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The food sector uses methyl yellow (MY) extensively as a colorant. The primary transporter in vivo that
influences MY absorption, metabolism, distribution, and excretion is human serum albumin (HSA).
Exploring the binding process and looking at how HSA and MY work physiologically at the molecular
level is therefore very important. Experiments using steady-state fluorescence and fluorescence lifetimes

proved that HSA and MY's quenching mechanisms were static. The HSA—MY complex’s binding constant

was estimated using thermodynamic parameters to be around 10* M™% The hydrophobic forces were
a major factor in the binding process, as evidenced by the negative AG, positive AH, and AS, which
suggested that this contact was spontaneous. Site tests showed that MY linked to HSA's site I. Circular
dichroism and three-dimensional fluorescence analysis revealed that the 1.33% a-helix content dropped

and the amino acid microenvironment altered. While HSA's protein surface hydrophobicity decreased

when engaging MY, the binding of MY to HSA reduced in the presence of urea. The stability of the
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system was assessed using molecular modeling. Additionally, HSA's esterase-like activity decreased when

MY was present, and Ibf/Phz affected the inhibition mechanism of MY on HSA. These findings offer

DOI: 10.1039/d2ra07377¢c

rsc.li/rsc-advances safety of MY.

1. Introduction

Colorants are extensively used in the food industry and this is
inseparable from the fact that they can directly affect organ
perception and stimulate appetite." Methyl yellow (MY) is
a common azo-dye used as food coloring in many regions.* Azo
dyes and their degradation byproducts may have potential
carcinogenicity.>® In relevant microbial related experiments,
MY has been proven to be a mutagen, whereas pharmaceutical
experiments show carcinogenicity in mice injected with MY.°
Given the above-mentioned potential harm of azo compounds,
relevant research and exploration on azo dye compounds is
necessary to elucidate the relationship between azo dyes and
human health.

A considerable part of plasma protein is human serum
albumin (HSA)," the HSA content in normal people is about
40 g L' The distribution and eradication of food additives
are both handled by it.”* Additionally, HSA is crucial for
preserving the blood's colloidal osmotic pressure.** HSA is very
special because of its internal hydrophobic cavity and special
affinity, enabling its easy binding to small molecules.**'®* Most
small molecules that have been shown to attach to HSA are
mostly at Sudlow's site I (in subdomain IIA) and site II (in
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a distinctive perspective for comprehending the structure and functioning of HSA and evaluating the

subdomain IITA).""*®* At the same time, azo dyes can bind
reversibly and effectively with HSA, which can regulate the
effective concentration of limiting toxicity.*** The molecular
recognition between the two molecules also affects the active
function of biomolecules.>** Therefore, a careful investigation
of the HSA and MY binding is essential to better clarify the
colorant-protein interaction.

The interaction between azo dyes (such as citrus red 2 and
tartrazine) and HSA has been thoroughly studied, providing
another idea for the safety evaluation of azo dyes.'** The
purpose of the current study was to look at how HSA and MY
interact under simulated physiological conditions in vitro
through multispectral, computer simulation, and other
methods. The impact of this interaction on the structure and
function of physiologically important proteins was also evalu-
ated through fluorescence spectroscopy to identify the binding
mechanism, the basic thermodynamic parameters, and binding
related force.”*® The quenching mechanism of the system was
further discussed by fluorescence-lifetime measurements. The
binding site of MY to HSA was identified by site experiment.
Monitoring the changes of HSA conformation and amino acid
residue microenvironment during the binding process by three-
dimensional (3D) fluorescence and circular dichroism (CD).
Fluorescence analysis was used to investigate anti-denaturation
capacity and protein surface hydrophobicity (PSH) of HSA-MY
system. Dynamical simulations (MD) and molecular docking
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were applied to theoretically evaluate the mode of binding and
stability of the combination. In addition, the effect of MY on
esterase-like activity of HSA was examined to understand its
potential physiological safety. This paper explored the distri-
bution and transport mechanism of MY at the molecular level
and provided ideas to understand its toxicological evaluation.

2. Experimental

2.1. Chemicals and reagents

HSA stock solution was prepared by phosphate buffer solution
(PBS, pH 7.2-7.4, 10 mM, 0.1 M NaCl) and stored in a 4 °C
refrigerator, and HSA (>99%) was purchased from Sigma
Chemical Company (St. Louis, MO, USA). Urea, ibuprofen (Ibf),
p-nitrophenyl acetate (p-NPA), 8-anilino-1-naphthalenesulfonic
acid (ANS) ammonium salt hydrate, phenylbutazone (Phz),
phosphate buffer salt dry powder, and MY were obtained from
J&K Scientific LLC (Beijing, China). Ibf, MY and Phz are directly
dissolved in absolute ethanol separately to make their concen-
tration 2 mM. The water used for all dilution operations is
buffer solution. PBS dry powder was dissolved in Milli-Q water,
which was purchased from Solarbio® (Beijing, China). Ensure
that the ethanol content is small enough (2%) to maintain HSA
activity. Other reagents used are analytical grade, which can be
used directly without further treatment.

2.2. Fluorescence spectroscopy experiment

The steady-state fluorescence quenching experiment was con-
ducted at three different temperatures, 298 K, 304 K, and 310 K,
respectively, while the fluorescence spectrometer (Varian, USA)
collected the pertinent data. The protein and small molecule
concentrations were set at 2 pM and 0-6 puM, respectively. The
excitation and emission wavelengths are 280 nm and 300 nm,
respectively, and the excitation and emission slit widths are 5
and 10 nm.

In the site competing experiment, the concentrations of Ibf/
Phz are 0, 1, 2, 3, 4, 5, 6 uM, the concentration of HSA and MY
are 2 and 3 puM, respectively. The conditions of instrument are
consistent with the steady-state fluorescence experiment.

In the three-dimensional fluorescence experiment, the
concentration ratio of HSA to MY was 1:0 and 1:1.5, and the
excitation (emission) wavelength and slit width were both
200 nm and 5 nm.

2.3. Fluorescence lifetime

The fluorescence lifetime of HSA combined with different
concentrations of MY was measured by Jobin Yvon Fluorolog-3
spectrofluorometer (Horiba, LesUlis, FRA), and the proportions
were 1:0, 1:1.5, 1: 3, respectively.

2.4. Far-UV CD spectroscopy

The circular dichroism of HSA-MY supramolecular system was
determined by spectrophotometer (Model 400, AVIV, USA), and
the ratio of concentration was consistent with that of three-
dimensional spectroscopy. The spectral wavelength ranges
from 190 to 250 nm.
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2.5. Molecular docking

Molecular docking has great advantages in predicting the
conformation of binding processes in interaction system. The
process of analyzing the docking conformation of HSA-MY can
be realized by YASARA v17.4.17. The respective 3D correlation
models were obtained from the protein database (PDB ID:
1H9Z) and PubChem (PubChem CID: 6053). The energy-
minimization module of YASARA platform was used to opti-
mize receptors and ligands. In the simulation, the algorithm
adopted by the software program is based on semi-flexible
docking, so as to obtain the ideal docking model. The algo-
rithm can get 25 docking results, among which the optimal
solution is used for later simulation analysis. The pH was set at
7.4. The temperature is room temperature 298 K. The two
dimensional action diagram is treated with LIGPLOT program.

2.6. Molecular dynamics (MD) simulation

On the basis of the docking results, the same software is used to
further evaluate the stability of the system. The relevant setting
conditions include the following parameters, temperature set at
298 K, periodic boundary conditions and TIP3P model. The box
is a cube with a side length of 100.52 A, containing one MY and
one HSA, and the total number of atoms is 102 693. The charge
status of MY is calibrated using the AM1-BCC model. The
statistical ensemble is NPT, and the simulated force field is
AMBER14 force field with constant atmospheric pressure (1
bar). In addition, the system is neutralized with C1~ or Na" and
simulated annealing with minimum steepness drop. Data were
continuously recorded every 10 ps throughout the simulation.

2.7. PSH determination

A ternary system of HSA-MY-ANS was created by adding exog-
enous substance ANS to the HSA-MY complex solution. The
concentration of ANS is 0, 0.5, 1, 1.5, 2, 2.3, 2.6, 3,4, 5,6, 7, 8,9,
10,11, 12,13, 14, 15, 16, 17, 18 uM. The relevant test conditions
were as follows: excitation and emission wavelengths were
380 nm and 480 nm, respectively, at room temperature. The
experiment was tested by a Thermo Varioskan LUX.

2.8. Urea-induced unfolding studies

High concentration of urea was added to induce HSA unfolding
to evaluate the stability of HSA-MY system binding at 298 K. For
the unfolding experiments, different concentrations of MY (0-6
uM) were prepared while keeping constant the HSA (2 uM) and
urea (6 M) concentrations. Incubated HSA-MY-Urea complex at
room temperature for 8 hours, and the rest experimental
parameters of urea denaturation are consistent with the fluo-
rescence spectrum experiment.

2.9. Esterase-like activity measurements

Using Thermo Varioskan LUX at 405 nm to measure the
absorbance value of p-nitrophenol, we analysed the impact of
MY on HSA catalytic p-NPA degradation activity at 298 K, and
the Phz/Ibf as control, HSA concentration was 10 uM. Deter-
mine the initial reaction rate (v,) by analysing the slope of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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absorbance curve of p-nitrophenol. The parameters were set as
follows: The number of absorbance readings for each plate hole
during the dynamic cycle was 10 times with an interval of 15 s.
Use Michaelis-Menten equation to substitute v, and different

concentrations of p-NPA into fitting to obtain Kkinetic
parameters:
Vimax [S]
V= 1
"= R+ ] (1)
1 K. (1 1
= — 2
Vo Vmax <[S}) + Vmax ( )

where V. is the maximum degradation rate, [S] is the
concentration of degraded substrate, K, is the Michaelis
constant, and k., is calculated as follows:

Vmax

kca‘ = [ E}

(3)

where [E] is the concentration of HSA.

3. Results and discussion

3.1. Study of molecular-recognition mechanism

3.1.1. Analysis of fluorescence quenching and mechanism
of MY on HSA. To investigate how various small-molecule ligands
and proteins interact, molecular fluorescence spectroscopy may
be employed efficiently and dependably. This method can be
used to obtain specific information about the changes in
biophysical properties caused by binding proteins, such as the
type of quenching and binding ability. Fluorescence quenching is
caused by changes in the microenvironment of chromophores,
and results can be obtained by changes in protein fluorescence

View Article Online
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intensity. Quenching mechanisms may be static or dynamic. The
shift of a fluorophore from its excited state to its ground state is
known as dynamic quenching caused by short-term intermolec-
ular collision between protein and quench agent. Static quench-
ing is the generation of a new binding quench compound. With
rising temperature, the static quenching constant (K;,) decreases
and is inversely proportional to the diffusion frequency.”

Based on the above, the analysis is made as follows. After
adding MY, the fluorescence was quenched (Fig. 1A). Increasing
MY concentration caused a noticeable blue shift and a steady
decrease in the emission intensity of HSA, that could be caused
by the environment around Trp and Tyr becoming more
hydrophobic. These findings demonstrated that MY interacted
with HSA and reduced its inherent fluorescence. The connec-
tion between the quenching constant and temperature, which
was inversely proportional to temperature for static quenching,
may be used to distinguish between the two forms of quench-
ing. The mathematical link between fluorescence-quenching
findings and small-molecule quenchers can be expressed
using the Stern-Volmer equation (eqn (4)):>®

%: 14 Ky [0] = 1+ Kyo[O)

(4)
where F is the fluorescence intensity of HSA-MY complex, and
F, is that of HSA. K, is the quenching constant, K, is rate
constant of the fluorescence extinction. [Q] is the MY concen-
tration, and 7, is the of HSA's fluorescence lifetime.

A linear dependence between relative fluorescence intensity
(Fo/F) and quench agent was obtained at 298 K, 304 K, and 310 K
as shown in Fig. 1B. The slope of eqn (4) was represented by Kj,.
The pertinent charts and figures showed that temperature
climbed as K, values steadily fell (Table 1), and K, values were

d 1 = 208K(R*=0.997)
A 500 B k5 ®  304K(R?=0.996)
A 310K(R*=0.997)
__ 400 1.4+
2 ) . 13
<3004 / w
z = 2
5200 ~
= 114 )/
1004 L
1.0 «
0 . : : - ; : . : ;
300 350 400 450 0 1 2=t 4 ) 6
C Wavelength (nm) [QI(x10%)mol .7
D_O = = 298K(R™0.990)
10000 A = Free HSA ®  304K(R*=0.999) =
s000] DR | coa] T Z
E g6l
£ 6000 B 0.6
E 5
4000 EO.S*
2000+ -1.04 ;/
¢ ' ; o123
g X e e o0 e e TR e e
= 1g[Q]

Fig. 1

(A) Fluorescence spectra of HSA-MY system; (B) Stern—Volmer curves of HSA—MY system at different temperatures; (C) fluorescence

lifetime curve of the HSA—MY system; (D) double logarithmic plot of fluorescence quenching for the HSA-MY system at 298 K, 304 K and 310 K.
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Table1 Binding and thermodynamic parameters of MY—-HSA system at different temperature conditions. The results in the table represents the

means + SDs (n = 3)¢

AG AH AS
T (K) K (x10* M Ky (x10” M) n K, (x10°M™) (k] mol™) (kJ mol™) ( mol ' K™
298 7.83 £ 0.19 7.83 £ 0.19 0.90 + 0.04 4.32 £ 0.25 —26.46
304 6.84 + 0.17 6.84 + 0.17 0.91 % 0.01 4.35 £ 0.07 —26.98 0.88 91.67
310 6.65 + 0.14 6.65 + 0.14 0.92 + 0.03 4.41 £0.16 —27.56

“ As shown in the combination of HSA-MY system with relevant parameters, this indicates a static quenching mechanism.

in the order of 10'?, which was significantly greater than the
maximum quenching rate constant of HSA (2 x 10"?). This
discovery supported a static quenching process involving the
formation of an equilibrium ground state HSA-MY complex.

In order to further verify the accuracy of the static quenching
results obtained from the mathematical model, the time-
resolved fluorescence spectroscopy method is used, which is
based on measuring the lifetime of the chromophore. If the
quenching mechanism of HSA-MY was dynamic, the fluores-
cence life would be reduced due to molecular collision; if the
quenching was static, the fluorescence life would not change.*
Fig. 1C displayed the time-resolved fluorescence curves of
samples with varying MY concentrations and constant HSA
concentrations. HSA's decay curve was not significantly altered
by the addition of various MY concentrations, demonstrating
that HSA's fluorescence lifespan was unaffected by the MY
addition.

Triexponential iterative fitting was used to evaluate the
curves and get the pertinent parameters, namely decay times
(i), and pre-exponential factors (¢;). And «; represents the
relative fraction of t; (the lifetime of different components),
whose sum is 1. Using the following equation, the average
fluorescence lifespan (t) of HSA was determined (eqn (5)):**

() = ayty + ap1y + o313 (5)

The factors and average fluorescence lifetime obtained by
fitting a function are listed in Table 2. The accuracy of curve-
fitting results can be evaluated by analyzing the chi-square
value (x*). A low x> means a good fit."® The fitting results
showed that the value was about 1, indicating that the curve
fitting was accurate and the result was reliable. The fluores-
cence lifespan of HSA was unaffected by the addition of MY,
which was negligible (<0.1 ns). These findings supported the
findings of molecular-fluorescence spectroscopy by demon-
strating the formation of a ground-state complex between MY
and HSA and the static nature of the quenching process.

Table 2 Fluorescence lifetime of HSA at different MY concentrations

3.1.2. Binding capability and forces. Based on the static
quenching result and literatures,*** the relevant parameters of
the binding process can be obtained by the following assump-
tions: If the quenching agent (Q) interacts independently with
a group of equivalent sites (n) on the protein and closely
combines to form (Q,P), the equilibrium should be reached:**3¢

nQ+ P = Q,P (6)
Then the binding equilibrium constant is derived:

K, = [QnP]/([P]free X [Q]:‘lree) (7)

If a binding ligand can alter a protein’'s intrinsic fluorescence
and no intermediate is created, the binding of n solutes occurs
in a sole elementary step, the modified Stern-Volmer equation
can be obtained as:

Fy—F
lg[ 7

where [Q] is the quencher concentration, F, is the fluorescence
intensity of the protein without quencher and F is that with
quencher. K, is the binding constant.

For HSA-MY system, it is static quenching, so eqn (8) is
applicable and can be used to further calculate relevant
parameters. The K, and n were calculated as indicated in Table
1. K, had a magnitude of 10* and n was not far from 1. These
results imply that MY attached to HSA with a single affinity site
and a moderate strength (10° to 10° L mol *).*” Additionally,
heating promoted the binding of HSA and MY, thereby
enhancing the stability of the HSA-MY supermolecule complex.

For interaction analysis, multiple forces including hydro-
phobic, hydrogen-bonding, electrostatic, and van der Waal
interactions may all play a role in the binding of ligands to
biomacromolecules.?® The sorts of molecular forces involved in
molecule-binding processes (AG, AH, and AS) can be reflected
in the quantities and symbols of relevant parameters. These

] _lg K, + nlg[Q) ®)

System 7, (ns) o 7, (ns) o 73 (ns) o 7 (ns) x>

Free HSA 3.093 0.36 0.610 0.40 6.931 0.24 3.024 1.073
HSA:MY =1:1.5 2.911 0.39 0.523 0.34 6.723 0.27 3.128 1.035
HSA:MY =1:3 2.837 0.41 0.554 0.34 6.685 0.25 3.014 1.059
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parameters were calculated using the eqn (9) that represents
Gibbs-Helmholtz equation and eqn (10) that represents the
Van't Hoff equation, respectively:

AG = AH — TAS = —RTIn K, (9)
-AH AS
InK, = ——+ — 1
n T + R (10

where the gas constant is in terms of R. Using Fig. 1D and above
formula, AH and AS were measured. AG was obtained by
a simple calculation of eqn (9).*® According to Table 1, a positive
AH meant that the binding of MY to HSA was an endothermic
process and that the complex's formation was aided by the rise
in temperature. On the other hand, AH > 0 and AS > 0 indicated
that the molecular-force type was hydrophobic force. Addi-
tionally, the HSA-MY complex was formed spontaneously as
evidenced by the negative AG values, which again showed the
spontaneity of the binding process.

3.1.3. Judgment of binding site of MY. The sites I or II of
HSA are often occupied by small molecules during the binding
and transport process.* To determine the binding position of
MY, the probes of Phz and Ibf were used in a competition
experiment at 298 K as their binding sites were identified as
sites I and II, respectively.*>** By examining the shift in fluo-
rescence intensity, the information about the MY binding site
was discovered. The following eqn (11) was utilized to investi-
gate MY binding sites:

I:EXIOO%

FO (11)

where F, and F are the fluorescence intensity of the system
before and after adding 0-6 uM MY/Phz/Ibf, respectively.

As shown in Fig. 2A, the addition of Phz causes a greater
fluorescence quenching degree of HSA than MY at the same
concentration (3 puM), the result indicates that the quenching
ability of Phz is stronger than that of MY, that is, Phz has bigger
binding ability to HSA than MY. However, the fluorescence
intensity of HSA is almost unchanged after adding Ibf, which
means that Ibf has no quenching effect on protein intrinsic
fluorescence. This phenomenon can be clearly illustrated by
Fig. 2B, and these results are consistent with the previous
reports.**** As shown in Fig. 2B, the F/F, value of the HSA-MY-
Phz system is higher than HSA-Phz system and lower than HSA-
MY system. Since the binding constant of Phz/Ibf (10° M) is
higher than MY (10" M "),%%¢ Phz competes with MY with the
adding of Phz, resulting in a complex system of HSA-MY and
HSA-Phz. Thus, the F/F, value of HSA-MY-Phz complex system
sits between the two blank systems when it reaches dynamic
equilibrium. Also, the fluorescence intensity of the system will
not change with the addition of Ibf. When system equilibrium
reaches, Ibf does not compete with MY, HSA-MY-Ibf system that
two ligands bind to a protein at the same time forms. Because Ibf
is not a quencher, the F/F, value remains the same as that of HSA-
MY before adding Ibf. Thus, in this work, MY competes with only
Phz on site I of HSA. In addition, the structural characteristics of
MY can also provide information about binding sites. Conjugated
molecules such as benzene rings are more likely to site I, while

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Fluorescence spectra of the HSA—-MY-Probe system; (B)

percentage conversion diagram of fluorescence intensity of HSA-MY -
Probe system. The concentration of MY/Phz/Ibf is all 0-6 uM with the
increment of 1 uM.

others, such as long chain fatty acids are more easily bound to site
II,'** MY is azobenzene derivative molecule, which is more
likely to bind at the site I. In a word, MY and Phz have
a competitive binding in the same region on HSA, namely site I.

3.2. Analysis of HSA conformational changes caused by MY

3.2.1. 3D fluorescence spectroscopy. 3D fluorescence
spectra can comprehensively display sensitive information
related to the protein skeleton, such as overall HSA particle size
and the surrounding environment near the site.* Fig. 3A and B
show the spectra of HSA-MY at 298 K. The location and inten-
sity of each peak are shown in the Table 3. Peak A was called the
Rayleigh scattering peak, and the homogeneity and size of the
HSA molecule were reflected in its fluorescence intensity. Peak I
is connected to the n-II* transition of Trp and Tyr residues,
while peak II is related to the II-IT* transition of the C=0
group in the polypeptide skeleton structure, those can represent
changes in the microenvironment of amino acid residues.”
After adding MY, the intensity of peak I and II decreased, which
was due to the fluorescence quenching around Tyr and Trp
caused by the combination of MY and HSA. In addition, there

RSC Adv, 2023, 13, 8281-8290 | 8285
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Fig. 3 (A) 3D fluorescence spectra of HSA; (B) 3D fluorescence
spectra of HSA-MY; (C) CD spectral of HSA-MY system.

was a blue shift in the locations of peaks I and II in the two
spectrograms (Table 3), indicating a rise in hydrophobicity,
which was consistent with the effects of quenching experiment.
As aresult, MY binding had an impact on the local environment
of aromatic residues in HSA.

3.2.2. CD spectroscopy. The conformational helical varia-
tions of HSA may be simply and swiftly analysed by CD.** The
Fig. 3C depicted the spectrum, which had two negative bands
that represent HSA-specific transition peaks. The eqn (12) and
(13) may be used to compute and examine the effect of MY on
the spiral based on pertinent data:

Observed CD (mdeg)
Co xnxIx10

MREzog = (12)

—MRExy;s — 4000

33000 2000~ 100

a-helix (%) = (13)
where Cj, is the concentration of HSA, [ is the route length of the
cell, and n is the number of HSA's (585) amino acid residues.
MRE,s is the mean residue ellipticity at 208 nm. Moreover, the
MRE value of the pure a-helix is 33 000 at 208 nm, whereas that
of random curls and 8 form is 4000.?* MY addition increased the

characteristic peak intensity of HSA but did not significantly
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change the peak shape and location. Using the above formula, it
was determined that HSA has a a-helix (%) of 50.79%, and it
decreased to 49.46% after adding 3 pM MY. A decrease of the a-
helix illustrated that MY induced a change in the HSA confor-
mation. However, the information about peak shape and loca-
tion did not dramatically alter, the situation indicated that the
combination of MY was mild and ensured the overall stability of
HSA.

3.2.3. PSH determination. The transporter HSA's hydro-
phobicity on the surface affects the interaction of ligands. ANS
can monitor changes in surface hydrophobicity, because its
fluorescence is significantly enhanced when it combines with
the corresponding hydrophobic region of HSA that relevant
hydrophobic characteristic information can be measured by the
numerical value of PSH.* The following equation might be used
to calculate PSH:

Fm‘dx

PSH = —max
SH = Ak

(14)
where Fp,,x is the maximum fluorescence intensity when ANS is
combined with HSA to saturation state, and 1/Kg"" is the affinity
degree of ANS in HSA-MY system, and these two parameters can
be obtained by using the eqn (15):

F F | Foa

—_f 4t 15
[ANS] K3PP + KPP (15)

free

where [ANS]g.. is the concentration of free ANS. Similarly, the
other related parameters are related as follows: ([ANS]youndg = F/
B in which F is fluorescence intensity, B is a dimensionless
factor coefficient. In other words, F and bound ANS concen-
tration exhibit a linear connection when the concentration of
ANS is very low. Based on the correlation between total ANS
concentration and bound ANS concentration, free ANS
concentration is calculated. [ANS]tee = [ANS]total — [ANS]pound)-
Fig. 4A’s curve illustrated the increase in fluorescence intensity
when ANS and HSA-MY bind to saturation. The Fy,,, was 288.06
+ 0.105 with MY and 211.82 £ 0.149 without MY respectively
(Table 4). Notably, the values of 1/K3’" fell when MY was
present, indicating that the competitive combination of MY and
ANS in the drainage area leaded to the decrease of the combi-
nation amount of ANS and HSA, resulting in the above changes.
A 68% decrease was also found in APSH in the presence of MY.
This result may be due to the tight binding between MY and
HSA, made the hydrophobic cavity of the site shrink spatially.
This finding also corresponded with the typical hydrophobic
forces and the aforementioned decrease.

Table 3 3D fluorescence spectral parameters of HSA alone in the presence of MY

Peak position Aex/Aem

Stokes shift

System Peak (nm/nm) AX (nm) Intensity

HSA A 280/280 — 350/350 0 165.09 — 236.21
1 280/339 59 522.31
2 230/330 100 571.03

HSA:MY =1:1.5 A 280/280 — 350/350 0 166.26 — 272.20
1 280/327 47 403.87
2 230/334 104 448.24
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Fig. 4 (A) The Scatchard plots for the titration with increasing

concentrations (0-18 puM) of ANS to HSA-MY. (Inset) Fluorescence
intensity with binding of ANS to HSA-MY:; (B) the fluorescence spectra
when urea (6 M) is added in HSA—MY complex solution. (Cysa = 2 uM,
Cmy = 0-6 pM) at T = 298 K.

Table 4 Surface hydrophobicity parameters for HSA-MY system

System Fpax 1/KEPP PSH index
HSA-ANS 288.06 + 0.105 0.210 £ 0.0124 2.89 x 107
HSA-MY-ANS 211.82 + 0.149 0.101 =+ 0.0098 1.11 x 107

3.2.4. Urea effect on HSA-MY complex formation. By using

urea-induced denaturation, the impact of MY binding on the
stability and unfolding characteristics of HSA was investigated.
Denaturation increased the exposure of phenylalanine, tyro-
sine, or tryptophan in protein molecules to water, thereby
changing the emission characteristics of fluorescence proper-
ties.>*** Compared with HSA, a new tyrosine peak with a slight
red shift was found at 308 nm (Fig. 4B), indicating a change in
the polar environment, which may be due to the increased
distance between Trp and Tyr leading to a decrease or stop of
energy transfer. Addition of exogenous urea reduced the fluo-
rescence intensity characteristics of HSA (Fig. 4B), which may be
due to its interaction with HSA and structural changes. Mean-
while, the change of fluorescence intensity was very weak,
indicating that MY could not effectively quench the fluores-
cence of denatured HSA. Adding urea, the hydrophobicity
around the interaction residues of MY and protein decreased,
and K, decreased significantly, that is, the hydrophobic force
was more important in the binding process.

3.3. Analysis of computer simulation

3.3.1. Molecular docking. Introduce MY to form a supra-
molecular system, and obtain information about the docking
mode of the system, this could be done using docking tech-
niques, which can also validate fluorescence probe experi-
mental findings. When analysing the advantages and
disadvantages of the combination mode, a higher energy cor-
responded with better bonding. The one with the highest
binding energy (8.29 k] mol ') was selected for analysis, and the
constitutive model was shown in Fig. 5A and B, that MY binds to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Molecular docking results of HSA-MY; (B) a schematic

the hydrophobic cavity at site I of HSA. Docking results showed
that the bonding between MY and HSA depended on hydrogen
bond and hydrophobic forces. A hydrogen bond with a length of
3.07 A and an energy of 10.90 k] mol™* existed between MY and
the amino acid residue Asp324 close to the docking site.
Meanwhile, there were hydrophobic forces between MY and the
amino acid residues of Ala213, Leu331, Ala350, Leu327, Gly328,
Phe228, Ser232, Lys212, Val235, Val216, Arg209. MY was entirely
encased in site I of HSA as a result of the two forces. These
results well agreed with the in vitro ones (Fig. 2), revealing that
MY definitely bound with Sudlow's site I of HSA.

3.3.2. MD simulation. To examine the HSA-MY system's
natural dynamics, MD simulation was carried out under artifi-
cially realistic physiological settings that the optimal confor-
mation comes from the docking experiment. The purpose was
to obtain details about the information about the dynamic
stability of the HSA-MY system (Fig. 5).

In MD simulations, the deviation of protein skeleton atoms
in the HSA-MY system is measured by root-mean-square devi-
ation (RMSD), and it is also used to assess if the system is in
equilibrium.*® The RMSD values of Ca atoms for the HSA-MY
systems were shown during the simulation in Fig. 6A. In the
process of 0-86 ns, the overall trend of RMSD of HSA-MY and
HSA system is increasing, and the maximum values of RMSD
are 4.99 A and 3.94 A respectively, which means that the skel-
eton structure of the two systems has experienced some
dynamic changes. Meanwhile, the RMSD of HSA-MY system
decreases during the process of 80-86 ns, contrary to that of
HSA system, which shows the influence of MY on the skeleton
structure of HSA. In the process of 86-100 ns, the RMSDs of the
two systems are lower than the maximum value of the RMSD of
each system, and the fluctuation range of RMSD of the two
systems is within 1.8 A, then the RMSD curves tend to be flat.
According to the literature, the fluctuation range of the RMSD of
the system was lower than 2 A, indicating that the system was
well equilibrated.”” Thus, the two systems reach dynamic
equilibrium after 86 ns. Meanwhile, the structure of HSA was
marginally more stable than that of HSA-MY, as evidenced by
the fact that compared to HSA the RMSD of HSA-MY was lower.
In other words, the binding of MY influences the amino acids
microenvironment and the stability of protein structure.
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HSA-MY system during simulation procedure; (C) RMSF values of
HSA-MY system versus residue numbers; (D) enlarged view of RMSF
values from residue number 150 to 350.

Analysis of radius of gyration (Rg) can obtain information
about the stability of the skeleton molecules of supramolecular
systems.*® R, was negatively correlated with the degree of
protein volume contraction, ie., a greater R, corresponded with
looser contraction. The skeleton of HSA-MY was looser during
the simulation process, keeping the R, of HSA high throughout
(Fig. 6B), indicating that the addition of MY altered the amino
acid environment surrounding the binding site, leading to the
results mentioned above. This result was in line with those from
3D fluorescence experiments. After 90 ns, there is a narrow
range of variation in the R, of the two systems, indicating that
the steady-state equilibrium has been reached.

Root-mean-square fluctuation (RMSF) could further reflect
the degree of deviation freedom of skeleton atoms in supramo-
lecular system. In the simulation procedure, a bigger RMSF was
associated with a higher divergence of the corresponding amino
acid residues compared to the initial state. Before and after the
introduction of MY, RMSF has great similarity of continuous
change (Fig. 6C). However, in the terminal region, i.e., the region
with amino acid sequence over 500, RMSF produced a large
fluctuation, indicating that the amino acids of the terminal
region had a higher degree of freedom. Further analysis of the
RMSF of amino acid residues near the binding site of MY on
HSA, as shown in Fig. 6D, indicated that the RMSF value of HSA-
MY was slightly higher than that of HSA, which increased the
degree of freedom of related amino acid residues. For molecular
dynamics simulation, the change in the system simulation
process is small, because it can indicate the stability change of
the system, as simulated by HSA-MY system. In other words, the
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RMSF of HSA-MY was larger when MY molecules were added to
the simulation to create the supramolecular system, demon-
strating that the binding of MY increased the amino acid
freedom close to the binding site and loosened the skeleton.

3.4. MY's impact on HSA's esterase-like activities

HSA serves as a transport protein in the majority, but it also acts
as a catalyst for esterase-like activity,”® which means that it can
be effectively affected by small molecules such as drugs. For
example, the binding of noscapine to proteins resulted in
decreased esterase-like activity of HSA. Among the process of
HSA exerting esterase activity, Arg410 and Tyr411l play an
important role that Tyr411 is closely related to p-NPA acetyla-
tion.*® For the HSA-MY system, v, and [S] are substituted into
the Michaelis equation for fitting under different molar ratios
(Fig. 7A), and Phz/Ibf as control, relevant kinetic parameters are
listed in Table 5. When MY/Phz/Ibf is added individually, the
value of K, increases in three systems. Knis related to the
nature of HSA, the result indicates that the affinity of HSA
decreases. And the value of vy, remains almost unchanged, as
shown in Fig. 7B, the intercept (1/vyay) of the straight line is
basically unchanged, but the slope (K, /vmax) gradually increases
(Ibf > Phz > MY). This shows that when adding MY/Phz/Ibf, their
inhibition mode is competitive inhibition.** Meanwhile, higher
K, means lower affinity, which shows that Ibf has stronger
inhibitory effect than Phz or MY group. Because Ibf interacts
with Tyr411 and Arg410, which affects the esterase-like
activity.®*®* Thus, Phz/Ibf will reduce the enzyme activity of
HSA by binding. Compared with MY/Phz binding to site I, Ibf
binding to site II has the strongest inhibitory effect. In addition,
the k../Kn decreases with the addition of MY/Phz/Ibf, which
implies that the binding ability of HSA and substrate p-NPA
decreases with the order of Ibf > Phz > MY. Interestingly, when
MY-Phz or MY-Ibf mixed, the values of v, and v, decrease, the
values of K,, are basically unchanged, which is a non-
competitive inhibition mechanism.** When multiple inhibi-
tors interact with HSA, the structure of HSA will be more flex-
ible, which may interfere with the binding process of substrate
and cause the change of inhibition mechanism. Therefore, the
results can be concluded that the conformational and
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Fig. 7 (A) Michaelis—Menten diagram of MY affecting HSA esterase-
like activity, and add probe Phz/Ibf as control; (B) Lineweaver—Burk
diagram of the esterase-like activity of HSA-MY system, add probe
Phz/Ibf as control.
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Table 5 Kinetic parameters of esterase-like activity of HSA-MY system, and add Phz/Ibf as the control
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System Vmax X 107% (mM min ) Km X 1072 (mM) Kea (min™?) keat/Km (min~' mM 1)
HSA:MY=1:0 109.51 + 5.36 61.54 + 4.87 10.95 + 0.54 17.79 £ 0.13
HSA:MY =1:2 107.55 + 3.06 73.96 + 3.88 10.76 + 0.31 14.55 + 0.10
HSA:Phz =1:2 108.46 + 4.68 76.39 £ 5.53 10.85 + 0.47 14.20 £+ 0.12
HSA:Ibf =1:2 106.39 + 3.76 78.82 + 4.64 10.64 + 0.38 13.49 £ 0.10
HSA:MY:Phz=1:2:2 86.35 + 7.45 80.35 + 6.54 8.65 £ 0.74 10.76 + 0.16
HSA:MY:Ibf=1:2:2 81.53 £ 5.73 81.54 + 7.22 8.15 £+ 0.57 10.00 + 0.15

hydrophobic changes caused by the combination of MY and
HSA will interfere with the specific environment of substrate
catalytic degradation, thus affecting the expression of HSA
esterase-like activity.

4. Conclusion

In this paper, the molecular recognition mechanism, the
structural changes, the system stability, and the disturbance of
physiological functions between HSA and MY were studied in
detail and completely. MY can quench HSA fluorescence
through static quenching mechanism, which is a spontaneous,
medium strength binding process driven by hydrophobic force.
HSA's hydrophobicity and amounts of a-helices dropped, which
caused the protein's shape to shift. PSH and urea denaturation
experiment investigate the protein conformational stability,
and it is verified that hydrophobic force is involved in the
combination of MY on HSA. Binding site I was verified by
molecular docking and MD, which also examined the stability
of the HSA-MY system. HSA's esterase-like activity was sup-
pressed by MY, the inhibitory effect of MY/Phz/Ibf on HSA is Ibf
> Phz > MY. The study is anticipated to offer some crucial data
for comprehending the physiological traits of MY.
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