parameters of the ligand-protein interaction.
Based upon their thermodynamic results-driven from large molecule
model systems, the positive quantitative values of entropy and enthalpy
represented the hydrophobic association. In contrast, their negative
values are indicative of hydrogen bonds and Van der Waals forces. In
cases where the enthalpy is negative or slight positive and the entropy is
positive, the dominant interaction force between ligand and protein is
considered electrostatic (ionic). According to the positive values of the
AH and AS, dominant forces between MGO and apo-transferrin were
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Table 2
Thermodynamic parameters of the apo-transferrin-MGO complex at pH 7.5 and
three temperatures.

T Ka x 10* n R? AHC (kJ AS° (J AG® (kJ

(K) ™ mol™?) mol 'K mol™)

308  55.62 + 1.06 =  0.99 —34.15 +
9.2 0.02 73.58 + 372.31 + 0.71

318 13259 + 112+ 099 1559 26 —-37.58 +
20.8 0.02 0.75

328 305.96 + 119+  0.99 —41.6 +
81.6 0.03 0.91

Van der Waals interactions. The thermodynamic parameters have been
reported in Table 2. Driven results revealed a good harmony between
the obtained AGObinding values and the extrapolated free binding energy
resulting from the molecular docking studies.

3.6. Circular dichroism measurement

Circular Dichroism (CD) is absorption spectroscopy used to study the
secondary structure properties of optically active molecules [73]. Far-
CD spectroscopy is mostly regarded to study biomolecules, their struc-
ture, and interactions with a ligand or other molecules. There are many
advantages of using this technique including simple analysis, low vol-
ume samples, no destructiveness, and accuracy results [74,75]. The
content of apo-transferrin secondary structures in the absence and
presence of MGO was recorded from 200 nm to 260 nm which was
evaluated by the CDNN software [76]. The alteration in the secondary
structure elements of apo-transferrin accompanied with MGO is re-
ported in Fig. 6 and Table 3. Apo-transferrin contains p-sheet and
a-Helix structure. With the addition of MGO, the alteration of secondary
structures was observed. In the existence of MGO, the percentage of
B-sheet increased, while the content structure of the a-helix was
decreased. The increased content of -sheet caused disorderly structure
in association with MGO. Far-UV CD results were represented the apo-
transferrin secondary structural changes in the presence of MGO. The
CD results were in good accordance with the result of fluorescence
spectroscopy. For more accuracy of these data, molecular dynamic
simulation was carried out that the obtained results appropriately
accord with those of CD and fluorescence spectroscopy.

3.7. Molecular dynamic (MD) simulations

3.7.1. Molecular docking studies

Experimental tests upon molecular docking studies are the most ac-
curate method to evaluate the interaction between ligand and protein in
atomic details, accurate identification of the interaction of binding, and
determining the ligand-binding site on the protein by estimating the free
energy of binding [77]. Auto Dock 4.2.1 software was also employed to
evaluate the interaction between MGO and apo-transferrin for moni-
toring the binding site, position of the conformational changes, and type
of interactions [78]. The best binding site of the dye on the apo-
transferrin has been shown in Fig. 7. All calculated energy and bind-
ing energies between the pollutant and protein were listed in Table 4.
Therefore, the complex formation was a spontaneous reaction. Fig. 8
represented the type of interactions. The Van der Waals interactions
were dominant forces between MGO and apo-transferrin. As observed,
intramolecular interactions were between MGO and Arg678, Phe676.

Table 3
The secondary structures of the apo-transferrin.

[MGO] «o-Helix (%) B-Sheet (%) B-Turn (%) Random Coil (%)
0.0000 mM 43.86 13.61 16.21 26.29
0.0012 mM 29.20 19.50 17.62 33.66
0.0024 mM 23.69 21.89 17.72 36.68
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Table 4

Docked data with interacting amino acids after 200 runs.
Estimated  Estimated  Final Vdw + Final Torsional
Free Inhibition  Intermolecular = Hbond+  Total free Energy
Energy Constant, Energy Desolv internal (KCal/mol)
Binding (KCal/ (KCal/mol) Energy Energy
(KCal/ mol) (KCal/ (KCal/
mol) mol) mol)
—4.28 734.75 -5.77 —5.76 -1.11 +1.49

Also, pi binding was formed with Phe676, Leu303, and Thr675. Since
the pollutant was surrounded by the protein, MGO embedded in the apo-
transferrin secondary structure induced more adverse effects on the
protein structure and activity. According to the molecular docking
studies, the MGO might bind to the protein, which, in turn, was in
perfect harmony with the results of UV-Vis, fluorescence, and CD
spectroscopy.

3.8. Molecular dynamic simulation

3.8.1. Apo-transferrin conformation

Molecular dynamic (MD) simulation can supply valuable reports
about the atoms and molecules to study the protein conformational
changes, stability, and flexibility in the existence of a ligand [79-82].
Numerous factors including root mean square fluctuation (RMSF), gy-
ration radius (RG), and accessible surface area (ASA) are typically
involved in evaluating the presses of the protein interaction with a
ligand [83]. In the molecular dynamic simulation, estimation of the Root
Mean Square Deviations (RMSDs) is a precise technique for examination
of the protein structural and conformational properties, average dis-
tances between the amino acid residues of protein with a ligand, and
protein stability [84,85]. Apo-transferrin structural properties were
evaluated in the existence of MGO by RMSD. The RMSD of apo-
transferrin and complex form with MGO has been shown in Fig. 9 and
Table 5. The RMSD of apo-transferrin in comparison with the apo-
transferrin-water system increased when MGO was present. It could be
considered that MGO has continuously interacted with apo-transferrin
and finally caused the un-stability of the protein.

To obtain data on the apo-transferrin conformation and structural
compactness during the MD simulation, the protein gyration radius (RG)
was studied. Protein gyration radius is a type of Rg providing valuable
information on the correlation of protein condensation and protein
folding [86]. The RG result of the apo-transferrin and its structural al-
terations in the presence of the pollutant have been presented in Fig 10.
In the apo-transferrin-MGO complex, the values of RG were less than the
native protein that means increasing the amount of the apo-transferrin
stability led to raising protein compression. Also, the amounts of
hydrogen bonds protein-protein were increased but the amounts of
hydrogen bonds protein-water decreased. These results indicated an
increase in protein compression. The RMSD and RG results, accompa-
nied with the obtained data on the changed values of apo-transferrin
a-helix and p-sheet from CD spectroscopy has suggested an increase in
the protein compactness. The RMSD and RG results were confirmed the
driven results of the CD studies.

3.8.2. Apo-transferrin flexibility

In cases a system is flexible in some locations; the average flexibility
in the biomolecule can be calculated during the simulation analysis. The
Roots Mean Square Fluctuation (RMSF) presents the average flexibility
in the biomolecule over the simulation [87,88]. The RMSF parameter
was applied to monitor the conformational flexibility of apo-transferrin
in the existence and inexistence of MGO. RMSF plot of a native and
complex form of apo-transferrin with MGO has been shown in Fig. 11.
The RMSF of apo-transferrin decreased in the existence of MGO, which
represents this system had less flexibility over the simulation. Hence,
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Table 5
The average and standard deviations of MD simulation parameters.
Protein RMSD (nm) RG RMSF (nm) Hydrogen bonds protein-protein Hydrogen bonds protein-water SASA
(nm) (nm)
apo-transferrin 1.54 £ 0.14 4.36 £+ 0.04 0.72 +£ 0.28 469.86 + 11.31 1234.33 + 22.04 370.79 + 2.06
apo-transferrin-MGO complex 1.61 + 0.02 2.75 £ 0.01 0.24 £+ 0.09 497.42 + 11.90 1182.81 + 22.48 370.09 + 2.03

adding MGO reduced the residues dynamic, and the protein changed
into a tight form. The results related to MD simulations complied with
those of the Far-UV CD spectroscopy. All these results revealed an in-
crease in the content of the p-sheet elements. The increase in the content
of B-sheet caused a disorganized form in the apo-transferrin structure.

3.8.3. Apo-transferrin secondary structure analysis

To more confirm the secondary structure alteration results driven
from the experimental studies, the MD simulation was considered [89].
The amounts of amino acids extant in the secondary structure of apo-
transferrin have been shown in Fig. 12 and Table 6. This plot showed
the amino acids level residues in the secondary structure of apo-
transferrin in the free form and complex with MGO. The obtained data
from the MD simulation the scout file. The driven results from the scout
file might be used to monitor the amino acids participation level in the
apo-transferrin secondary structure. According to the Table 3, the per-
centage of p-sheet was increased while the a-Helix was decreased which
was in good harmony with the CD spectroscopy results. These results
represented that MGO was bonded to apo-transferrin and this interac-
tion leads to some changes in the secondary structures of the protein.
Apo-transferrin secondary structure analysis in the MD simulation
showed the protein had become less flexible. Moreover, an increase in
the apo-transferrin compactness was observed (decreasing in RG
values). Hence, apo-transferrin in the complicated form with MGO has
been less able to carry Fe?* and other compounds in the storm of blood.
As mentioned in the introduction part, a defective connection with iron
could cause heart failure and many other malfunctions.

3.8.4. Accessible surface area for important amino acids of Apo-transferrin

To better understand the location and alteration of the residues, the
Accessible Surface Area (ASA) of amino acids was done for the free and
complex form of apo-transferrin with MGO [90]. The changes in the ASA
according to the binding of MGO to the apo-transferrin were studied. As
mentioned, apo-transferrin coordinates iron through interactions with
two Tyr, an Asp, and a His in both C-terminal and N-terminal domains of
apo-transferrin and also conformational changes that occur upon iron-
binding. Induces any change in the accessible surface area of these
amino acids can alter the orientation of apo-transferrin to iron. The ASA
results were presented in Table 7. Based on the results, the ASA values of
the Tyr92, Tyr426, Asp63, His249, significantly increased which rep-
resents a shift to a more external position. Moreover, the SASA values of
the Tyr95, Tyrl88, Tyr517, Asp392, His585, Trp8, Trp128, Trp358,
Trp460, and Trp550 residues decreased. Therefore, these residues shif-
ted to a more internal position in the presence of MGO. The binding of
MGO to the apo-transferrin caused engraved the location of these resi-
dues to a less polarized microenvironment, which lead to an increase in
compactness of the apo-transferrin structure, and significantly changed
its orientation to iron. This result can be considered a change in iron
transport.

Table 7

ASA for the residues for free pepsin and apo-transferrin -MGO complex.
Residue Water MGO AASA I-w %
Tyr95 0.629 0.622 —0.007 -1.11
Tyr188 0.556 0.535 —0.021 -3.77
Tyr426 0.644 0.657 0.013 2.01
Tyr517 0.570 0.537 —0.033 —5.78
Asp392 0.556 0.484 —0.072 —0.12.94
Asp63 0.504 0.538 0.034 6.74
His585 0.513 0.445 —0.068 -13.25
His249 0.445 0.512 0.067 15.05
Trp8 0.449 0.435 —-0.014 -3.11
Trpl128 0.571 0.496 —0.075 —0.013
Trp264 0.555 0.562 0.007 1.26
Trp344 0.456 0.464 0.008 1.75
Trp358 0.515 0.384 —0.131 —25.43
Trp441 0.504 0.639 0.135 26.78
Trp460 0.470 0.444 —0.026 —5.53
Trp550 0.622 0.601 —0.021 -3.37

3.9. Fourier transform infrared spectra

The secondary structure of apo-transferrin in the presence of MGO
was studied using FTIR spectroscopy. The relative intensity of IR bands
for apo-transferrin is between 1700 and 1600 c¢m ! (C=0 stretch) and
between 1600 and 1500 cm (C—N stretch coupled with N—H
bending). The sensitivity of the amide I band was normally utilized to
explain the change of secondary structures in proteins [82]. The amide I
band between 1600 and 1700 cm ™! found in our study is mainly due to
the C=O0 stretch of peptide linkages (approximately 80% of the poten-
tial energy) and is directly related to the backbone conformation; amide
I is also the most sensitive spectral region. Amide I, at approximately
1600-1450 cm™}, results from the N—H bending (40-60% of the po-
tential energy) and the C—N stretching (18-40%); this band is confor-
mational sensitive [91]. In Fig. 12, a hypochromic shift was observed in
the peaks of amide I and IL. In apo-transferrin, a conformational shift and
redistribution of the helical structure can be seen. Meanwhile, due to the
interaction of MGO with the C=0 and C—N groups of protein poly-
peptides, there was a reduction in the intensity of the amide I band when
MGO was added. The results from the FTIR and CD were found to be in
agreement.

4. Conclusion

In the recent study, the binding interaction between MGO and apo-
transferrin was studied by using various spectroscopic methods. The
obtained results from spectroscopy methods and molecular dynamic
simulation discovered that MGO could induce change in the apo-
transferrin native conformation and structural properties. MGO caused
quench the intrinsic fluorescence of apo-transferrin by 33% in a static
quenching mechanism. Obtained values of binding constant (Kpinding) for

Table 6
Secondary structure content of the native and complex form of apo-transferrin.
Protein o-Helix (%) pB-sheet 3-Helix B-Bridge (%) B-Turn Random Coil (%) Bend
(%) (%)
apo-transferrin 186.40 £ 5.77 112.10 £ 5.95 13.05 &+ 4.99 122.19 £ 6.26 80.13 +8.78 152.72 + 5.99 122.19 + 6.26
apo-transferrin -MGO complex 187.25 + 4.10 117.71 £ 5.7 145+ 4.7 5.29 £+ 2.61 81.31 + 6.88 146.65 + 5.64 121.33 £ 6.25
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the apo-transferrin-MGO complex, showed a high-affinity connection
between the dye and apo-transferrin. Moreover, MGO reduced hydrogen
bonding networks decreased the flexibility of the protein by reducing
the content of a-Helix and increasing the contents of p-sheet and p-turn.
According to the obtained experimental and computational data, we
found that MGO, as a synthetic dye and a pollutant factor, could bind to
apo-transferrin and significantly alter the accessible surface area of key
amino acids of apo-transferrin for iron-binding with a high affinity. Apo-
transferrin has undergone the conformational changes that occur upon
MGO binding. Therefore, MGO can be considered as a factor to change
the orientation of apo-transferrin to iron, and thus it might potentially
trigger change in the iron transfer by the protein. The dye caused
completely wasted bioactivity of the protein. Finally, we could identify a
novel pathway in the iron transport network at the apo-transferrin
amino acids microenvironmental level.
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